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PREFACE

Caffeine was conceived for a wide range of readers interested in the
effects on human health, nutrition, and physiological function of the
methylxanthine beverages and foods—tea, coffee, maté, cola beverages,
and cocoa and chocolate products. These products supply one or more of
the dietary methylxanthines—caffeine, theobromine and theophylline—
and are an integral part of the diet of many people in many countries. The
interest in the health effects of both the methylxanthines in isolation and
in the products containing them has grown rapidly in recent years.

This comprehensive text gathers in a single volume in-depth informa-
tion on composition, processing, consumption, health effects, and epide-
miological correlations for the methylxanthine beverages and foods and
should serve as a useful tool for anyone interested in the methylxanthine-
containing products. It briefly covers metabolic and physiological aspects.
This design should make this book valuable to physicians, nutritionists,
other health professionals, and food scientists.

Chapters 1 and 2 offer an introductory, concise overview of the chem-
istry and analysis of the methylxanthines. In Chapters 3 through 8, each
natural product (tea, coffee, maté, and cocoa and chocolate products) is
described. Botany, cultivation, processing, composition, and consumption
patterns are covered in detail. The reader can better grasp how the chemi-
cal complexity of the methylxanthines makes it important to carefully
distinguish between the effects of the methylxanthines in isolation and as
part of one of these natural products. The extremely critical and complex
guestion of consumption is discussed in more than one chapter, but is the
specific focus of Chapter 9. Chapter 10 covers the basic physiology and
biochemistry of caffeine, not with the physiologist or biochemist in mind,
but rather the health professional in need of a concise, easy to read over-
view of these topics. Chapters 11 and 12 focus on the ergogenic, cognitive,
and emotional effects of caffeine, while Chapters 13 through 16 deal
directly with the health effects of methylxanthines, coffee, or tea and their
effects on serum cholesterol, cancer and fibrocystic breast disease, calcium
and bone health, and human reproduction. Appendix I lists the caffeine
content of various popular cola beverages.
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No single book can possibly cover all aspects of the chemistry, con-
sumption, and health effects of the methylxanthines, but | hope that this
volume will help a wide variety of readers to better understand coffee, tea,
maté, cola beverages, and cocoa and chocolate products and their effects
on human health.

Gene A. Spiller, Ph.D.
Los Altos, California
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I. INTRODUCTION

The methylxanthines of interest are caffeine (1,3,7-trimethylxanthine),
theophylline (1,3-dimethylxanthine), and theobromine (3,7-
dimethylxanthine) and they occur in coffee, tea, maté, cocoa products, and
cola beverages. This chapter is an introduction to their chemistry, isola-
tion, and biosynthesis. While the class of methylxanthines is large and
comprised of more members than these three, this chapter will essentially
be limited to caffeine, theobromine, and theophylline.

Purine is the parent heterocyclic compound of the methylxanthines,
which are often referred to as the purine alkaloids.” Purine is also the
parent compound of some of the base constituents of the nucleotides,
which in turn are part of the nucleic acids RNA and DNA. Thus, it appears
that the purine alkaloids have similar precursors to nucleic acids.

Il. PHYSICAL AND CHEMICAL PROPERTIES OF THE
METHYLXANTHINES

A. Organoleptic Properties

Caffeine, as an example methylxanthine, is a colorless powder at room
temperature; it is odorless but does have a slightly bitter taste.?

B. Melting and Sublimation Temperatures

The trimethylated xanthine, caffeine, sublimes at 1800°C, which is a
lower temperature of sublimation than theobromine.'® Temperatures of
melting and sublimation are given in Table 1.

C. Solution Formation

Solubility values are distinctive for caffeine, theobromine, and theo-
phylline (see Table 2). Caffeine dissolves well in boiling water, but at room
temperature chloroform is one of the best solvents. Theobromine is gen-
erally much less soluble than caffeine but it will dissolve readily in aque-
ous acids and alkalis. Theophylline is intermediate between caffeine and
theobromine in its ability to form solutions. A series of studies were
conducted by Hockfield'” and Gilkey,® who, after comparing the solubil-
ity rates of the xanthine alkaloids, determined that the methylxanthines in
which both heterocyclic nitrogen atoms in the ring are methylated (caf-
feine and theophylline) display a much greater solubility in polar solvents
than those with at least one unmethylated nitrogen atom (theobromine).
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TABLE 1

Melting and Sublimation Temperatures for
Methylxanthines

Sublimation
Compound point (°C) Melting point (°C)
Caffeine 1808 236.5 under pressure?
178° 238°
1787 235 anhydrous’
Theobromine 290-295° 357°
2907 330 sealed tube’
Theophylline — 270-274°
269-2727
TABLE 2
Solubility Values for Methylxanthines
Caffeine Theobromine Theophylline
Solvent (%) (%) (%)
Water, 150°C 1.38
Water 2.2° 0.005° 0.83°
Water, 400°C 4.68
Water, hot Soluble®
Water, 800°C 18.2°
Water, boiling 66.7° 0.67°
Ether 0.38 Almost insol.®  Sparingly sol.®
0.2°
Alcohol 1.28 1.25°
1.5°
Alcohol, 600°C 4.5°
95% Alcohol 0.045°
Ethyl acetate 2.58
Chloroform 13.08 Almost insol.® 0.91°
18.2°
Acetone 2.0°
Benzene 1.0° Almost insol.®
Benzene, boiling  4.5°
Pyrrole Freely sol.®
Tetrahydrofuran  Freely sol.®
and 4% water
Petroleum ether  Sparingly
sol.®

Carbon

Almost insol.?

tetrachloride

These studies indicate that intermolecular hydrogen bonding between
lactam systems in the nonmethylated alkaloids is responsible for these
differences. The findings indicate a difference between the enthalpies of
theobromine, which would be expected to form a dimer, and those of
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caffeine and theophylline, whose structures would preclude dimerization,
is approximately that of one hydrogen bond per molecule.

D. Ultraviolet and Infrared Absorption

The methylxanthines show useful strong ultraviolet (UV) absorption
between 250 and 280 nm.!! The spectra for the methylxanthines are very
similar and only when one uses techniques such as derivative spectros-
copy can substantial differences be seen. In addition to the UV absorption,
the methylxanthines also exhibit strong infrared (IR) spectra which can
provide critical information about these compounds.

E. Complex Formation

In aqueous solution, caffeine associates to form at least a dimer and
probably a polymer;*? the molecules are arranged in a stack.'® Caffeine will
also associate with purines and pyrimidines either as the free bases or as
their nucleosides.!® Caffeine crystallizes from water as a monohydrate [9].

Chlorogenic acid forms a 1:1 complex with caffeine, which can be
crystallized from aqueous alcohol and yields very little free caffeine on
extraction with chloroform. Other compounds with which caffeine will
complex in this way include isoeugenol, coumarin, indole-acetic acid, and
anthocyanidin. The basis for this selection was the requirement for a
substituted aromatic ring and a conjugated double bond in forming such
a complex. This kind of complex does modify the physiological effects of
caffeine.’* Complex formation will also increase the apparent aqueous
solubility of caffeine in the presence of alkali benzoates, cinnamates, cit-
rates, and salicylates.®

A description of the physical properties and behavior of caffeine in its
aqueous solution was published in 1980 by Both and Commenga.®

Where the complexing agent is phenolic, the pH must be such that the
phenol is undissociated; usually such complexes form at a pH below 6.
Free caffeine concentrations are increased above pH 6.1

The methylxanthines vary in their ability to form certain metal com-
plexes. For example, theophylline will complex with both copper and
silver whereas caffeine will not.1The interpretation of this is that the metal
ion forms a pentacyclic complex involving the phenolic 0 at C-6 and N at
7.16

F. Acidic and Basic Equilibria

The acidic and basic equilibrium constants Ka and Kb are given in
Table 3.
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Caffeine behaves as a very TABLE 3

feeble base and reacts with acids;  Acidic (Ka) and Basic (Kb) Equilibrium
the salts produced are very readily  Constants Expressed as pKa and pKb
hydrolysed.®

J . Compound pKa pKb
Evidence for the formation of -
. . Caffeine, 19°C 14.2
protonated caffeine can be seenin < ' ocnon 14 (approx.)
the changed UV spectrum for caf-  theobromine, 180°c  10.0 139
feine at pH 0.1 Theophylline, 25°C 8.8 13.7

Theobromine and theophyl-
line are weakly amphoteric and
behave more distinctly as acids or bases than caffeine does. This is evident
from the ease with which theobromine and theophylline will dissolve in
aqueous acids and bases; they are only sparingly soluble in pure water.?

1. ISOLATION OF THE METHYLXANTHINES

A possible task facing the scientist is the isolation of the methylxanthine
compounds from plant material. Use can be made of the solubility values
given in Table 2 and the pKa and the pKb values in Table 3 in designing
an isolation scheme for each individual methylxanthine. There are two
possible approaches to this task,'® one involving aqueous extraction and
the other involving an organic solvent extraction. These methods are not
without problems since the extract is usually contaminated with various
organic and inorganic compounds. If extraction with organic compounds
is desired, and the plant has a large amount of lipid, then a preliminary
extraction with petroleum ether or hexane might be followed by extraction
with a solvent such as methanol. The methanolic extract can be concen-
trated to a small volume and acidified to pH 2. It is possible to steam-distill
the extract and refrigerate the distillate. After 24 h, a clear liquid can be
decanted and filtered through activated charcoal or a similar filter aid. The
aqueous solution can be made basic with ammonium hydroxide or so-
dium carbonate, which may cause precipitation of the basic compounds.
A further step would involve the extraction of the basic solution with
chloroform. The chloroform would contain the methylxanthines and could
be readily removed.

Another scheme for methylxanthine isolation involves the extraction
of the dried ground plant with 10% ammonium hydroxide:chloroform
(1:10). A large proportion of the extraction mixture is used, relative to the
sample, to ensure complete extraction of any theobromine. Caffeine and
theophylline will be extracted easily under these conditions.?® After re-
moving water from the organic layer, filtration, and solvent removal, any
methylxanthines present will be in the residue together with some impu-
rities. An approach to finally isolating these methylxanthines from this
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residue would involve redissolving the residue in a dilute acid with
subsequent filtering and reprecipitation. Other possible avenues to ex-
plore would be thin-layer chromatography, column chromatography, or
fractional recrystallization.

Recently, solid phase extraction (SPE) has been used to isolate mem-
bers of this class of compounds. No solid phase support has been used
exclusively and both hydrophobic- and hydrophilic-based solid phase
extraction columns have been used for this assay.

These procedures outlined are not all-encompassing and should serve
only as guidelines. Additionally, the end use of the extract (i.e., biochemi-
cal studies, analytical methodology, toxicological studies) will have a
large effect on the required purity of the final product. Some uses need
only water extraction while others need a more rigorous clean-up proce-
dure with methods outlined in Chapter 3.

IV. BIOSYNTHESIS OF THE METHYLXANTHINES

A. In Coffee

Roberts and Waller?* and Looser et al.?? have outlined the biosynthesis
of caffeine in coffee. Looser et al.?2 propose a pathway for biosynthesis
starting with the “purine pool” via nucleic acids through 7-methylguanylic
acid, 7-methylguanosine, 7-methylxanthosine, 7-methylxanthine, 3,7-
dimethylxanthine (theobromine), and then to 1,3,7-trimethylxanthine (caf-
feine). Their studies determined intermediates to 7-methylxanthosine. The
later work of Roberts and Waller? provides further reinforcement of this
proposal. Schulthess and Baumann? examined caffeine biosynthesis in
suspension cultured coffee cells. In that study, suspension-cultured coffee
cells were subjected to various conditions such as photoperiod (13 hin a
growth chamber), 1 mM adenine, 0.1 to 10 mM ethephon, or to the com-
bination of both adenine and ethephon. Concentration of purine bases,
nucleosides, nucleotides, and purine alkaloids (PA; i.e., 7-methylxanthine,
theobromine, and caffeine) were measured by HPLC. In the dark, both
adenine and ethephon drastically stimulated overall PA formation by a
factor of 4 and 7, respectively. Their simultaneous application resulted in
an additional increase yielding a stimulation factor of 11. Under the pho-
toperiod, caffeine formation was, as compared to the control in the dark,
enhanced by a factor of 21 without affecting theobromine and 7-
methylxanthine pools; additional stimulation by ethephon was not pos-
sible. Conversely to light and ethephon, which had no effect on the accu-
mulation of primary purine metabolites, adenine feeding resulted in
persistently enlarged pools of nucleosides (xanthosine, guanosine, inosine)
and 7-glucopyranosyladenine. 7-Methylxanthosine, the postulated pre-
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cursor of 7-methylxanthine in caffeine biosynthesis, could not be detected
under any conditions at any time. Since no other methylated purine was
found, it is not yet feasible to discard the 7-methylxanthosine hypothesis.

Mazzafera®* described studies on the isolation and purification of the
N-terminal sequence of S-adenosyl-L-methionine:theobromine 1-N-
methyltransferase (STM), the enzyme responsible for the methylation of
theobromine leading to caffeine formation in coffee. STM was purified
from developing endosperms of immature fruits by DEAE-cellulose, hy-
drophobic interaction, and affinity chromatography, using S-adenosyl-L-
homocysteine as a ligand. The enzyme showed apparent Mr of 54,000 and
approximately 60,000 determined by gel filtration and SDS-PAGE, respec-
tively. A pH of 5.1 and 4.8 was obtained by liquid chromatofocusing and
by isoelectrofocusing in PAGE, respectively. Using theobromine as sub-
strate, the Km value for S-adenosyl-L-methionine was 10 niM, being com-
petitively inhibited by S-adenosyl-L.-homocysteine (Ki = 4.6 mM). STM is a
bifunctional enzyme because it also methylated 7-methylxanthine, the
immediate precursor of theobromine in the caffeine biosynthesis pathway.
The specific activity of STM with 7-methylxanthine was approximately
55% of that determined with theobromine. Km values obtained for theo-
bromine and 7-methylxanthine were 0.196 and 0.496 mM, respectively.
STM was also purified from leaves using the same procedures used for
endosperms, plus an additional chromatography step on a Mono Q col-
umn; theobromine was used as substrate. The N-terminal sequence for the
first 20 amino acids was obtained for STM purified from endosperms. No
similarities were found with other methyltransferase sequences or other
known proteins.

The metabolism of purine nucleotides and purine alkaloids (e.g., caf-
feine and theobromine) in tea and coffee plants is reviewed by Suzuki et
al.?> Purine metabolism in these plants is similar to that in other plants that
do not contain caffeine; however, tea and coffee plants have purine nucle-
otides, including those produced directly by purine biosynthesis de novo,
as effective precursors of caffeine. Xanthosine is the first methyl acceptor
from S-adenosylmethionine in caffeine biosynthesis, and is also metabo-
lized by a purine degradation pathway via xanthine. The regulation of
purine alkaloid biosynthesis remains elusive, but the activity of the 3 N-
methyltransferases is considered. Production and accumulation of the
alkaloids are associated with the developmental stage of tissues (i.e.,
leaves, flowers, fruits, and seeds) and with seasonal changes, especially in
tea grown in temperate climates. The metabolism (especially biosynthesis)
of purine alkaloids differs among Camellia spp. In Coffea plants and in
cultured cells, the rate of caffeine synthesis and turnover (i.e., biodegrada-
tion and/or biotransformation to xanthine or to methyluric acids) differs
markedly among species. Ecological roles of the alkaloids have been re-
ported, but their physiological significance in tea and coffee plants re-
mains uncertain.
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Coffea arabica is one of the plant species that has been widely studied
with attention largely being given to its secondary products, caffeine and
other purine alkaloids. The biosynthesis and significance of these alka-
loids for the plant are elucidated and presented in a paper by Presnosil et
al.? Tissue cell culture and fundamental aspects of cell growth and alka-
loid productivity are also discussed. The feasibility of Coffea cultivation in
cell suspension has recently attracted the interest of many researchers.
Although this cultivation is not of commercial interest, Coffea is especially
suitable as a model cell line for reaction engineering studies because the
purine alkaloids are well-characterized and readily released in culture
medium.

B. In Tea

Several studies have investigated the biosynthesis of caffeine in tea.
The results of a study by Suzuki and Takahashi?-3° suggest a pathway for
caffeine biosynthesis in tea from 7-methylxanthine to theobromine and
then to caffeine. Additionally they suggest that theophylline is synthe-
sized from 1-methylxanthine. Another study by Ogutuga and Northcote
proposes a pathway through 7-methylxanthosine to theobromine followed
by caffeine.

Much research has centered on identifying the source of the purine
ring in caffeine. Two possible sources are likely: methylated nucleotides in
the nucleotide pool and methylated nucleotides in nucleic acids. Extensive
experimental work by Suzuki and Takahashi?-° proposes a scheme
whereby caffeine is synthesized from methylated purines in the nucle-
otide pool via 7-methylxanthosine and theobromine. Information relating
to the formation of 7-methylxanthine from nucleotides in the nucleotide
pool is sparse. They also provide data that demonstrate that theophylline
is synthesized from 1-methyladenylic acid through 1-methylxanthine as
postulated by Ogutuga and Northcote.%!

The conversion of purine nucleosides and nucleotides to caffeine in
tea plants was investigated by Negishi et al.®2 and involved feeding -1-4C-
labeled adenosine, inosine, xanthosine, and guanosine to excised tea shoots.
The radioactivity of -1-4C-labeled adenosine, inosine and guanosine was
detected in caffeine after 24 h incubation; radioactivity of -1-4C-labelled
xanthosine was incorporated into caffeine via 7-methylxanthosine, 7-
methylxanthine, and theobromine. The activity of enzymes involved in
the conversion of nucleosides in cell-free extracts of tea leaves was also
measured. Enzyme activity was detected in the reaction from guanosine to
xanthosine but not from inosine to xanthosine. The rate of phosphoryla-
tion in cell-free extracts of purine nucleosides to their respective nucle-
otides was adenosine greater than inosine, guanosine greater than

©1998 CRC Press LLC



xanthosine. It is concluded that the pathway leading to the formation of
xanthosine from adenine nucleotides in caffeine biosynthesis is via AMP.

Seasonal variations in the metabolic fate of adenine nucleotides
prelabelled with [8—1-4C]Jadenine were examined in leaf disks prepared
at 1-month intervals, over the course of 1 year, from the shoots of tea
plants (Camellia sinensis L. cv. Yabukita) which were growing under natu-
ral field conditions by Fujimori et al.®® Incorporation of radioactivity into
nucleic acids and catabolites of purine nucleotides was found throughout
the experimental period, but incorporation into theobromine and caffeine
was found only in the young leaves harvested from April to June. Methy-
lation of xanthosine, 7-methylxanthine, and theobromine was catalyzed
by gel-filtered leaf extracts from young shoots (April to June), but the
reactions could not be detected in extracts from leaves in which no synthe-
sis of caffeine was observed in vivo. By contrast, the activity of 5-
phosphoribosyl-1-pyrophosphate synthetase was still found in leaves
harvested in July and August.

C. In Cacao

While caffeine biosynthesis in coffee and tea has been reasonably well
investigated, little information is available about the biosynthetic path-
ways of methylxanthines in cacao. Published studies®* % have established
the presence of 7-methylxanthine and adenine in cocoa. Since both coffee
and tea exhibit similar pathways where theobromine is a direct precursor
for caffeine, it is reasonable to assume that a similar mechanism is possible
in cacao.
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I. INTRODUCTION

The analysis of the methylxanthines (caffeine, theobromine, and theo-
phylline) is important in the areas of nutrition and clinical chemistry.
These three compounds compose the majority of the alkaloids present in
coffee, tea, cocoa, cola nuts, and guarana.

This chapter on analysis of methylxanthines is divided into three
sections: historical methods, current analytical methods for foods, and
current methods for biological samples which can include plasma, blood,
urine, cell extracts, and other potential samples of biological significance.

This chapter will provide an introduction to each of the technologies
described and the use of the specific technique for analysis of samples. It
will also provide additional references for other samples and recommen-
dations for further reading on a specific technique.

A. Ultraviolet Spectroscopy

The most basic method for the determination of the methylxanthines
is ultraviolet (UV) spectroscopy. In fact, many of the HPLC detectors that
will be mentioned use spectroscopic methods of detection. The sample
must be totally dissolved and particle-free prior to final analysis. Samples
containing more than one component can necessitate the use of extensive
clean-up procedures, a judicious choice of wavelength, the use of deriva-
tive spectroscopy, or some other mathematical manipulation to arrive at
a final analytical measurement. A recent book by Wilson has a chapter on
the analysis of foods using UV spectroscopy and can be used as a suitable
reference for those interested in learning more about this topic.!

B. Thin-Layer Chromatography

Thin-layer chromatography (TLC)? has become a valuable tool for the
qualitative and semi-quantitative analysis of various organic and inor-
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ganic compounds. It has found large use in many laboratories and in a
wide number of industries, although it does not seem to possess the
accuracy, precision, and reliability of modern gas chromatography (GC)
or high-performance liquid chromatography (HPLC). The growth of high-
performance TLC (HPTLC) in the past few years has seen improved
resolution and speed. Quantitation is accomplished through instrumental
means. However, the cost of instrumental determination can approach
that of GC or HPLC. Another TLC variant that has seen increased use and
interest includes radial chromatography, in which the sample to be sepa-
rated is spotted in the middle of a circular plate. It is then separated as a
series of concentric rings. TLC serves a useful purpose since it is easy to
use, can use relatively inexpensive equipment, and can be used with a
large variety of matrices.

C. Gas Chromatography

Gas chromatography (GC) is an extremely popular analytical tool due
to its speed, versatility, precision, and reliability. It has the ability to
separate complex mixtures through the use of a large number of detectors
that can be coupled to a unit. In addition to the classical electron-capture
detector, flame-ionization detector, or thermal-conduction detector, many
GCs are now routinely coupled to a mass spectrometer (MS). The costs of
MS interfaces for GC have dropped substantially and they have become
extremely easy to use so their use is becoming almost routine in many
laboratories. Additionally, there are more specialized detectors available
for use with GC such as the Hall electrolytic conductivity detector or the
photoionization detector. GC can be used to analyze volatile and semi-
volatile organic and organometallic compounds; it is possible to convert
nonvolatile compounds into volatile derivatives and use temperature pro-
gramming of the system. If one does not have access to an MS detector,
then derivatives can be formed. General ones for the analysis of
methylxanthines are BSTFA (N,O-bis-trimethylsilyltrifluoroacetamide),
TMSDEA (trimethylsilyidiethylamine), and triphenylmethyl ammonium
hydroxide which are used as derivatizing agents. BSTFA is an extremely
powerful trimethylsilylating reagent since it is a highly volatile compound
and produces a volatile product. TMSDEA is a basic trimethylsilylating
agent used for the derivatization of low molecular weight acids and amino
acids;®* it can trimethylsilylate four functional groups: amino, carboxyl,
hydroxyl, and thiol. The reaction by-product, diethylamine, is extremely
volatile and can be removed easily. It is not within the scope of this
document to describe the uses of GC in the analytical laboratory in great
detail but there are a number of excellent references available on the topic.
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D. High-Performance Liquid Chromatography

High-performance liquid chromatography (HPLC) is probably one of
the most important instrumental methods in analytical chemistry and
continues to grow at a rapid rate. HPLC can be used to analyze volatile
and nonvolatile organic compounds as well as inorganic compounds. It is
an extremely versatile technique that is rapid, accurate, and precise. In
addition, there are a large number of detectors that can be used in analysis.
In the analysis of methylxanthines, the UV detector has seen the widest
usage but newer variants of this detector such as the photodiode array
(PDA) detector are seeing increasing usage. The PDA allows one to de-
velop a three-dimensional profile of the data with data being displayed on
time, wavelength, and absorbance axes. Once these data are available,
then absorbance spectra can be obtained for the compounds of interest and
these can then be mathematically manipulated much as one uses standard
UV data. Electrochemical detectors and mass spectrometers have been
used for this determination. As in the case of the GC, MS detectors for
HPLC have become less difficult to use and less expensive. There are four
interface types available: thermospray (TSP), particle beam, electrospray
(ESI), and atmospheric pressure chemical ionization (APCI) . Each has its
own advantages and will not be discussed in great detail. Particular
applications of this type of detector are described in the appropriate
section of this chapter. New developments include microbore column
technology and capillary column technology. This development allows for
increased sensitivity with decreased solvent consumption of 90 to 95% but
can make instrument modifications necessary since standard HPLC pump-
ing systems and detectors are not suitable for these low flow rates and
attendant problems. The standard 4-mm ID HPLC is being replaced by 2-
and 3-mm ID columns since they can be used with standard HPLC equip-
ment with no loss of performance while cutting solvent consumption by
60 to 75%.

E. Capillary Electrophoresis

Capillary electrophoresis (CE) was introduced to the analytical com-
munity in the mid-1980s and at that time only a few laboratory manufac-
tured units were available but as the technique became better accepted,
many commercial vendors developed instruments to serve this growing
market. CE has become an orthogonal technique to HPLC and offers some
distinct advantages for the analyst including superior resolution, reduced
solvent consumption, and the ability to use extremely small sample vol-
umes compared to HPLC. For example, a day’s operation using a capillary
electrophoresis unit may generate 10 ml of solvent which is primarily
comprised of buffer. The standard detector for CE is UV and ranges from
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fixed wavelength to PDA, depending on the sophistication of the instru-
mentation. There are other detectors used in CE and recently an MS
interface has been introduced that offers some interesting possibilities for
methylxanthine analysis. As CE evolves, one expects the database on
methylxanthine analysis to grow.

Il. HISTORICAL METHODS FOR THE DETERMINATION OF
METHYLXANTHINES

There are numerous methods in the literature for the determination of
caffeine, theobromine, and theophylline in food matrices, including cof-
fee, tea, and cocoa. Until recently, methods have emphasized the determi-
nation of the major methylxanthines in a commodity, for example, caffeine
in coffee or theobromine in cocoa. Present methods range from being
specific for one of the compounds in a single matrix to being an all-
encompassing assay of major and minor methylxanthines in food prod-
ucts.

Historically, the determination of methylxanthines was usually ac-
complished by spectrophotometric, gravimetric, Kjeldahl, or titrimetric
methods. In many early methods, both caffeine and theobromine were
extracted either into hot aqueous or hot alkaline solution and then trans-
ferred to an organic solvent such as chloroform. It was necessary to do a
preliminary separation of this extract since, in addition to the extraction of
the methylxanthines, amino acids, tannins, and carbohydrates were also
extracted, which interfered with the final measurement. In the case of
cocoa, it was usually necessary to pre-extract the commodity with a sol-
vent such as hexane or petroleum ether to eliminate interferences due to
fat. The preliminary separation might also have involved the precipitation
of the impurities with compounds such as magnesium oxide (MgO). In an
AOAC collaborative study® ¢ on the determination of caffeine in nonalco-
holic beverages, a column chromatographic procedure was used to isolate
the caffeine. It involved the use of two Celite 545 columns mounted in
series, with a chloroform elution solvent. Caffeine was then measured at
276 nm against the chloroform blank. A 1948 paper by Moores and
Campbell” on the determination of theobromine and caffeine in cocoa
materials proposed an extraction with hot water in the presence of MgO.
The extract was clarified with zinc acetate-potassium ferrocyanide re-
agents with the theobromine absorbed onto a column of Fuller’s earth and
selectively eluted with sodium hydroxide. Theobromine was then deter-
mined by a titrimetric method. The zinc acetate-potassium ferrocyanide
solution was made alkaline and the caffeine was extracted with chloro-
form and measured by a Kjeldahl nitrogen determination.

©1998 CRC Press LLC



Similar methods with modifications such as the one by Schutz et al.®
have been in use for over 20 years. In 1968, Ferren and Shane® published
a paper on the differential spectrometric determination of caffeine in
soluble coffee and drug combinations. It had the advantage of eliminating
a preliminary separation that was required by the earlier method. While
the method was successful for coffee, it was not as successful in the
determination of caffeine in acetaminophen/phenacetin/caffeine tablets.
They proposed that phenacetin was a limiting factor. The official AOAC
methods for these methylxanthines in coffee and tea still involve similar
methods.*?

Other methods have involved compleximetric titration, nephelom-
etry, potentiometric titration, and gravimetric methods. In 1981, a paper
by Mayanna and Jayaram?! outlined the determination of caffeine in a
wide variety of products including pharmaceuticals and food products
using sodium N-chloro-p-toluene-sulphonamide (chloramine-T) in a titri-
metric procedure.

I11. CURRENT ANALYTICAL METHODS FOR THE
DETERMINATION OF METHYLXANTHINES IN FOODS

A. Ultraviolet Spectroscopy

In the determination of methylxanthines by UV spectroscopy in foods,
it is necessary to separate out the large number of substances that poten-
tially interfere. Chromatographic techniques are the most conveniently
used for the final separation of methylxanthines, so that they can be
determined by UV, without interference. Cepeda'? described a method for
the determination of caffeine in coffee which is based on grinding the
sample, preparation of an infusion under specified conditions, clarifica-
tion of the infusion with light MgO, filtration, acidification of the filtrate
to pH 4, clean-up on a C-18 Sep Pak C18, and elution with ethanol with
determination of caffeine by spectrometry at 272 nm. Tests showed this
method to be rapid, simple and reliable. Recovery is approximately 100%;
coefficient of variation is less than 0.5%. The Morton & Stubb method and
the second derivative method were used to overcome background inter-
ference. Data are given for caffeine concentration in five samples each of
green coffee and natural roasted coffee, determined by this method and
the AOAC Micro Bailey-Andrew method; results by the two methods did
not differ significantly.

Li® developed a method for the individual determination of caffeine
and theobromine in cocoa beans. Cocoa bean samples are ground as finely
as possible (less than 0.5-mm diameter particles), the powder is boiled in
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water for 5 min, basic lead acetate solution is added as a clarifying agent,
the solution is filtered to remove the precipitate and sodium
hydrogencarbonate is added to remove unreacted lead ions. Caffeine is
extracted from the resultant clear solution (pH regulated at 12.5 to 12.7
with NaOH) using chloroform, with theobromine remaining in the aque-
ous solution. Caffeine is determined by UV spectrophotometry at 275.9
nm and theobromine in the aqueous solution is measured at 272.7 nm.
Average contents of theobromine, caffeine, and total alkaloids found in
five samples (1 g) of cocoa powder were 14.439, 2.316, and 16.76 mg,
respectively. Relative standard deviations were 0.57 to 0.69%. Recoveries
of the alkaloids from mixtures of pure theobromine and caffeine were 98.8
to 102.2%.

A method for spectrophotometric measurement of caffeine, furfural,
and tannins in “Licor cafe” (coffee liqueur) is described by Lage.' The
method involves separation of furfural by steam distillation and selective
extraction of caffeine from the residue by chloroform in an alkaline me-
dium. This step is followed by UV spectrophotometric or colorimetric
detention of furfural. Caffeine and tannic acid are determined by UV
spectrophotometry. Tables are provided of the sensitivity of the furfural
colorimetric reaction and percent recovery of furfural, tannic acid, and
caffeine by spectrophotometry. In six coffee samples, caffeine concentra-
tion ranged from non-detectable to 980 mg/1, tannic acid ranged from 22.1
to 902 mg/I, and furfural ranged from 4.32 to 46.5 mg/1.%° Trigonelline
and caffeine are separated fully by a Sephadex G 15 column (1.65" 40 cm).
Polyamide adsorbs almost all polyphenolics which influence UV absorp-
tion spectrophotometry. Chromatography is carried out with distilled
water on a single column packed with 3.2 g of polyamide placed on
Sephadex G 15. The eluate is monitored at 270 and 300 nm. Quantification
is achieved from the difference between the absorbances of the two peaks
corresponding to trigonelline and caffeine on the elution chromatogram.

A simple paper chromatographic method for qualitative and quanti-
tative analysis of alkaloids in cocoa is reported in a paper by Sjoeberg.t® It
includes paper chromatographic extraction in which a sample applied
directly to the strip baseline was moistened with dilute NH3 solution
(12.5%) for ascending chromatography, fats were first removed by
chromatographing the paper with light petroleum for about 1.5 h, the
paper was then chromatographed with n-butanol saturated with NH3 for
1.5-2 h, repeated after drying, and the dried strip observed under UV light
(254 nm) to locate the alkaloids. The marked bands were cut out, eluted in
diluted NH3 solution (1%) and alkaloids determined from their UV ab-
sorption spectra; absorption maximum of theobromine and caffeine were
at 274 and 275 nm, respectively. Results of analysis of cocoa powders
compared well with those obtained using HPLC. Analysis of other cocoa
products, e.g., cocoa powders with milk and sugar added or chocolate
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products, suggested that the method should be applicable to cocoa-con-
taining foods in general. It also stated that caffeine could be determined in
foods such as coffee, tea, and cola drinks, requiring only a single short
chromatographic run for rapid separation of caffeine alone.

The amount of coffee in beverages was determined by a method based
on the relationship between the concentration of coffee in the beverage
and optical density of a solution of the beverage at 270 to 300 nm.%
Caffeine, chlorogenic acid, and beverage from natural ground coffee
showed intensive absorption in the UV region between 270 and 290 nm;
maximum absorption of caffeine was at 273 nm, and maximum absorption
of coffee beverage was at 280 nm. Since the content of caffeine in coffee
varies largely according to variety, and the chlorogenic acid content is
dependent on the method of roasting, a standard sample from a known
amount of a given coffee must be prepared as a reference standard. When
analyzing beverages containing milks, the proteins must be removed by
precipitation with trichloroacetic acid, and the fats by means of extraction
with benzene before analysis.

B. Thin-Layer Chromatography

TLC offers an ability to analyze a large number of samples with
reasonably good separation of the methylxanthines at a relatively low
cost. TLC is now applied to a variety of food systems. Table 1 outlines a
group of typical systems for the separation of methylxanthines.!” Table 2
outlines possible spray reagents for the detection of the various
methylxanthines.!” For example, Senanayake and Wijesekera?® outlined a
TLC method for estimating caffeine, theobromine, and theophylline using
silica gel plates and a solvent for the sample containing n-butanol:acetic
acid (3:1); the eluting solvent was chloroform:carbon tetrachloride:methanol
(8:5:1). The method was relatively simple, accurate, and convenient. The
final measurement was accomplished by the measurement of the spot
area, which somewhat limited the range of this method.

Jalal and Collin?® used paper chromatography and TLC to determine
caffeine in both coffee and tea, and theobromine in tea. Their TLC method
used cellulose plates that were developed with butanol:hydrochloric
acid:water (1 00: 1 1:28) for 4 h. The spots were eluted from the plates with
ammonium hydroxide and measured spectrophotometrically against a
blank at 272 nm for caffeine and 274 nm for theobromine.

Subsequent to removal of fats by extraction with petroleum ether, and
processing with ammonia, alkaloids of maté, cola, and cocoa were isolated
by extraction with CHCI3, and separated by thin layer chromatography.
On UV irradiation, the alkaloids showed dark spots on a light fluorescent
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TABLE 1.

Typical Thin-Layer Chromatography (TLC) Systems for
Theobromine and Caffeine Determinations

Support Eluting solvents

Silica gel G Chloroform:ethanol
buffered pH 1.8  (9:1)
Acetone:chloroform:n-butanol:ammonium
hydroxide (3:3:4:1)
Benzene:acetone (3:7)
Silica gel GF254  Chloroform:ethanol:formic acid
(88:10:2)

Note: Benzene and chloroform are suspected carcinogens.
Perhaps they could be replaced by toluene and methylene
chloride, respectively, with some modification of the
proportions used.

From Anon, Dyeing Reagents for Thin Layer and Paper
Chromatography, E. Merck, Rahway, NJ, 1975. With

permission.
TABLE 2
Visualizing Reagents for TLC
Component Visualizing agent
Caffeine Chloraminc-T
Xanthine derivatives  Iron (111) chloride followed by iodine
Purines Silver nitrate followed by sodium dichromate
Purines, pyrimidines  Fluorescein
Purines Silver nitrate followed by bromophenol blue

From Anon, Dyeing Reagents for Thin Layer and Paper Chromatography, E.
Merck, Rahway, NJ, 1975. With permission.

background. Maté, cola, and cocoa contained respectively 71 to 74, 48 to
52, and 1000 to 2500 mg theobromine/100 g and 1 to 1.1, 5.1 to 5.3, and 0.20
to 0.22 mg theophylline/100 g. Recovery rates of added theobromine and
theophylline ranged from 94 to 102%.%°

Caffeine was extracted from ficw varieties of roasted coffee beans and
was determined in parallel by (1) measurement of spot area after thin layer
chromatography on silica gel GF plates (development with chloroform/
cyclohexane/glacial acetic acid, 8:2:1, visualization in UV light), and (2)
Kjeldahl N determination. Caffeine contents by (1) and (2), respectively, in
the five varieties analyzed were (percent in DM): Santos lave 0, 1.10, and
1.12; Java Robusta 3, 1.19, and 1.22; Camerun Robusta 2, 1.16, and 1.19;
Mocca 2, 1.21, and 1.26; Guatemala 0, 1.18, and 1.20. (1) is considered
slightly less accurate than (2) but rather easier and more rapid.?
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C. Gas Chromatography

GC has seen wide use in food analysis but has not seen a large
following in the determination of the nonvolatile alkaloids in foods when
compared to HPLC. The 13th edition of the AOAC Methods of Analysis??
lists a GC method for the determination of caffeine in coffee or tea using
a thermionic KCI detector with a glass column 6 ft© 4 mm i.d. packed with
10% DC-200 on 80 to 100-mesh Gas Chrom Q.

A GC method for determination of caffeine in beverages using a non-
polar DB-1 column (5 m”~ 0.53 mm) with splitless direct injection and FID
is described.® Direct quantitative analysis of caffeine in beverages is car-
ried out without any sample pretreatment and lauryl alcohol is used as an
internal standard. The detection limit was 4 to 8 p.p.m. Recovery studies
were performed using tea, coffee, and cola beverage, each fortified with
caffeine at 100, 50, and 25 mug; recoveries were 94.0 to 100.6% with coeff.
of variation less than 6.5%. Using a chloroform extraction method for
comparison, recoveries were 84.5 to 87.6% with coefficient of variation less
than 6.4%. Results indicate that the direct injection method gave better
results than the chloroform extraction method and it was concluded that
the direct injection method was suitable for quantitation of caffeine in
beverages. Twenty-four samples of tea, coffee, and cola beverage were
analyzed by the direct injection method. Caffeine contents were: 83 to 128
p.p-m. for green tea; 40 to 70 p.p.m. for oolong tea; 36 to 51 p.p.m. for black
tea; 321 to 493 p.p.m. for coffee; and 28 to 92 p.p.m. for cola beverages.

Determination of caffeine in soft drinks was undertaken using the
aerosol alkali flame ionization detector.?* Soft drinks studied were Coke,
Diet Coke, Pepsi, Diet Pepsi, Dr. Pepper, and Mountain Dew. A sample
clean-up and concentration procedure is employed followed by GC sepa-
ration with alkali flame ionization detection. Results showed that Coke,
Diet Coke, Pepsi, Diet Pepsi, Dr. Pepper, and Mountain Dew contained 41
+2,52+2,43+4,35+9,46 + 6, and 60 + 15 mg caffeine per 355-ml serving.
These values compared favorably with levels reported in the literature.

Solid extracts of (1) alfalfa and (2) red clover (used in food flavorings)
were examined by GC/MS. 389 of 450 detected components were identi-
fied in (1), vs. 210 of 309 components detected in (2). In both extracts,
predominant compounds identified were: esters (1) 105, (2) 55; acids (1) 42,
(2) 31; alcohols (1) 34, (2) 31; and hydrocarbons (1) 28, (2) 14. Many other
compounds were also found, including cannabinol, caffeine, scopolamine,
isocoumarin, phenylpentadienal, phenylhexadiene, and nepetalactone.?®

Capillary GC was used to obtain high resolution profiles of 27 organic
acids, caffeine, and sucrose in dimethylsulphoxide extracts of roast and
ground coffees in a 60-min analysis.?® A shortened procedure is also
reported for quantitative detection of 5-caffeoylquinic (5-CQA) and quinic
(QA) acids and sucrose; ng detection limits were achieved. Major commer-
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cial brands of caffeinated and decaffeinated coffee produced under differ-
ent roasting conditions could be distinguished based on their 5-CQA and
sucrose contents and the QA:5-CQA ratio.

Theobromine was determined by GC in various foods (bitter choco-
late, milk chocolate, chocolate cake, cocoa powder, chocolate milk), and
results are given in graphs and tables.?” Homogenized samples were
boiled in alkaline agueous media, then fat was extracted with n-hexane.
The aqueous layer was acidified with diluted HCI and NaCl was added.
Theobromine was extracted from this treated aqueous solution with
dichloromethane and the extract was evaporated to dryness. The residue
was redissolved in dichloromethane containing an internal standard. GC
analysis was performed on a column packed with 1% cyclohexane
dimethanol succinate on Gaschrom Q, with FID. Average recoveries were
99 to 101%, coefficient of variation was less than 3% and the limit of
detection for theobromine in foods was about 0.005%.

D. High-Performance Liquid Chromatography

HPLC allows a quantitative determination with relatively simple ex-
tractions. In many cases, extraction only involves a heating of the com-
modity with water, followed by filtration and injection onto an HPLC
column. In the determination of caffeine, theobromine, and theophylline
in cocoa, coffee, or tea, as well as in other foods, there is scarcely a month
that passes without a new paper on this assay. Kreiser and Martin provide
typical conditions for analysis.?® In their studies, samples were extracted
in boiling water and filtered prior to injection onto the HPLC column. The
HPLC conditions used a Bondapak reversed phase column and a mobile
phase of water:methanol:acetic acid (74:25: 1) with detection at 280 nm.
This method is accurate, precise, and conserves time. It has also been
adopted by the AOAC as an official method for the determination of
theobromine and caffeine in cocoa beans and chocolate products.?®

Zoumas et al.3® presented work on the use of this method in the
determination of caffeine and theobromine in various chocolate-contain-
ing products, while Blauch and Tarka®! reported the use of a similar
method for the determination of caffeine and theobromine in various
beverages containing these methylxanthines.

A simple method for simultaneous determination of five types of
catechins, i.e., epigallocatechin (EGC), epigallocatechin gallate (EGCQg),
epicatechin (EC), epicatechin gallate (ECg), and catechin (C), and three
types of methylxanthines, i.e., theobromine (TB), theophylline (TP), and
caffeine (CA), in tea and tea-containing foods by semi-micro HPLC was
developed.Samples were extracted with 40% aqueous ethanol and cleaned
up using a Sep pak C18 cartridge. Extracts were chromatographed on a

©1998 CRC Press LLC



semi-micro size Inertsil ODS-2 column, with a mobile phase of
methanol:water:0.2M phosphate buffer pH 3.0 (12:33:5) and UV detection
at 207 nm. Recoveries from common grade green tea (sencha) and foods
containing finely ground green tea (maccha ice cream, maccha senbei
[Japanese cracker], maccha jelly) and candy containing oolong tea extract
were (%): EGC, 90.9 to 120.4; EGCg, 91.8 to 117.3; EC, 91.2 to 96.7; ECg, 83.2
to 104.3; C, 90.2 to 101.6; TB, 53.0 to 106.4; TP, 74.6 to 101.6; and CA, 88.4
to 98.8. Detection limits were 0.1 mug/g for each compound

A French Standard, which corresponds to 1ISO 10095 issued in 1992,
specifies a method for determination of caffeine in green or roasted coffee
or in coffee extracts (decaffeinated or not).® Caffeine is extracted with
water at 90°C in the presence of MgO. The extract is filtered, then cleaned-
up on a mini-column packed with a silica phenyl group derivative, and
analyzed by HPLC on a C18 column with a methanol/water (30:70) mo-
bile phase and a UV detector operating at 254 to 280 nm.

A method for determining the caffeine content of regular and
decaffinated green and roasted coffee beans and of regular and
decaffeinated coffee extract powders, using HPLC, is specified in a British
Standard Instruction.3* Caffeine is extracted from the sample with water at
90°C in the presence of magnesium oxide. The mixture is filtered and an
aliquot purified on a silica microcolumn modified with phenyl groups.
The caffeine content is then determined by HPLC with UV detection.®

A method for determining aspartame, acesulfam-K, saccharin, caf-
feine, sorbic acid, and benzoic acid in foods is described® based on clari-
fication of the sample with Carrez reagents, and analysis by HPLC on a
Superspher RP-select B 4 mum column with 0.02M phosphate buffer/
acetonitrile (90:10) mobile phase and UV detection. A theophylline inter-
nal standard is used. Methods of sample preparation for various product
types (soft drinks, sweetener preparations, juices, milk shakes, quarg
products, yoghurt products, and delicatessen salads) are described. Mean
recoveries were: aspartame 96%; acesulfam-K 103.4%; saccharin 106.1%;
and caffeine 97.1% (no recovery data given for benzoic or sorbic acid).
Detection limits for standard solutions were (mg/l): aspartame 0.2; ben-
zoic acid 0.02; sorbic acid 0.09; and acesulfam-K, saccharin, theophylline,
and caffeine 0.004. Detection limits in foods are higher, generally in the
range 0.5 to 1 mg/kg.

HPLC was applied to analysis of caffeine, trigonelline, nicotinic acid,
and sucrose in Arabica and Robusta coffees.®” Green and roasted coffee
samples were used in this study, and degradation of sucrose and
trigonelline, with formation of nicotinic acid, was followed during roast-
ing. Caffeine did not undergo significant degradation, with only 5.4%
being lost under severe roasting. Sucrose was degraded rapidly during
processing, light roasting producing a 97% loss and dark roasting degrad-
ing it completely. Loss of trigonelline was strongly dependent on degree
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of roasting, being higher in the Robusta coffee. Trigonelline degradation
was associated with nicotinic acid formation both in the Arabica and
Robusta coffees as a consequence of roasting. Trigonelline and sucrose
were determined simultaneously by partition chromatography and detec-
tion with the mass detector. Detection of caffeine was carried out using
reversed phase chromatography and nicotinic acid by ion-pair reversed
phase chromatography. Detection in both cases was achieved using a UV
detector at 272 or 254 nm, respectively. HPLC showed adequate precision
and accuracy for routine analyses. In addition, the methods used were
more rapid and simple than traditional procedures. HPLC appears to be
a suitable technique for quality control in the coffee industry, and for
fundamental investigation of the mechanisms involved in the roasting
process.

This chapter describes use of solid-surface room temperature
phosphorimetry (SSRTP) as a detection technique in the liquid chromato-
graphic (LC) analysis of caffeine, theophylline, and theobromine. Mea-
surements were made in a continuous mode, using a 2-nebulizer auto-
matic system for SSRTP analysis (previously optimized for LC detection).
Use of SSRTP and UV absorption detection was compared under identical
experimental conditions.3®

Application of HPLC-MS to the analysis of a black tea liquor was
studied in a paper by Bailey;%* a great deal of useful information could be
obtained without sample pretreatment. A tea liquor was applied to a
wide-pore HPLC column connected to a mass spectrometer by a VG
Plasmaspray interface. Pseudo-molecular ions were obtained from the
flavanols, flavanol gallates, chlorogenic acids, 4-coumarylquinic acids,
and caffeine, but the flavanol glycosides were extensively fragmented by
the interface. Fragments were obtained from unresolved polymer that
supported its previous designation as a flavanol polymer.

HPLC with thermospray MS was reported by Hurst et al.*® where
residues from an archeological site were analyzed for caffeine and theo-
bromine using reversed phase HPLC coupled to a thermospray MS inter-
face. Samples were extracted in water and separated on a reversed phase
column. The presence of theobromine in this sample was confirmed by
monitoring the MH+ ion at 181 for theobromine.

E. Capillary Electrophoresis

As was indicated, there have not been a large number of publications
on the CE analysis of methylxanthines in food systems. Analusis pub-
lished a method using a 20-mm Borate buffer at pH 9.6 and UV detection
at 254 nm and +22 kV applied voltage.** Samples were diluted and pre-
pared for analysis by filtration and analyzed using free solution electro-
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phoresis (FSE). Analysis time was less than 10 min and the results favor-
ably compared literature and HPLC data. A ThermoSeparation Products
Application Note described the analysis of caffeine and other components
in a sample of diet cola. The method used a fused silica capillary with a
buffer of 20 mM phosphate at pH 2 and an applied voltage of +30 kV. The
detection system used was a scanning detector with wavelengths of 200 to
300 nm.#2

F. Other Analytical Methods

The various methods that have been outlined in the previous sections
are not exclusive and other analytical methods have been used for the
determination of methylxanthines in food systems. One of the most widely
used methods for food analysis is flow injection analysis (FIA). In a study
by Numata,* a flow injection analysis method for the determination of
hypoxanthine in meat was described.

IV. CURRENT METHODS FOR THE DETERMINATION OF
METHYLXANTHINES IN THE BIOLOGICAL FLUIDS

Analytical studies in clinical chemistry relating to the determination
of methylxanthines are concentrated in two areas. The first of these in-
volves the analysis of various ethical pharmaceuticals. The second area
involves the analysis of various body fluids for methylxanthines and their
metabolites.

In the clinical area, the largest share of analytical methods develop-
ment and publication has centered on the determination of theophylline in
various body fluids, since theophylline is used as a bronchodilator in
asthma. Monitoring serum theophylline levels is much more helpful than
monitoring dosage levels.** Interest in the assay of other methylxanthines
and their metabolites has been on the increase, as evidenced by the cita-
tions in the literature with a focus on the analysis of various xanthines and
methylxanthines.

A. Ultraviolet Spectroscopy

Ultraviolet spectroscopy is used in many clinical laboratories due to
its ease of operation and availability. A classical method for theophylline
determination in plasma is the one of Schack and Waxler.*> The original
method had interferences from phenobarbitol and various xanthine de-
rivatives such as theobromine.*¢ The modification of the method by Jatlow*
eliminated the interferences from barbituates but included the various
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xanthine interferences. In 1978, Bailey*® published a study on “Drug Inter-
ferences in the Ultraviolet Spectrophotometric Analysis of Plasma Theo-
phylline”. In his study, he evaluated 45 common drugs as interferences in
the UV assay and concluded that 18 of the drugs interfered with the basic
method as well as Jatlow’s modification. Fourteen drugs were found to
give positive interferences, while four gave negative ones. He further
stated that drug interferences do exist and that they are recognizable by
nongaussian peaks, but the identity of the interfering compounds is hard
to determine. A study by Gupta and Lundberg* used differential UV
analysis but required a large sample volume (5 ml) and was relatively
insensitive. It should be noted that a 3-mI sample can be required for UV
methods but smaller volumes can be used with microsampling accessories
available on some UV instrumentation.

B. Thin-Layer Chromatography

As was the case in food commodity-related systems, TLC is a power-
ful tool that is extremely useful for screening large numbers of samples. It
is also useful for obtaining qualitative information about a substance or
group of substances (see Tables 1 and 2). Recently, Salvadori and col-
leagues published a study in which TLC was used as a screening tool for
the determination of caffeine, theobrmine, and theophylline in samples of
horse urine after the horses had ingested guarana powder.%

C. Gas Chromatography

GC continues to have a great deal of use in clinical analysis. The
literature contains a number of citations on the use of GC for the determi-
nation of theophylline in body fluids,>-5 but now it is possible to selec-
tively determine not only theophylline in the presence of barbiturates, but
also caffeine, theobromine, and other xanthine derivatives. The GC meth-
ods in the literature are used as a final determination step after extraction
with organic solvents. It is, however, necessary to form a derivative of the
methylxanthine, to use a flame-ionization (FID) or electron capture detec-
tor, and to use an internal standard. Pranskevich et al.5* used isothermal
GC on a 3% SP2250-DB with an FID. This procedure involves the mixture
of sample, internal standard, and chloroform in a culture tube. After
centrifugation, the aqueous layer is discarded and the chloroform layer is
dried under nitrogen. Five milliliters toluene are added in addition to
ammonium hydroxide. The mixture is again centrifuged, the toluene layer
is discarded, and the aqueous phase evaporated to dryness. Derivatization
uses an 8:1 mixture of N-N’-dimethylacetamide and 2.4%
tetramethylammonium hydroxide in methanol. The derivatizing agent,
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iodobutane, is added and then the solution is mixed. The method is
specific for theophylline and presents excellent data.

As in the case in the analysis of food samples, the introduction of
relatively inexpensive MS detectors for GC has had a substantial impact
on the determination of methylxanthines by GC. For example, in 1990,
Benchekroun published a paper in which a GC-MS method for the
quantitation of tri-, di-, and monmethylxanthines and uric acid from
hepatocyte incubation media was described.> The method described al-
lows for the measurement of the concentration of 14 methylxanthines and
methyluric acid metabolites of methylxanthines. In other studies, GC-MS
has also been used. Two examples from the recent literature are studies by
Simek and Lartigue-Mattei, respectively.%:5 In the first case, GC-MS using
an ion trap detector was used to provide confirmatory data to support a
microbore HPLC technique. TMS derivatives of the compounds of interest
were formed and separated on a 25 m DB-% column directly coupled to
the ion trap detector. In the second example, allopurinol, oxypurinol,
hypoxanthine, and xanthine were assayed simultaneously using GC-MS.

D. High-Performance Liquid Chromatography

HPLC has seen meteoric rise in its use as a tool in the area of
methylxantbine and xanthine derivative analysis. In the determination of
theophylline in plasma, the method outlined by Peng et al.*® requires no
extraction and only a dilution with acetonitrile prior to analysis. In the
method of Sommadossi et al.,® samples are extracted with
chloroform:hexane (7:3) prior to analysis. Another method by Soldin and
Hill® extracts serum with a mixture of chloroform:isopropanol (95:5) prior
to analysis. Similar methods or variations appear throughout the litera-
ture. In many of the studies, 8-chlorotheophylline is used as an internal
standard.®! Detection modes range from fixed-wavelength UV and vari-
able UV to electrochemical. Separation modes range from normal phase
and reverse phase to ion-pairing. There is also a large amount of literature
on the HPLC separation of purines or xanthines, using a wide variety of
supports, that have not yet been applied to either food systems or body
fluids but obviously should work well. The literature is full of separations
on xanthines and methylxanthines in various biological systems.

HPLC coupled to MS was used for the determination of dimethyl
xanthine metabolites in plasma’? There have also been a number of meth-
ods published on the use of HPLC with a PDA detector. In 1996, Mei
published a method for the determination of adenosine, inosine, hypoxan-
thine, xanthine, and uric acid in microdialysis samples using microbore
column HPLC with a PDA detector.® In this method, samples were di-
rectly injected onto the HPLC without the need for any additional sample
treatment.

©1998 CRC Press LLC



Hieda et al. determined theophylline, theobromine, and caffeine in
human plasma and urine by gradient capillary HPLC with frit fast atom
bombardment (FAB) mass spectrometry with 7-ethyl theophylline as the
internal standard.5

E. Capillary Electrophoresis

As CE evolves, there are a growing number of applications of this
technology in the analysis of various biological fluids. Recently Hyotylainen
et al.% published a method for the determination of morphine analogs,
caffeine, and amphetamine in biological fluids by CE. Both capillary zone
electrophoresis (CZE) and micellar electrokinetic capillary chromatogra-
phy (MEKC) were evaluated with detection at 200 and 220 nm were
investigated for analytes in human serum and urine. Glycine buffer con-
taining sodium lauryl sulfate (pH 10.5) was used for the MEKC separa-
tions with a final analysis time of 18 min.

F. Other Analytical Techniques

The determination of theophylline in plasma can also be accomplished
by various immunoassay techniques.6” Theophylline was also deter-
mined by a polarization fluoroimmunoassays but found to have a caffeine
interference.®. In a more research oriented application, the interaction of
caffeine with L-tryptophan was studied using 'h NMR with the results
indicating that caffeine interacted with tryptophan in a 1:1 molar ratio
through parallel stacking.®

V. SUMMARY

The methylxanthines can be determined in foods and biological sys-
tems by the chromatographic methods of TLC, GC, HPLC, or CE. Ultra-
violet spectroscopy following a separation procedure can also be used.
More recently, immunoassay methods have been developed. There is no
single best method; the analyst must balance the features of each assay
with the final requirements for data precision and reproducibility.
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Chapter 4

TeA IN CHINA

David Lee Hoffman

Tea is found in every shape and size, grown and processed every-
where across a wide belt throughout China. In the U.S., we are used to
only a few types of tea; however, the varieties of Camellia sinensis found in
China are almost endless. Each of them is given a name that often reflects
the romantic and almost metaphysical nature of tea in Chinese culture.
Probably nowhere else in the world is tea worshipped as a mystical and
ceremonial beverage as in Asian countries, and especially in China, where
C. sinensis finds its roots.

The flavors of Chinese teas range from extremely mild white teas to
astringent green teas to heavy, black, strong-flavored varieties.

Often the leaves of C. sinensis are prepared in a very unique manner,
such as in Tibet, where, for example, tea leaves are boiled overnight on an
open fire, with a pinch of alkaline soda added. After the tea is strained,
yak butter and salt are added and the concoction is vigorously pumped in
a churn to a frothy brew. The tea is then poured back into the pot, reheated
and served.

Table 1 lists Chinese names of teas and, when possible, their English
translations, as well as the provinces in China where these teas are grown.
Table 2 shows the many varieties of black, green, Oolong, Pu-erh, and
white teas.
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TABLE 1

List of 85 Rare and Tribute Teas in the 1996 National Tea Competition in China

Province/name of tea

English translation

Farm name

Anhui Province

Bai Bei Xiang Ya

Ci Shan Cui Kui

Ci Shan Jian Ya

Ding Gu Da Fang

Gan Lu Qing Feng
Huang Hua Yun Jian
Huang Shan Mao Feng
Jing Shang Tian Hua

Jing Ting Lu Xue

Jing Xian Ti Kui

Jiu Shan Bi Hao

Jiu Shan Cui Jian

Jiu Shan Cui Ya

Jiu Shan Qu She

Leu An Gua Pian

Lu Mu Dan

Rui Cao Kui

Shen Quan Zhen Zhu Lu

Tai Ping Hou Kui
Tan Kou Que She
Wan Xi Zao Hua
Xiang Shan Yun Jian
Ye Que She

Yong Xi Huo Qing
Yong Xi Huo Qing
Yue Xi Cui Lan

Fujian Province
Bai Long Zhu
Ge Heng Fu Xin Cha

Li Zhi Cha
Guangxi Province
Cha Lei

Cui Ye Cha
Nin Xiang Cei Min

Guizhau Province
Fan Jing You Lu

Fan Jing Cui Feng
Fan Jing Xue Feng
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Fragrant Buds
Ci Shan Green Shoot
Ci Shan Green Bud

Sweet Dew Green Peak

Add Flowers to the
Brocade

Jiu Shan White Hair
Jiu Shan Green Sword
Jiu Shan Green Bud
Jiu Shan Bird Tongue

Spring Green Pearl of
the Gods

Tang Kou Bird Tongue

Wild Bird Tongue

Yue Xi Green Orchid

Rich in Zinc Content
Tea
Litchi Tea

Flower Stamen

Green Leaves Tea

Good Flavored Green
Tea

Best Green Tea in Fan
Jing

Fan Jing Green Peak
Fan Jing Snow Peak

Jiunanshan Tea Plantation
Cishangang Tea Plantation
Cishangang Tea Plantation
Wuhu Tea Corporation
Dongzhi Tea Plantation
Lingou Tea Factory

Wuhu Tea Corporation
Shexian Famous Tea

Jing Ting Shan Tea

Wuhu Tea Corporation
Jiunanshan Tea Plantation
Jiunanshan Tea Plantation
Jiunanshan Tea Plantation
Jiunanshan Tea Plantation
Jinzhai Tea Factory
Shexian Famous Tea
Shizipu Tea Plantation
Dongzhi Tea Plantation

Taiping Tea Corporation
Tangkou Tea Plantation
Shuchen Tea Plantation
Dongzhi Tea Plantation
Tongnin Wushong Tea
Wuhu Tea Plantation
Yongxi Tea Factory

Yue Xi Tea Corporation

Yongan Tea Factory
Hanjiang Tea Plantation
Dengyun Tea Plantation
Baise Tea Factory

Jiangfunfeng Tea Factory
Zhaopin Tea Factory

Fan Jing Shan Tea

Yin Jiang Tea Plantation
Fan Jing Shan Tea



TABLE 1 (continued)

List of 85 Rare and Tribute Teas in the 1996 National Tea Competition in China

Province/name of tea

English translation

Farm name

Henan Province
Xing Yang Chun Hao

Xing Yang Mao Jian
Xing Yang Xue Pian

Hubai Province
Bao Quan Cha

Jin Shui Cui Feng
Qing Long Que She
Song Feng Cha
Song Feng Yun Wu

Jiangsu Province
Bi Luo Chun

Bi Luo Chun

Dong Lin Mao lJian

Er Qian Yin Hao
Er Qian Yin Hao
Tai Hu Cui Zhu
Tai Hu Cui Zhu
Wu Xi Hao Cha
Xi Mei Hao Cha
Xue Lang You Lu
Yin Hu Hao Cha
Yixing Chun Yue

Jiangxi Province
Xiao Bu Yan Cha

Sichuan Province
Fu Xi Hua Cha

Tian Gong Cui Lu

Yunnan Province
Zu He Tuo Cha

Zhejiang Province
Bai Mu Dan
Chen Tian Zue Long

Da Fo Long Jing
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Xingyang Spring White
Hair

Xing Yang Snowflake

Jin Shui Green Peak

Like a Tongue of a Bird

Song Peak Tea

Song Feng Clouds &
Mist

Green Snail in Spring

Green Snail in Spring
Dong Lin Spear-Shape
Tea

Er Qian Silver Hair Tea
Er Qian White Hair Tea

Green Bamboo in Tai
Hu Lake

Wu Xi White Hair Tea

Xi Mei White Hair Tea

Best Green Tea in Xue
Lang

Yin Lake White Hair
Tea

Yixing Spring Moon

Rich in Selenium
Flower Tea

Combined Tuo Cha

White Peony
Chen Tian Snow
Dragon

Xingyang Famous Tea
Xingyang Famous Tea

Xingyang Famous Tea

Xianfeng Tea Factory
Hubai Tea Research
Xianfeng Tea Factory
Yangloudong Tea
Yangloudong Tea

Dongnin Tea Plantation
Nanquan Tea Plantation
Donglin Tea Plantation
Dafulin Tea Plantation
Dafulin Tea Plantation
Xuelang Tea Plantation
Bashi Tea Plantation
Jiangsu Bashi Tea
Meiyuan Tea Factory
Xuelang Tea Plantation
Yaojin Tea Factory

Shanjuan Tea Factory

Xiaobu Tea Farm

Tianxiang Tea Factory

Huangshan Tea Plantation

Kunming Lubao Tea

Jinghua Tea Factory

Xuelong Tea Plantation

Xingchang Famous Tea



TABLE 1 (continued)

List of 85 Rare and Tribute Teas in the 1996 National Tea Competition in China

Province/name of tea

English translation

Farm name

Dao Ren Feng Cha
Dong Keng Cha
Fun Yun Qu Hoa
Hu Yuan Yun Lu
Jing Jiang Hui Ming
Kai Hua Long Ding
Lin An Cui Lan
Lin Hai Pan Hao
Lu Mu Dan

Ping Yang Lu Yun
Qian Yu Gao Lu

San Bei Xiang

Song Yang Yin Hou

Sui Chang Gao Liu

Tai Shun Cui Long

Tian Mu Shan Qing Ding

Wu Lin Cha
Xi Hu Long Jing

Xian Yu Cui Ya
Xue Shui Lu Ya
Xue Shui Yun Lu
Ying Guo Cha
Yun He Lu Shuang

Taoist Peak Tea

Curly White Hair

Green Peony

Ping Yang Green Cloud
Qian Yu High Grade
Green Tea

Silver Monkey

Sui Chang High Grade

Tai Shun Green Dragon

Tian Mu Shan Green
Peak

Wu Peak Tea

West Lake Yellow
Dragon

Xian Yu Green Bud

Snow Water Green Bud

Silver Hook

Dao Ren Feng Tea
Linmu Tea Factory
Lishui Famous Tea Factory
Xinghe Tea Factory
Yuhang Famous Tea
Kaihua Tea Experiment
Linan Tea Factory
Linhai Pan Hao Tea
Jiangshan Tea Plantation
Pingyang Tea Plantation
Yuhang Tea Factory

Taishueng Farm

Songyang Tea Factory

Sui Chang Tea Corporation
Taishun Tea Plantation
Linan Tea Factory

Xiongfeng Tea Factory
Tea Research Institute

Xianyu Tea Plantation
Tonglu Tea Factory
Xinhe Tea Factory
Jinyun Tea Plantation
Yunhe Tea Plantation

Reproduced with permission of Silk Road Teas.

©1998 CRC Press LLC



TABLE 2

Examples of Varieties of Black, Green, Oolong,
Pu-erh, and White Chinese Teas

Name of Tea Province
Black Tea

Golden Monkey Fujian
Golden Needle Fujian
Guangdong Black Guangdong
Hunan Brick Tea Hunan
Jiantsu Mountain Red Jiangsu
Leubao Black Guangxi
Zhejiang Black Zhejiang

Green Tea

Anhui Green

Bi Luo Chun

Bi Luo Chun

Bi Luo Chun “Snow”
Dragon Peak Rare Green Tea
Dragon Pearls

Dragon Tooth

Dragon Well

Farmer Yang’s Green
Fujian Mao Feng
Golden Dragon

Green Pearls

Green Sea Anemone
Huangshan Mao Feng
Huangshan Maojian
Jade Spring

Kiahua Long Ding
Litchi Nut

Rare Anhui Green

Rare Fujian Green
Snow Dragon

Spring Blossom Pekoe
Spring Bud Rosette
Spring Bud Rosette
Spring Bud Wafer
Taiping Hou Kui
Tongyu Mountain Green
Yang Xian

Yellow Mountain Green
Yellow Mountain Green
Zhejiang Mao Feng

Oolong Tea
Anxi Oolong
Ben Shan

Dai Bamboo
Dragon Balls
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Southern Anhui
Fujian

Zhejiang
Northern Fujian
Zhejiang

Fujian

Fujian

Zhejiang
Zhejiang

Fujian

Zhejiang

Fujian

Anhui

Anhui

Southern Anhui
Zejiang
Zhejiang

Fujian

Southern Anhui
Fujian

Zhejiang

Fujian

Zhejiang

Fujian

Zhejiang

Anhui

Fujian

Jiangsu
Southern Anhui
Southern Fujian
Zhejiang

Fujian
Fujian
Yunnan
Fujian



TABLE 2 (continued)

Examples of Varieties of Black, Green, Oolong,
Pu-erh, and White Chinese Teas

Name of Tea Province
Dragon Beard Fujian

Golden Water Turtle Fujian

Hairy Crab Fujian
Huangshan Mao Feng Anhui

Jade Oolong Fujian

Phoenix Select Fujian

Ti Kwan Yin Fujian

Ti Kwan Yin Southern Fujian
Pu-Erh Tea

Beencha Pu-erh Yunnan

Pu-erh Yunnan

Pu-erh Beencha ‘88 Yunnan

Pu-erh Tuocha “Camel” Yunnan
Tibetan Mushroom Pu-erh Yunnan

White Tea

Baihao Cha Fujian

Drum Mountain White Cloud  Fujian

Fujian White Tea Northern Fujian
Gold Tip Silver Needle Northern Fujian
Green Leaf Silver Needle Zhejiang

Silver Needle Fujian

White Peony Fujian

Reproduced with permission of Silk Road Teas.
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Chapter 3

TeA: THE PLANT AND ITS
MANUFACTURE, CHEMISTRY
AND CONSUMPTION OF THE
BEVERAGE

Douglas A. Balentine, Matthew E. Harbowy, and Harold N. Graham
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I. INTRODUCTION

Tea is second only to water in worldwide consumption. Annual pro-
duction of about 1.8 million T of dry leaf provides world per capita
consumption of 40 L of beverage (Table 1).! The scientific interest in tea is
due in part to the unusual chemical composition of its leaf and the com-
plex series of reactions that occur when these components are converted
to those found in commercial dry tea. Many of the reaction products
interact with caffeine, modifying flavor and contributing to the technical
problems of tea processing, as will be shown later.

“Tea”, in this work, refers only to the plant Camellia sinensis, its leaves,
and the extracts and infusions thereof. Leaf, bark, stem, root, or flower
extracts of scores of other plants are also sold as “teas”, creating confusion.
An important reason for the consumption of these other “teas”, a.k.a.
“herbal teas” or “tisanes”, is their lack of methylxanthines, unlike bever-
ages prepared from Camellia sinensis which are naturally rich in these
substances, especially caffeine.
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TABLE 1

Consumption Data for Tea, 1993-
1995

kg/pop  Cups/d
u.s. 0.34 0.43
Canada 0.47 0.59
Belgium & Lux. 0.12 0.15
Czechoslovakia 0.15 0.19
Denmark 0.38 0.48
France 0.21 0.26
Germany Fed. Rep. 0.21 0.26
Ireland 3.16 3.95
Italy 0.09 0.11
Netherlands 0.54 0.68
Poland 0.87 1.09
Sweden 0.33 0.41
Switzerland 0.27 0.34
U.K. 2.53 3.17
USSR/CIS 0.63 0.79
Chile 0.97 1.21
Afghanistan 1.67 2.09
Hong Kong 1.48 1.85
India 0.63 0.79
Iran 1.32 1.65
Japan 1.03 1.29
Kuwait 2.52 3.15
Pakistan 0.92 1.15
Saudi Arabia 0.82 1.03
Sri Lanka 1.29 1.61
Syria 1.55 1.94
Thailand 0.01 0.01
Algeria 0.23 0.29
Egypt 1.04 1.30
Kenya 0.46 0.58
Morocco 1.24 1.55
S. Africa? 0.49 0.61
Sudan 0.35 0.44
Tanzania 0.12 0.15
Australia 0.95 1.19
2 Including Botswana, Lesotho,

Namibia, and Swaziland.

Note: Formula for cups per day: (kg/year
* 1000)/352 = grams per day/2.27
= cups per day. 2.27 is the
assumption of tea leaves used per
cup. Kilograms per population is
the average consumption per head
of total population. All data is
based on imported and (where
applicable) locally produced tea.
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II. OCCURRENCE AND
HISTORY

Camellia sinensis is native to the
southern portion of the People’s
Republic of China and parts of In-
dia, Burma, Thailand, Laos, and
Vietnam.? The earliest authenti-
cated description of tea and its
preparation as a brewed beverage
is that by the Chinese scholar Kuo
P’o in the year 350 A.D32 An earlier
account attributed to the legend-
ary Emperor Shen Nong in 2737
B.C. is taken from the Shen Nong
Ben Cao Jing compiled ca. 22-250
A.D. The taste and stimulative
properties of brewed tea led to its
use in treating tumors, abscesses,
bladder ailments, lethargy, and sev-
eral other conditions.*

Kuo P’o refers to the cultiva-
tion of the plant, indicating early
domestication. Tea was first de-
scribed as an article of trade in the
fifth century and soon thereafter as
a nonmedical beverage.

A definitive, three-volume
work summarizing the horticulture
and manufacture of tea was writ-
ten by Lu Yu at the request of tea
merchants in 780 A.D in China. The
“Ch’a Ching”, or “Tea Book”, codi-
fied all tea-related materials and
practices, including descriptions of
implements used in its preparation
and serving.

The spread of tea to Japan prob-
ably occurred during the introduc-
tion of Buddhism in the seventh
century. Tea cultivation began in
the eighth century, but tea con-
sumption did not become a perma-



nent and widespread fixture of Japanese life until the thirteenth century.5

Tea was introduced into Europe by Dutch traders who brought it to
the Netherlands from China and Japan in 1610. Its popularity grew slowly
amid vigorous claims of its beneficial effects and counterclaims concern-
ing its dangers. In 1657, tea was sold for the first time in England where
it gradually achieved popularity in the existing coffee houses and eventu-
ally became the national drink.® Tea consumption spread throughout
Europe in the seventeenth century.

Tea was introduced into America by the Dutch at New Amsterdam ca.
1650 and was later sold in the Colonies by the British. In Boston, tea came
to symbolize British rule, which may account for the development of the
United States as a nation of coffee drinkers.®

Lucrative, expanding tea trade with China became a world monopoly
of the East India Company. When the treaty between Britain and China
expired in 1833, location of alternate tea sources became desirable. All
attempts to cultivate the relatively superior Chinese varieties in India
failed. However, local cultivation of the Assam variety indigenous to
northeast India was promising, and eventually allowed tea production in
India to flourish. India became one of the foremost tea growing areas of
the world,” only recently being surpassed in export by Kenya.

Sri Lanka (Ceylon) was an important coffee-growing country until a
leaf disease decimated crop production. In the 1880s, tea cultivation was
substituted for that of coffee, and Sri Lanka has been another of the
world’s major tea producers ever since.’

Production of tea in the Georgian region of the USSR began on a large
scale in 1892 in the warmer areas near the Black and Caspian Seas.® The
dissolution of the former Soviet Union and the Chernobyl nuclear accident
have contributed significantly to the decline of tea production in the
region. Regional production is one tenth that in the early 1980s.

Tea was introduced by the Dutch into Indonesia with seed that origi-
nated in China and Japan. As was characteristic of tropical areas, the
industry developed only after replacement of planting stock with Assam
varieties in 1878.°

More recently, the cultivation of tea has spread to other Asian coun-
tries such as Turkey, Iran, Taiwan, Bangladesh, Malaysia, and Vietnam.

The most significant spread of tea cultivation to new areas has been
the establishment of large acreage in Africa. The first successful plantings
took place in Malawi around 1900, but Kenya has become the prime
producer of the continent though tea was not introduced until 1925. Tea
is now cultivated in Tanzania, South Africa, and other areas.'?

In South America, Argentina has become a major producer after intro-
duction of the crop in 1946. Brazil, Ecuador, and Peru have smaller indus-
tries.!?
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The first tea plantings in Papua, New Guinea were carried out in 1962
and a thriving industry now exists. Australia has a small experimental
program started in 1960.

Although efforts to grow tea commercially in the United States date
from ca. 1800 with several sporadic attempts in the southeast, the only
sustained effort was carried out in Summerville, South Carolina. An estate
was established in 1893 that eventually encompassed about 40 ha, and
currently produces the only packaged tea grown in the United States.

I1l. BOTANY

A. Classification

The botanical designation of the tea plant as Camellia sinensis did not
come about easily. The plant was originally named in 1753 by Linnaeus as
Thea sinensis. He also recognized a separate Camellia genus. Later, he split
the tea specie into Thea viridis and Thea bohea. Succeeding taxonomic efforts
added to the confusion but eventually it was recognized that the separa-
tion of the genera Thea and Camellia was not useful and the generic name
Camellia was applied to both. Since 1958 all tea is considered a single
species, with several specified varieties including var sinensis, var assamica,
and var irrawadensis. 3

Var. sinesis, usually referred to as China-type tea, grows to a height of
4 to 6 m if unattended and produces a very large number of vertical stems.
The leaf is generally erect in co-formation and 7 to 12 cm in length. It is
dark green, smooth with a matte surface and without a well-defined apex.
The plant is relatively resistant to cold and is, therefore, the variety found
in the more temperate producing regions such as China, Japan, the Soviet
Union, Turkey, Iran, and the northern, higher altitude growing areas of
India. It is known to produce delicately flavored tea when grown at high
altitudes under the proper conditions. Var. sinesis can tolerate brief cold
periods, but average minimum temperatures below -5°C are decidedly
detrimental to the plant.

Var. assamica grows to a greater height (12 to 15 m unattended) and
bears large elliptical leaves up to 25 cm in length with a marked apex. The
leaf is pendent and glossy. Assamica exhibits much less cold resistance and
survived at high altitudes only very close to the equator. In general, it is
a much higher-yielding plant than sinensis and produces a less delicately
flavored beverage. There is some evidence that another Camellia specie,
irrawadiensis, was hybridized with var. assamica to produce the uniquely
flavored Darjeeling tea. In fact, hybridization of tea varieties has occurred
to a very great extent, obscuring the identification of the original tea plant
as to both varietal form and geographic origin.
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Several investigators have not accepted the concept of a single specie
and make a strong case for two distinct species with a third type referred
to variously as tran-ninh type, or as the subspecie lasiocalyx of C. assamica.l
This contention is based on significant leaf differences at the cellular level,
flower morphology, and chemical differences in leaf components.®

B. Root System

Plants grown from seed have a long tap root that puts out strong,
lateral extension roots in a variety of distribution patterns. These, in turn,
produce the feeding roots that are usually confined to a shallow soil layer.
Besides serving to absorb water and nutrients, the feeding roots develop
small starch granules that become important food sources, especially
during incidents of defoliation. Vegetatively propagated plants do not
develop tap roots.

C. Flowers

Tea flowers are globular, about 3 to 5 cm in diameter, white, and
delicately fragrant. They are borne in the axils of scale leaves (small leaves
that do not develop further) and may occur singly or in small clusters.
There are five to seven petals and an equal number of sepals. The flowers
are mostly self-sterile and are produced in cycles corresponding to leaf
growth, and require 9 to 12 months to form mature, round seed pods 1 to
1.5 cm in diameter. The tea plant is not generally allowed to flower during
production cycles, with only a small number of the plants allowed to go
to seed production to maintain seed stock.

D. Leaves

The leaf is the commercially significant portion of the tea plant. Its
general shape and size have already been described. A cross-section of the
leaf shows a thick, waxy cuticle on both surfaces that coats a layer of
rectangular epidermal cells. Below the upper layer, there are one or two
layers of regularly arranged rectangular palisade cells, the long axes of
which are at right angles to the leaf surface. Below the palisades cells are
layers of irregular, loosely arranged cells constituting the spongy meso-
phyll. The somata are on the lower leaf surface.

E. Leaf Growth

Tea leaf growth occurs in a definite and distinctive cycle.!” A typical
cycle begins with the formation of a small (5 mm) leaf bud that swells but
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does not break for a considerable time. Eventually a scale leaf is formed
from the bud and then a second scale leaf. This is followed by the produc-
tion of a slightly larger growth known as fish-leaf. Further development
of the bud results in the formation of normal leaves, known as the flush,
which constitutes the commerically useful portion of the tea plant. Four or
five such leaves are produced at intervals of a few days. Internodal dis-
tances become progressively longer and the leaves are distributed in a
spiral around the stem. The cycle is then repeated with the formation of
another leaf bud and a new dormant period. As will be discussed later, the
leaf cycle determines the plucking cycle as well as other agricultural
practices.

IV. AGRICULTURE

A. Requirements

The tea plant is not especially fastidious with regard to soil conditions,
but certain criteria must be met. Good drainage is essential, since water-
logging impedes growth markedly. Soil pH should be maintained on the
acid side. Values of pH 4.5 to 5.5 appear to be optimal although under
some conditions tea can be satisfactorily grown at higher levels of alkalin-
ity. It is probable that the decreased availability of aluminum at higher pH
values is a limited factor.'8 Soils of virtually all origins and a wide variety
of textures are generally tolerated.

Rainfall is an important criterion of climatic suitability, but precise
requirements cannot be stated since its distribution pattern, atmospheric
humidity, temperature, and altitude all affect plant requirements. If drain-
age is adequate, there does not seem to be an upper limit since tea is grown
successfully in some parts of Sri Lanka where rainfall exceeds 500cm/yr.1°
Long periods of drought are harmful, but are mitigated to some extent by
high atmospheric humidity and lower temperatures.

Some aspects of temperature limitations have already been discussed
with regard to cold sensitivity. Mean monthly temperature maxima over
30°C usually result in such low atmospheric humidity that normal growth
is impeded.

Dormant periods that are brought about by lower temperatures or
decreased rainfall are generally beneficial with regard to quality, but not
if excessively prolonged. One of the major tea-growing areas of the world
is Assam, where a dormant period of several months results from the flow
of cool air from the Himalayas. The Darjeeling area, known for its teas of
very high quality, is affected in the same way. Similarly, tea in parts of
Japan and China and in the Soviet Union, Iran, and Turkey go through a
dormant period during winter.
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B. Propagation

1. Seed

Most existing tea has been grown from seed. Tea estates have tradi-
tionally included areas given over to the growth of seed producing plants.
These are generously spaced (250 per ha for Assam varieties) and allowed
to grow to heights of 3 to 5 m.?° Seed pods are usually gathered from the
ground at frequent intervals during the producing season and planted in
well-prepared soil in protected nurseries. Germination takes place in 3 to
4 weeks. Seedlings are protected from hot sun by light shade. Water is
provided but drainage must be adequate to prevent waterlogging. Seed-
lings produce several flushes and may reach a height of 75 cm during the
nursery stage.

Selection and hybridization are the techniques employed for main-
taining and improving the qualities of planting material based on seed.
Varieties that have become stabilized through breeding programs are
designated as specific jats, but a field of a single jat still displays a consid-
erable degree of heterogeneity with regard to leaf color, texture, and yield.

The most important criteria for selection of breeding plants are qual-
ity, yield, and resistance to cold, drought, and the various pests of the area.
Seed tea plants have a long economic life and there are known instances
of plants over 100 years old.

2. Vegetative Propagation

The tea plant is easily and efficiently propagated by making use of leaf
cuttings. This provides the opportunity to produce several hundred ge-
netically identical plants at one time from a single elected plant, followed
by the rapid multiplication of the clone in subsequent years.

This technique has now become the most prevalent method for replac-
ing inefficient plants or for establishing new stands of tea. A large number
of clones have been produced by the various tea research institutes of the
world and by individual estates. Vegetative propagation has resulted in
the development of very high-yielding plants especially well adapted to
the local conditions of growth. All plants of a single clone will perform
identically under uniform growing conditions.

Cuttings consisting of one or two leaves are usually rooted in plastic
sleeves filled with an appropriate rooting medium. The sleeves are cared
for in a nursery with the same precautions exercised as for seedlings.
Callus development occurs in a few weeks, rooting begins in 6 to 8 weeks,
and shoot growth is substantial in 4 to 5 months.?

The absence of a tap root in vegetatively propagated tea might con-
ceivably represent a hazard during extended drought periods, but there is
no documented evidence of such preferential damage to clonal tea. Bio-
logical identity also affords the possibility for widescale destruction as a
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result of the appearance of new or modified disease or insect attack. The
use of several clones on an estate minimizes the possibility of catastrophic
destruction. Another approach, which is becoming prevalent in East Af-
rica, is the use of biclonal seed, i.e., seed derived from the hybridization of
two selected clones.

C. Field Establishment

Cuttings or seedlings are transplanted to the prepared fields at a
suitable time, depending on climatic conditions. A plant density of about
13,000/ha is achieved by planting in rows that are 1.2 to 1.5 m apart with
plant spacings of 60 to 75 cm within a row. More dense planting will result
in faster ground cover and higher yields in the earlier years but at the
increased cost incurred for developing more plants.

Fertilization is carried out to replenish soils and to maintain desirable
pH levels. Nitrogen is usually applied in an acidic form. Minor element
requirements have been studied. Copper availability is important, as it
affects leaf processing, as will be shown later.

Pruning is required during the early growth of the plant in order to
encourage spreading. Mature tea is pruned according to a schedule based
on growing conditions. This is necessary to maintain the plant in the
vegetative stage in order to stimulate young shoot growth and to keep the
height of the bush controlled for efficient plucking. There is a wide range
of pruning techniques in effect, not always based on sound physiological
data.??

Pesticides are used in accordance with local conditions. Fungal dis-
eases affecting roots are treated by removal and burning of infected plants.
It is especially useful prophylactically in nurseries and when establishing
new plantings. Fungal leaf diseases are prevalent and usually treated with
copper sprays.

A large variety of insects, mites, and soil nematodes also infest tea.
Pesticide usage is now well controlled so that only materials approved by
the U.S. FDA are generally employed.

Irrigation is generally not required for mature tea. It has been shown,
however, that under conditions of prolonged drought it can be helpful.?

The desirability of partial shade on tea estates has been a controversial
subject. Desirable effects include temperature moderation at the leaf sur-
face, which decreases low-humidity stress, and an increased yield of
chlorophyll, amino acid, and caffeine production. The undesirable effects
include decreased photosynthetic activity and competition for water and
solid nutrients by the shade tree employed. In general, the trend has been
toward the elimination of shade in most black-tea growing areas. Green
tea products benefit from the additional chlorophyll and amino acid pro-
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duction caused by shading, and tea used for production of green tea is
generally shaded for some duration of time.

D. Plucking

The objective of plucking is to optimize, to the greatest extent possible,
yield, quality, cost, and future productivity. As previously described,
“flush” is the new growth of leaf after a short dormant period. Traditional
tea phraseology refers to “two and a bud” as the desirable plucking
standard for maximizing quality. This encompasses the immature leaf bud
and the two leaves below it on a flushing shoot. Hand plucking is the norm
and frequently, for economic reasons, includes material beyond the sec-
ond leaf in that three or four leaves and a bud are often plucked.

Plucking cycles should correspond to flush development, which is
regulated by climatic factors. If too short, they represent inefficient use of
labor. If too long, older leaf accumulates, which should be removed so as
not to diminish productivity or quality. On most tea estates, plucking
labor represents half of the employed staff. A single worker will usually
pluck 20 to 25 kg of fresh leaf per day.

E. Mechanical Harvesting

Where labor costs are relatively high, some form of mechanical pluck-
ing is utilized. This may range from the simple use of scissors to large self-
propelled harvesters that straddle the tea hedge row and pluck to a
uniform height. Mechanical harvesting is not practical on the steep slopes
that exist in many tea growing areas or where labor is abundant, and is
therefore not in common practice.

V. COMPOSITION OF TEA

A. Composition of Fresh Leaf

Tea leaf, in common with all plant leaf matter, contains the full comple-
ment of genetic material, enzymes, biochemical intermediates, carbohy-
drates, protein, lipids, and structural elements normally associated with
plant growth and photosynthesis. In addition, tea leaf is distinguished by
its remarkable content of methylxathines and polyphenols. These two
groups of compounds are predominantly responsible for those unique
properties of tea that account for its popularity as a beverage. It must be
noted that the chemical composition of tea leaf varies with climatic condi-
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TABLE 2
Composition of Fresh Green Leaf

Components % of dry weight
Flavanols 25.0
Flavonols and flavonol glyosides 3.0
Polyphenolic acids and depsides 5.0
Other polyphenols 3.0
Caffeine 3.0
Theobromine 0.2
Amino Acids 4.0
Organic acids 0.5
Monsaccharides 4.0
Polysaccharides 13.0
Cellulose 7.0
Protein 15.0
Lignin 6.0
Lipids 3.0
Chlorophyll and other pigments 0.5
Ash 5.0
Volatiles 0.1

tions, season, position on the flushing shoot, cultural practices, and, above
all, with the clone or jat being examined. Compositional data must there-
fore be considered as valid only for a particular sample. A representative
analysis of fresh leaf flush is presented in Table 2. Comprehensive reviews
including additional data are available.?*-?°

Compositional data refering to fresh leaf are based on dry-leaf solids,
since leaf moisture varies from 75 to 80%. Detailed consideration will be
given to those components and their precursors that characterize teas as
a beverage and are, therefore, of special interest.

B. Methylxanthines

1. Caffeine

The range of caffeine levels in the tea plant is affected by all of the
parameters that bring about variation in plant composition. Nitrogen
application in fertilizers can increase caffeine by as much as 40%. Seasonal
variations, leaf position on the cutting, and genetic origin show similar
effects. For instance, var. sinensis is slightly lower in caffeine than var.
assamica.

It must also be recognized that a serving of tea beverage is based on
the incomplete extraction of a relatively small amount of tea leaf. Extrac-
tion of caffeine during brewing and its quantitative occurrence in tea
beverages will be considered later. The weighted average caffeine level for
tea sold in the U.S. is approximately 3%3% % on a dry-weight leaf basis.
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2. Theobromine

Theobromine levels in tea are considerably lower than those of caf-
feine. Little has been reported with regard to effect of variation in cultural
procedures. Values range in manufactured tea from 0.16 to 0.20%% % on
a dry-weight leaf basis.

3. Theophylline

Theophylline levels in tea are less than 0.04% on a dry-weight leaf
basis. Little is known about the causes of variation in experimental re-
ports, and may be attributed to experimental error or degradation of
caffeine as a result of experimental procedure. One report did not detect
theophylline in a variety of commercially available tea extractions.®

4. Biosynthesis

Caffeine had been thought to be principally synthesized during the
withering stage of freshly plucked tea leaves,? although it is probably
synthesized throughout the life of the plant. Caffeine is most likely synthe-
sized from adenine nucleotides, the dominant free purine forms in tea.®
Adenosine is a major product of RNA metabolism in tea.®® Adenosine is
converted to adenine,®” and through hypoxanthine (or inosine) to xanthine
(or xanthosine), from which xanthosine is the starting branch of caffeine
biosynthesis.®® Guanosine is also converted to xanthosine, but plays an
apparently minor role in caffeine biosynthesis.®® Xanthosine is methylated
at the 7-position® to 7-methyl xanthosine. 7-Methyl xanthosine is then
hydrolyzed to 7-methyl xanthine,* which is subsequently methylated to
theobromine and caffeine.*- 2 The final methylation can be terminated, as
found in var. irrawadiensis.*® Figure 1 illustrates the mechanism of forma-
tion of theobromine and caffeine in the tea plant.

C. Polyphenols

1. Tea Flavanols (catechins)

As indicated in Table 2, the polyphenols constitute the most abundant
group of compounds in tea leaf. Of these, the epi- form of the catechin
group of flavanols predominate. Their structure is shown in Figure 2.

All tea leaf is characterized by high catechin levels. The relative pro-
portions of the various catechins present affect the course of oxidation and
the nature of the final beverage will be shown. Total catechin level varies
between 20 and 30% of the dry matter of fresh leaf.

The catechins are soluble in water, colorless, and possess an astringent
taste. They are easily oxidized and form complexes with many other
substances including the methylxanthines.* Epigallocatechin gallate is the
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FIGURE 1
Biosynthesis of caffeine in tea.

major tea polyphenol, constituting 12% or more of fresh leaf solids. The
quality of tea is correlated with the catechin levels of the fresh leaf, which
decrease with leaf age.*> 4 The proportion of flavanol in the gallate ester
form also decreases with leaf age.*” The catechins occur in the cytoplasmic
vacuoles of the palisade cells. They play the most significant role of any
group of substances during the course of manufacture of finished tea.

The pathways for the de novo biosynthesis of flavonoids in both soft
and woody plants have been generally elucidated and reviewed in detail
elsewhere.*®: 4% Similar pathways for biosynthesis are used by a wide
variety of plant species. The regulation and control of these pathways in
tea and the nature of the enzymes involved in synthesis in tea have not
been studied exhaustively.
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FIGURE 2
The tea flavanols.

2. Flavonols and Glycosides

These substances are present in small amounts in tea leaf but there is
little quantitative data on their occurrence. Figure 3 shows the structure of
several of these that have been identified. They occur both as free fla-
vonols and glycosides.? They may enter into the oxidative reactions that
take place during tea manufacture.>

3. Gallic Acid

Gallic acid is present in tea leaf and is a known reactant during the
complex enzymatic and organochemical reactions that occur when tea
components are oxidized.5! The gallic and quinic acids originate via the
shikimate/arogenate pathway. The key enzymes in shikimic acid biosyn-

©1998 CRC Press LLC



Kaempferol Glycoside KaG H
Quercitin Glycoside QuG OH H
Myricitin Glycoside MyG OH OH

FIGURE 3
The tea flavonol glycosides.

thesis have been detected in tea.5? Carbohydrates play an important role,
presumably as a precursor to shikimic acid, since radiolabels from both
myo-inositol and glucose are incorporated into catechins3® Gallic acid and
quinic acid play key roles in forming esters with various polyphenols.
Gallic acid is a key component of tannins and gives the catechins their
tannin-like qualities, although tannic acids are not present in tea.

D. Enzymes

In addition to all of the expected enzyme systems present in leaf
tissue, fresh tea leaves contain a high level of polyphenol oxidase that
catalyzes the oxidation of the catechins by atmospheric oxygen. Tea
polyphenol oxidase exists as series of copper-containing (0.32%) isoen-
zymes. The major component has a molecular weight of about 144,000.5
The enzyme is concentrated in the leaf epidermis.> Soil copper deficiency
is sometimes responsible for inadequate oxidation during processing.%

5-Dehydroshikimate reductase and phenylalanine ammonia lyase
mediate reactions involved in the synthesis of the polyphenols and are
therefore key components of tea leaf.?

Peroxidase is found in tea leaf and has been recently recognized to
play a role in the catechin oxidation system and in the further oxidation of
the initial components produced.%’

There are also enzymes present that participate in the formation of
many of the several hundred volatile compounds found in tea aroma. The
important enzyme systems responsible for the biosynthesis for the
methylxanthines have already been mentioned.

E. Amino Acids

Aside from the usual amino acids, tea leaf contains a unique substance
known as theanine (5-N-ethylglutamine).® It usually accounts for more
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than 50% of the free amino acid fraction of tea leaf. Many of the amino
acids of tea are involved in aroma formation.>®

F. Carotenoids

Carotenoids are present at low levels in tea leaf.®® Neoxanthin,
violaxanthin, lutein, and B-carotene are the major components of this
group. They enter into reactions that lead to aroma formation.®

G. Minerals

Potassium accounts for 40% of the total mineral matter. Tea leaf is
relatively rich in fluoride® and is a significant accumulator of aluminum
and manganese. 53

H. Volatile Components

A very large number of volatile substances have been identified in
fresh tea leaf.5 Substances present at the highest levels include the ubig-
uitous leaf aldehyde, trans-2-hexenal, and leaf alcohol, cis-3-hexenol. Both
arise from cis-3-hexenal, which is biosynthesized from linoleic acid in leaf
as a result of enzymic splitting.%

The components of fresh leaf aroma have not been studied as thor-
oughly as those of manufactured tea but the biogenesis of several groups
of substances has been extensively investigated.®® A significant fraction of
aroma components exists as glycoside derivitives, released by glucosi-
dases in the leaf during withering and fermentation.?

VI. MANUFACTURING

A. Introduction

The conversion of freshly harvested green leaf to products of com-
merce is carried out in factories on large tea estates. When tea is grown on
small plots, manufacturing is effected at centralized facilities. The three
major types of tea manufacturing result in the production of green tea,
black tea, and oolong tea.

Aside from China, Japan, North Africa, and the Middle East, most tea
is consumed as black tea, which is produced by promoting the enzymic
oxidation of tea flavanols. For the production of green tea, inactivation of
the tea enzyme system by rapid firing is carried out to prevent flavanol
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oxidation. Oolong tea is produced when leaf is fired after being partially
oxidized by a gentle fermentation process.

The detailed processing that must be carried out to produce tea suit-
able for shipment and beverages will be described after consideration of
the chemical changes that occur when green-leaf flavanols are oxidized.

B. Chemistry of Tea Oxidation

1. Introduction

Tea oxidation is generally referred to as “fermentation” because of the
erroneous early conception of black tea production as a microbial pro-
cess.%® Not until 1901 was there recognition of the process as one depen-
dent on an enzymically catalyzed oxidation.®” This step and further reac-
tions result in the conversion of the colorless flavanols to a complex
mixture of orange-yellow to red-brown substances and an increase in the
amount and variety of volatile compounds. Extract of oxidized leaf is
amber-colored and less astringent than the light yellow-green extract of
fresh leaf and the flavor profile is considerably more complex.

2. Flavanol Oxidation

The initial oxidation of the flavanol components of fresh leaf to quinone
structures through the mediation of tea polyphenol oxidase is the essential
driving force in the production of black tea. While each of the catechins is
oxidizable by this route, epigallocatechin and its galloyl ester are prefer-
entially oxidized.% Subsequent reactions of the flavonoid substances are
largely nonenzymic.

3. Theaflavin Formation

The oxygen-consuming reaction between a quinone derived from a
simple catechin and a quinone derived from a gallocatechin results in the
formation of a theaflavin. These compounds possess the benztropolone
group that is based on a seven-membered ring. Figure 4 illustrates the
formation of theaflavins.

Each of the four theaflavins theoretically are derived from the reac-
tions the quinones of epicatechin or its gallate with those of epigallocatechin
or its gallate has been identified in black tea and its structure authenti-
cated.*

Theaflavins are orange-red substances that contribute significantly to
the desirable appearance of black tea beverage. They can by quantitatively
detected in tea by means of their intense absorption spectra.5®

Although theaflavin content is considered to be an important criterion
of black tea quality, it does not exceed 2% of final product (dry leaf) weight
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Biosynthesis of theaflavin.

and therefore only accounts for 10%, at the most, of the original catechin
content of the leaf.

Theaflavin content increases initially as the oxidation process pro-
ceeds but falls off rapidly on prolonged oxidation. The mechanism for its
further reaction in the oxidizing leaf system is not definitely known.

4. Bisflavanol Formation

Bisflavanols are the compounds formed by the coupling of the quino-
nes produced by the oxidation of epigallocatechin and epigallocatechin
gallate.® The three predicted bisflavanols have been found and character-
ized in black tea. They are illustrated in Figure 5. They occur only in very
small quantities in black tea, presumably because of high reactivity. Re-
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FIGURE 5
Bisflavonols (theasinesins).

cent discovery of a 3-3 coupling prod-
uct of epigallocatechin and epicatechin
in oolong tea has led to the broader
classification of these compounds as
theasinensins.”™

5. Thearubigen Formation

A large proportion of the hot-water
extractable solids obtained from black
tea is derived from tea flavanols but is
not accounted for by the known oxida-
tion products previously described.
Approximately 15% of the original
fresh-leaf flavanol fraction is recover-
able from black tea, and about 10% is
identifiable in the form of theaflavins
and bisflavanols. While some flavanol material may become tightly bound
to the insoluble portion of the leaf, the major amount is found in a complex
mixture of only partially resolved substances known as thearubigens
because of their red-brown color. The thearubigens have not been com-
pletely chemically characterized partly because of the difficulties encoun-
tered in their separation. Molecular weight determinations have yielded
results ranging from less than 1,000 to over 40,000.”* These differences may
occur because of the tendency of the compounds to condense on pro-
longed holding in solution.?

Small amounts of cyanadin and delphinidin have been detected by
acid hydrolysis of the thearubigen mass.”? These compounds are the an-
thocyanin analogs of epicatechin and epigallocatechin. Development of
HPLC techniques for separation of the tea polyphenols”™> have added
little to the understanding of the mass balance of the thearubigens, al-
though two new minor uncharacterized fractions have been identified,
termed theafulvins’ and theacitrins.”

Theaflavin levels decrease during prolonged oxidation of tea leaf. It is
assumed that these compounds enter into reaction with catechin quinones
and become part of the thearubigen complex.”™ In addition, it is possible
that chlorogenic acid, theogallin, and the flavonol glycosides are also
oxidized by the quinones and become included in the thearubigen frac-
tion. Because of the ambiguous nature of the thearubigens, the term
“thearubigen” has lost significance as a chemically unique class of com-
pounds and the categorization is more correctly referred to as “unknown

Theasinensin F
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polyphenols”. Thearubigen should be considered a sensory parameter,
useful in qualitative assesment of the progress of tea fermentation.

C. Black Tea Manufacturing

1. Withering

All steps in black tea manufacturing are designed to expedite the
oxidation of the tea flavanols and to control the reaction so that the end
products are optimized with respect to flavor as well as to leaf and
beverage appearance.

Fresh leaf is brought to the factory with a few hours of harvesting.
Careful handling prevents bruising and allows for the dissipation of heat
generated by continuing respiration. It is then subjected to a withering
step to reduce leaf moisture from 75-80% to 55-65%. Withered leaf is
flaccid and can be worked further without excessive fracture.

Leaf is spread in 8 to 10 cm layers on nylon netting occupying a high
proportion of total factory space. Warm air from the tea-drying ovens is
usually circulated across the beds to facilitate evaporation.

More modern and efficient systems utilize troughs in which beds of
tea up to 30 cm in depth can be withered by a forced flow of warm air.
Withering time is reduced by these techniques.

Depending on the system used and the prevailing weather conditions,
the withering process takes 6 to 18 h. It is now recognized that significant
chemical changes begin at this step. Cell membranes become more perme-
able and there are increases in the caffeine, amino acid, and organic acid
levels. These processes are independent of water loss and have been
referred to as “chemical withering”.” The increase in caffeine level during
the withering process can exceed 20%.3! Caffeine formation is indepen-
dent of moisture loss but proportional to withering time. Low withering
temperature (13°C) decreases caffeine formation as does high temperature
(35°C).

The end point of withering is usually determined by experienced
observation of leaf texture or sometimes by checking the weight loss of an
isolated portion of leaf.

2. Rolling

The “rolling” or leaf maceration step is carried out in order to disrupt
cell structure and allow contact between tea flavanols and tea polyphenol
oxidase. The physical condition of the leaf mass must also facilitate oxygen
availability.

Orthodox rolling takes place on a rotating circular table 1 to 1.3 min
diameter that is equipped with battens. A circular sleeve with an attached
pressure cap rotates eccentrically above the table. Withered leaf is charged
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into the sleeve and is cut and squeezed by the roller action until it is
adequately twisted and reduced in size. Rolled leaf has a coating of leaf
juices on the surface and a moist, fluffy texture.

The orthodox roller is being supplanted in many areas by more effi-
cient maceration equipment. The McTear Rotovane consists of a varied
cylinder equipped with a rotorshaft so that leaf is cut as it is propelled
through the equipment. A pressure cap at the end determines dwell time
and degree of maceration.

Rotorvaned leaf is usually further cut in a CTC (crush, tear, curl)
machine, which is made up of two closely spaced grooved rollers rotating
at different velocities. After leaf passes through this equipment, it is more
finely divided than that processed by orthodox rolling.

The Lawrie Tea Processor (LTP) is used in Africa to macerate lightly
withered leaf. A hammer mill, in which final particle size can be controlled
by degree of wither and adjustment of the tungsten-carbide-tipped beat-
ers, is essential.

It is desirable to prevent leaf temperature from rising above 35°C
during the maceration process to preserve quality.

3. Fermentation

The oxidative process actually starts with the onset of maceration of
withered leaf. At the end of the rolling process leaf is allowed to oxidize
in 5 to 8 cm beds on trays in another fermentation room. It is desirable to
keep temperatures below 30°C. Oxidation at 15 to 20°C is said to improve
flavor.” High humidity prevents surface drying and consequent retarda-
tion of oxidation.

Oxidation time depends on the temperature, degree of maceration,
degree of wither, and the type of tea to be produced. It ranges from 45 min
to 3 h. Completion is judged by the change in color (green to copper) and
the aroma that develops. The decision is entrusted to the process supervi-
sor, generally known as the “tea maker”. In some areas there is growing
use of more highly controlled oxidation systems. These may consist of
metal mesh belt conveyors. In a few instances, the moving fermentation
belts are enclosed, allowing for control of temperature, air flow, and
humidity.

The known changes in polyphenolic material have already been noted.
Fermentation also results in slight loss of extractable caffeine. Decreases of
5 to 7% have been observed.?! Higher-than-normal fermentation times and
temperatures accelerate this effect. The fate of caffeine made unavailable
during fermentation is not definitely known. It has been demonstrated
that caffeine interacts with polyphenols 2 8! so it is likely that the alkaloid
becomes complexed with the most insoluble thearubigen fractions that do
not become part of the beverage.3!
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4. Firing

The fermentation step is terminated by firing. It is usually accom-
plished by passing trays of fermented leaf through a hot-air dryer in a
countercurrent mode. The drying process takes about 20 min and its
control is crucial to product quality. Smoky teas such as Lapsang Souchong
are produced by introducing controlled amounts of smoke from the wood-
burning during this step.

During firing, enzyme systems are inactivated after a brief period of
reaction acceleration. Organochemical changes take place and the mois-
ture level of the leaf is reduced to 2 to 3%. A noticeable effect of firing is
the change of color brought by the transformation of chlorophyll to
pheophytin, which imparts the desired black color to the dried product.
Much of the characteristic black tea aroma is generated during firing.
Some low-boiling fresh leaf volatiles are lost but many new components
are generated.®* Firing results in the loss of small amounts of caffeine
through sublimation.3!

5. Grading

Fired leaf is subjected to several grading steps. The tea is separated
into particle size grades by passing it over a series of oscillating screens.
Some of the most common black tea grades produced include (in descend-
ing particle size order): orange pekoe (OP), pekoe, broken orange pekoe
(BOP), broken orange pekoe fannings (BOPF), fannings, and dust.

Stalk is removed by the use of electrostatic separators. The process is
effective because of the higher moisture level of stalk as compared to leaf
after emergence from the drier. Fiber and dust can be eliminated by
winnowing.

6. Black Tea Production
More than 75% of world tea production is black tea.

7. Marketing

About half of the world black tea production is sold through auctions.
These take place weekly during the producing season in the manufactur-
ing countries. Major auctions are held in Mombasa, Cochin, Calcutta,
Columbo, and Jakarta. In addition, large quantities of tea are sold in
London auctions as bulked lots in Rotterdam, and through private or
government sales in several countries.

In the U.S., 440 tea bags (or servings) are obtained from 1 kg. Costs of
shipment, blending, packaging, and marketing must be added on to raw
material cost.
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TABLE 3
Composition of Green and Black Tea Solids
Green Tea (%)  Black Tea (%)

Catechins 30 9
Theaflavins 4
Simple polyphenols 2 3
Flavonols 2 1
Other polyphenols 6 23
Theanine 3 3
Amino acids 3 3
Peptides/proteins 6 6
Organic acids 2 2
Sugars 7 7
Other carbohydrates 4 4
Lipids 3 3
Caffeine 3 3
Other methylxanthines <1 <1
Potassium 5 5
Other minerals/ash 5 5
Aroma Trace Trace

VII. BLACK TEA BEVERAGE

A. Composition

There is no exact black tea beverage composition because of variability
in starting material, manufacturing process, and preparation. Data based
on the extractable solids present in the beverage for black and green tea is
shown in Table 3.

B. Black Tea Aroma

The aroma of black tea has been investigated in considerably greater
depth than that of fresh leaf. Over 300 compounds have been positively
identified in this small fraction.?® None of these alone or in simple mix-
tures is reminiscent of tea aroma.

The origin of many of the components of black tea aroma has been
studied. Aldehydes are produced by catechin quinone oxidation of amino
acids. Enzymic oxidation of carotenoids during manufacture generates
ionones and their secondary oxidation products such as theaspirone and
dihydroactinidolide. Oxidation of linoleic acid is responsible for the for-
mation of trans-2-hexenal.?

It has been suggested that enzymic reaction of leucine during process-
ing could lead to the formation of desirable aroma components and that
these reactions would be varied during periods of climatic stress when the
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best flavor is actually produced.® During firing, additional compounds
are formed as many others decrease. Pyrazines, pyridines, and quinolines
are formed at this stage.®* At all steps of the manufacturing process, the
relative proportions of the various aroma components change as fresh tea
aroma is converted to black tea aroma.

C. Preparation

Tea beverage is generally prepared by infusing one part of manufac-
tured leaf in about 100 parts of hot water. In the U.S., tea bags represent
the most prevalent form of presentation. Approximately 93% of black tea
leaf sold at the retail level in the U.S. is packaged in bags. Cup-sized bags
are packed at 200/1b or 2.27 g per bag. A larger “family size” tea bag
containing 1/4 oz. or 7.09 g is in increasing use. Food service bags contain-
ing 1 oz. or 28.35 g of tea are used to make up 1 gal of beverage. Packaged
black tea is sold in a variety of sizes. The rise in popularity in the U.S. of
small gourmet coffee stores along with the increase in consumtion of
meals outside the home has led naturally to an upspringing of small tea
shops selling packaged gourmet teas, either blended or from single es-
tates.

A proper tea bag paper is essential to the preparation of a good
beverage. The paper must retain fine tea dust particles, and yet allow for
efficient fluid transfer into and out of the bag. It is essential that the paper
and other substances in contact with the infusion impart no taste.

Tea bag paper is generally made from a mixture of wood cellulose (30
to 40%) and abaca fiber (60 to 70%). The latter is derived from the plant
Musa texitilis grown in Madagascar and the Philippines.

Extraction rate is determined by the water:tea ratio, temperature,
particle, size, and bag geometry. Table 4 shows the relationships among
extraction time, total beverage solids, and beverage caffeine levels when
180 ml of boiling water is poured onto a standard tea bag in a cup covered
during the brewing period.

Caffeine is extracted at about the
same rate as the remainder of the bev-
erage solids as shown by the propor- TABLE 4
tion of caffeine in the extracted solids.  Production Variable Effect on
Replication of data is difficult unless ~ Caffeine

small steps in the brewing procedure Caffeine
are precisely controlled. There is much (% of dry wt.)
conflicting data in the literature,3 887  Variable Low High
but the brewing results shown above  Nitrogen application 222 3.9
are consistent with the known compo-  Leaf position 400 513
sition of tea and its extraction charac- 225N 15 35
teristics.
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There is also confusion in the literature concerning theobromine and
theophylline levels in tea beverage. The most reliable data indicate 0.16 to
0.20% theobromine and no theophylline in black tea.®? 8 Assuming the
same level of extraction as for caffeine, 3 to 4 mg of theobromine is to be
expected in an average cup of tea.

The kinetics of tea extraction have been studied in detail .8 % Rates for
caffeine, theaflavin, and thearubigen extraction have been determined. It
has been demonstrated that extraction is not a transport-controlled pro-
cess. Temperature and time are the rate-limiting variables.

D. Consumption Patterns

In the U.S., most black tea leaf” is used for iced tea preparation. This
is made from a hot infusion or by extraction over a period of many hours
at ambient temperature. The latter product is sometimes referred to as
“sun tea” and consists of a relatively dilute beverage. Sugar and lemon are
common additives.

Hot tea accounts for 35% of black tea leaf use in the U.S. It is most
popular in the Northeast, where milk is a frequently used additive.

E. Quality
1. Terminology

A unique lexicon of descriptors for tea has been built up over the years
in the tea trade. By its use, the tea-buyer and the tea-taster communicate
quality parameters to guide the purchase, blending, and quality control of
tea. Some terms in common use include brisk, bright, dull, flat, green,
harsh, plain, pungent, quality, and soft.*

It should be noted that the terms do not necessarily correspond to
their normal connotation, e.g., “quality” refers primarily to the presence of
a desirable aroma fraction. Some terms that characterize black tea, as com-
pared to green tea, include “quality”, “color”, “strength”, and “briskness”.

2. Role of Theaflavin

The significance of the theaflavin level in black tea with regard to
beverage color and taste has been recognized.® It has been shown that for
African teas there is a good correlation of theaflavin level with value.”™
Processing and storage conditions have been studied to find techniques
for maximizing and retaining theaflavin levels.

Maintenance of fermentation temperature at 15°C increases theaflavin
levels whereas higher temperatures vary for thearubigen formation. Teas
fermented at 15°C bring higher prices than those manufactured at 25°C or
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35°C." Higher temperatures also accelerate a decline in polyphenolase
activity, whereas peroxidase activity remains high. This favors thearubigen
formation at the expense of theaflavin.%

Theaflavin levels are enhanced and teas are valued at higher prices
when fermentation is carried out at lower (4.5 to 4.8) pH values.®

Black tea quality as determined by theaflavin levels is also affected by
storage conditions. Low temperatures, low moisture levels, and low oxy-
gen availability retard theaflavin loss. Residual peroxidase activity, which
accelerates theaflavin loss on storage, is diminished by acid treatment
during fermentation.®

3. Role of Caffeine

Extractable caffeine levels increase on storage, presumably because of
decomplexation from theaflavins as the latter decrease. Since caffeine
binding with thearubigens is weaker than that with theaflavins, more
caffeine may become available.®* An increase in “free” caffeine may be
responsible for decreased value because of the bitterness imparted to the
beverage. Caffeine in combination with the normal tea complement of
oxidized polyphenolic matter does not exhibit bitterness.%

Black tea taste is primarily a function of the polyphenols, caffeine, and
aroma components. Astringency, an important characteristic of the orga-
noleptic sensation, has been described as consisting of a “tangy” and a
“nontangy” component.®®

The combination of caffeine with the oxidation products of gallated
flavanols produces the characteristic described as “tangy astringency”,
probably equivalent to the term “briskness” applied by professional tea-
tasters.

The complex between caffeine and oxidized polyphenolic matter is
also responsible for the phenomenon known as “creaming”, or the precipi-
tation of material from a strong black tea infusion as it cools. Tea cream
consists primarily of caffeine and theaflavin gallate but also theobromine,
thearubigens, catechins gallate, gallic acid, and several other components.
Removal of caffeine from black tea infusions prevents the formation of
cream.® Caffeine causes the precipitation of theaflavins and gallated cat-
echins. Hydrogen bonding is responsible for the formation of the insoluble
agglomerates.t”. % Cream formation is generally considered to be a desir-
able attribute for traditional black tea use but is a disadvantage in iced tea
and instant tea.

4. Black Tea Varieties

Assam and Kenyan teas are described as being strong, thick, colory,
and are not known for outstanding aroma due to the preponderance of the
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CTC processing technique which results in high yield and good color but
small leaf size. Keemun teas from China are also noted for their colory
brew. China varieties and China-Assam hybrids when grown at high
altitudes often produce highly desirable aromas such as those character-
istic of Darjeeling tea from North India. High-grown Sri Lanka teas from
the Uva, Dimbula, and Nuwara Eliya areas are also flavorful. The Yunnan
region of China produces a wide variety of teas due to the wide variety of
gene stock in the region and are typically noted for a peppery flavor.

VIIl. GREEN TEA

A. Manufacturing

Green tea processing is designed to achieve a dry product exhibiting
the desirable twisted leaf appearance, but without flavanol oxidation. This
is accomplished by carrying out rapid enzyme inactivation either with
steam in a rotating cylinder as practiced in Japan or with dry heat as
practiced in the People’s Republic of China. The inactivated tea is cooled,
rolled partially dried, rerolled, and then completely dried.

Because of the presence of unoxidized catechins, green tea beverage is
yellow-green in color and more astringent than black tea. While many of
the components of black-tea aroma are represented in green tea, their
relative proportions differ.

B. Varieties

Some varieties of green tea including the following: Sencha — the
most widely drunk grade of green tea in Japan; Gyokuro — the most
prized grade of Japanese tea (grown under shade); Matcha — the ceremo-
nial green tea, the beverage is a suspension of finely ground leaf; Gunpow-
der — a small compact pellet of Chinese green tea; and Pi-lo-Chun — a
small-leaved Chinese tea made from the first spring flush.

C. Composition

Plant varieties used for green tea production usually have higher
amino acid levels and lower catechin levels than those used for making
black tea. Caffeine levels are slightly lower except in the finest grades,®
with variations attributed to shading and leaf processing.
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E. Quality

Green tea quality is dependent to a large extent on amino acid levels,
especially that of theanine.?” Ascorbic acid content, although very low,
also correlates positively with quality. Free reducing sugars and catechin
gallates show a negative correlation.®® Caffeine levels do not have much
effect on quality.

IX. OTHER TEAS

A. Oolong Tea

Oolong tea is only partially oxidized, so that its appearance and
chemical composition is somewhat intermediate between that of green
and black tea. It is manufactured primarily in the People’s Republic of
China and in Taiwan.

B. Brick Tea

Tea is compressed into a molded brick in part of the Soviet Union and
China. Portions of the bricks are broken off for use and are sometimes
cooked with butter or other fats.?

C. Flavored Teas

Earl Grey tea is flavored with the peel oil of bergamot, a citrus fruit,
which is added by spraying onto black tea before final packaging. Other
flavors may also be applied to black tea by spraying onto the leaves,
incorporation of flowers into the blend, or by addition of encapsulated
flavor crystals. Other common flavored teas include Rose Congou and
Lychee.

Jasmine flowers are sometimes added to manufactured green tea in
the country of origin and they impart characteristic floral notes.

Lapsang Souchong tea is a Chinese black tea flavored during firing by
the use of smoky woods such as pine. These smoky teas are commonly
added to blends of other black teas to create “Russian Caravan” blends.

Stabilized flavors in a solid form are also used to prepare a variety of
flavored teas. Orange and spice, lemon, cinnamon, mint, blackberry, apple,
cherry, and almond flavored products are marketed.
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Pu-Erh tea is produced in Yunnan Province by the action of microbio-
logical fermentation on green tea. Noted for its ‘earthy’ flavor, it is often
processed into cakes, such as Tuo-cha or bowl-shaped tea.

X. INSTANT TEA

Instant tea is the water-soluble extract of tea leaf usually marketed as
a powder, either pure or as a part of flavored mixes. Most instant tea is
manufactured in the U.S. It is also manufactured in a few tea-growing
countries where the starting material may be fermented leaf that has not
been dried.

When starting with dried tea, extraction may be carried out in col-
umns® or kettles.’® In order to extract a high proportion of the soluble
components with a minimum amount of water, a countercurrent extrac-
tion mode is utilized. Extractable solids yields of 25 to 35% can be ob-
tained. Spent leaf can be treated at high temperatures to further increase
yield.® Extract is separated from spent leaf by centrifugation.

It is desirable to isolate and preserve aroma. This may be accom-
plished by low-pressure steam treatment in columns before solids extrac-
tion'%t or by vacuum-stripping the extract.’? The aroma fraction may be
further concentrated.

The aqueous extract is usually vacuum-concentrated although freeze
concentration has been described.%

The concentrated aroma fraction is added back to the tea solids con-
centrate before drying. It is possible to freeze-dry the product but it is
generally spray-dried with some loss of volatiles. Drying conditions are
chosen to conserve aroma as much as possible and produce a low-density
product.4

Instant tea produced as described above will dissolve completely in
hot water but not in cold water, as the caffeine-polyphenol complexes are
insoluble under those conditions. Since virtually all instant tea manufac-
ture in the U.S. is for iced tea preparation, process modification is re-
quired. This initial extract may be cooled to 5 to 10°C and the cold water
insoluble material or “cream” be allowed to precipitate. Under these
conditions, 20 to 35% of the extract solids may be separated by centrifuga-
tion. The supernatant solids will reconstitute in cold water after concentra-
tion and drying.'% It is also possible to process the cream to make a portion
of it compatible with the product and thereby retain the caffeine and some
polyphenolic components that are present in this fraction.°6 Commercial
use of the enzyme Tannase, which removes gallic acid from gallated tea
polyphenols®” and reduces cream formation'®® can be used to reduce
cream losses and manufacture instant teas retaining more of the natural
polyphenol content.
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Instant tea is also marketed with lemon flavor and with flavor and
sweetener. The latter may be sugar, saccharin, or aspartame.

The caffeine content of instant teas manufactured in the U.S. averages
about 5%. When prepared as an iced beverage at 0.3% solids, 200 ml of
beverage provides 30 mg of caffeine.

XI. PHYSIOLOGICAL EFFECTS

A. Introduction

From the time of its earliest usage, beneficial physiological properties
have been attributed to tea. It is probable that the pleasant stimulating
effects of a moderate amount of caffeine, unaccompanied by substances
that cause adverse gastrointestinal side effects, are responsible for the
feeling of well-being that has characterized tea consumption as described
even in the oldest writings. In addition, the pleasant mouth feel brought
about by mild astringency and rapid flavor release also adds to its satis-
fying nature as a beverage.

As indicated previously, the average caffeine level of a cup of tea
prepared by adding 180 ml of boiling water to a tea bag and brewing for
2 to 3 min is about 30 mg. This amount of caffeine appears to provoke
minimal symptoms or irritability.

Caffeine contained in tea beverage is absorbed at about the same rate
as caffeine in coffee, cola drinks, or in pure water. Data to support this
conclusion was obtained in a human feeding experiment.1® The theory
that complexation of caffeine with the polyphenolic material in tea retards
absorption!® 111 js not borne out.

The physiological effects of tea that are caused by caffeine alone will
not be discussed further in this chapter.

B. Vitamins

No significant quantity of the macronutrients nor of the vitamins for
which U.S. Recommended Dietary Allowance (RDA) have been estab-
lished can be obtained from the consumption of a cup of tea.''° The water-
soluble B vitamins present are easily extractable. Eight percent extractabil-
ity for a representative black tea blend is assumed.?

Vitamin C (ascorbic acid) is present in green tea but only traces are
found in black tea.!'? Five cups of Japanese green tea provide 25 to 30% of
the RDA.
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Although there are physiologically significant quantities of vitamin E
(tocopherol) and vitamin K (phylloquinone) in black tea, their extractabil-
ity is not adequately known.%

C. Minerals

The minerals that might be significant to human nutrition are prob-
ably confined to potassium and fluoride. While levels vary according to
soil fertilization regimens, tea generally provides about 60 to 70 mg of
potassium per cup. Fluoride levels also vary with soil conditions. In
general, tea provides 0.10 to 0.12 mg of fluoride per cup. Aluminum in tea
is not easily extracted so that the beverage only provides about 0.4 mg per
cup. Manganese, the other element that is preferentially accumulated by
the tea plant, is extracted to the extent of 0.1 to .3 mg per cup.'%°

D. Polyphenols

The antioxidant activity of tea polyphenols!®® is associated with epide-
miological evidence that tea is an anti-carcinogenic!'* and anti-cardiovas-
cular disease!®® agent. Work on investigating the biochemical and mecha-
nistic action of tea polyphenols in the prevention of diseases is in progress,
but there is good evidence in animal models that tea prevents the carcino-
genicity of cigarette smoke,*® inhibits nitrosamine formation,*” and UV-
light induced tumor formation.8

XIl1. CONCLUSIONS

There are many factors responsible for the unusual popularity of tea
as a beverage. These are agricultural and economic as well as organoleptic
and perceptual.

Once established, tea is not a very difficult crop to maintain. Some
varieties withstand cold weather fairly well and this allows for a wide-
spread growing area but with a primary requirement for adequate water.
Tea can be successfully cultivated by the use of unsophisticated tech-
niques, but also by the use of highly mechanized procedures. It is, there-
fore, viable in a wide diversity of economics. Tea is among the least
expensive of beverages and can usually be provided at less than $0.03 per
serving.
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The unique chemical composition of the beverage components brought
about by the unusual and reactive chemical storehouse that makes up
young tea leaf is largely responsible for its properties.

The organoleptic properties of black tea depend to a considerable
extent on the astringency resulting from the interaction of caffeine with
the oxidized galloyl ester of the flavanols. The aroma components of black
tea also constitute a unique flavor profile that blends well with the taste of
the nonvolatile materials. The caffeine provides a moderate level of stimu-
lation, which adds further to the appeal of the beverage, although tea has
been shown to provide relaxation as well as revival of character.!?®

Tea provides a broad spectrum of flavor experience: there is a consid-
erable degree of diversity in the flavor of different varieties; green tea and
oolong tea provided very different taste sensations from those of black tea;
flavorants and other additives allow for still greater variety; tea is appre-
ciated both as a hot and a cold beverage.

The composition of tea varies greatly depending on all of the factors
that generally affect crops. It is therefore difficult to standardize on a
uniform product when investigating or describing tea. In addition, ana-
lytical techniques are often difficult to carry out in the presence of the large
quantity of oxidized polyphenols that result from black tea manufactur-
ing. Standardized analytical methods and procedures for beverage prepa-
ration are highly desirable to maximize the value of investigations. The
designation of some teas as standards might also be useful.

Better knowledge of the physiological and health-promoting proper-
ties of tea could be obtained by more complete understanding of the
chemistry of the mass of oxidized phenolic material, commonly known as
thearubigens but better classified as unknown polyphenols. This increased
understanding could also be applied to quality improvement. As these
compounds become more completely characterized and their organolep-
tic properties better defined, further modification of black tea manufac-
ture to favor the accumulation of the most desirable substances becomes
a possibility. Similar information with regard to the significance of the
volatile components might be utilized in a like manner.

The sensitivity of tea production to research has already been demon-
strated by the successful process modifications carried out to increase
theaflavin levels and value. There is a limit to what can be accomplished
to the confining environment of fermenting leaf. For black instant tea
production, the conversion of fresh leaf components to those present in
black tea might be better accomplished outside of the leaf. This could
allow for more highly directed reaction pathways to bring about the
formation of the most desirable end-products. Enzymic and chemical
techniques could also be used.
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I. INTRODUCTION

Foods derived from cocoa beans have been consumed by humans
since at least 460 to 480 AD. The source of cocoa beans, the species
Theobroma, contains a variety of biologically active components. These
include the purine alkaloids theobromine, caffeine, and theophylline. Struc-
turally, they are methylated xanthines and, thus, are often referred to as
methylxanthines. Theobromine (3, 7-dimethylxanthine) is the predomi-
nant purine alkaloid in cocoa and chocolate. Caffeine (1, 3, 7-
trimethylxanthine), the major purine alkaloid found in coffee and tea, is
found in cocoa and chocolate at about one eighth the concentration of
theobromine. Only trace amounts of theophylline (1, 3-dimethylxanthine)
are detected in cocoa and chocolate products.

Over the years there has been a concern over the presence of natural
toxicants in our food supply. Much work has been reported on the phar-
macological and toxicological effects of caffeine and coffee. This includes
the FDA commissioning the Select Committee on GRAS Substances to
evaluate the safety of caffeine as an added food ingredient.! For many
years, little attention was paid to the effects of theobromine, cocoa, and
chocolate products, presumably due to the long-term consumption of
cocoa-related products with no major health effects. In 1982, a comprehen-
sive literature review on cocoa and the methylxanthines identified the
need for scientific investigations.? Over the last 15 years, the major world-
wide producers of chocolate and cocoa have sponsored a detailed research
program to determine the effects of theobromine, cocoa, and chocolate
products. Two of the most recent animal studies showed no evidence of
reproductive toxicity or carcinogenicity in rats from chronic dietary expo-
sure to a reference cocoa powder.34

This chapter defines the methylxanthine composition of raw and pro-
cessed cocoa, as well as various chocolate foods and beverages. Patterns
of consumption for cocoa and chocolate products are discussed and di-
etary intakes of caffeine from chocolate products are reported.

©1998 CRC Press LLC



II. HISTORICAL ASPECTS

The cacao tree is believed to have originated more than 4,000 years ago
in the forests of the Amazon and Orinoco.> ® Historical evidence indicates
that the cacao tree was cultivated by the Aztec Indians of Mexico and the
Maya Indians of Central America since at least 460 to 480 AD. Whatever
the exact origin of cacao, no reference has been found in the literature of
any civilization other than America prior to 1502. In that year, Christopher
Columbus, during his fourth voyage to America, intercepted an agricul-
tural trading ship off the Yucatan coast and brought the first specimen of
cacao beans to Spain. Since the custom of using cacao was not yet known
in Europe at that time, no value was placed on this discovery.

During the 1519 Spanish conquest of the Aztec empire, Cortez discov-
ered that cacao beans could be roasted, ground, and mixed with maize or
spices to prepare a thick bitter drink called “chocolatl” (from the Aztec
word “choco” meaning warm and “atl” meaning drink). Realizing the
commercial possibilities for the development of cacao, Cortez studied the
cultivation and preparation methods from the Aztecs. In 1528, he returned
to Spain and introduced “chocolatl” to the Spaniards, who found it too
bitter for their taste and improved the palatability by adding sugar. The
cultivation of cocoa spread to other Spanish colonies in the Caribbean in
order to supply the growing European market, but the methods of prepa-
ration were kept a closely guarded secret for almost 100 years.

In 1606, chocolate was introduced into Italy by Antonio Carlotti, who
also was instrumental in bringing it to France during the reign of Louis
XIIIL The French began cultivation of cacao in Martinique in 1660, with the
first crop shipped to the mother country in 1679. The custom of drinking
chocolate quickly spread to England, where the development of “choco-
late houses” became popular. Chocolate remained a luxury during the
seventeenth and eighteenth centuries largely due to the high duties that
were imposed on the beans and liquor. In addition to supplying the
demands of a luxury trade in drinking chocolate, cacao became popular as
a medicinal agent. The use of chocolate as a stimulating agent was re-
corded in Germany as early as 1640, as evidenced by price lists from
apothecaries’ shops.®

The first important technical development in the chocolate manufac-
turing process occurred when water-powered mills superseded the use of
manual labor to grind cocoa beans. This led to the establishment of many
chocolate factories from 1804 to 1840. Early production consisted entirely
of a type of chocolate beverage that was somewhat indigestible since none
of the cocoa butter was removed during processing. In 1828, the Dutch
firm of Van Houten invented the cocoa press, which facilitated the pro-
duction of cocoa powder by partial removal of the cocoa butter from
beans.
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The second major technical development occurred in 1876, when milk
chocolate was invented in Switzerland by M. D. Peter. This process pro-
vided a new stimulus to the cacao trade. Milk chocolate powder and cocoa
butter were later combined to make an eating chocolate that formed the
backbone of the chocolate industry today.

I1l. BOTANY AND AGRICULTURE OF CACAO

General information on the botany and husbandry of cacao is docu-
mented in several references.>” For the purposes of this text, material on
these topics has been limited to a brief overview.

A. Classification

Linnaeus, in his writings of 1720, named the cocoa tree Theobroma cacao
from the Greek “Theos” meaning god and “broma” meaning food, thus
conveying the early meaning “food of the gods”. At least 20 species of
Theobroma are presently known. The fruits of various uncultivated species
are eaten by natives of the Amazon Basin; however, T. cacao is the most
important commercial type.® ° The clear identity of this species is not
known and the genetic influence of other species, such as T. pentagona, T.
leiocarpa, and T. bicolor, must be recognized.

For commercial purposes, the varieties developed through breeding
and cultivation are more important than the species of Theobroma. These
varieties are often classified into three or four broad categories: Criollo,
Forastero, Trinitario, and Nacional. This segregation is not based on bo-
tanical purposes, but on the sharp distinction in the kind of flavor and
color they exhibit in the manufacturing process.

Criollo (meaning “native”) was probably cultivated first in the region
from southern Mexico. It is believed that this is the type of cocoa that was
grown by the Aztecs and Mayas.® Forastero (meaning foreign) has its
origins in the upper Amazon basin area of northern Brazil, eastern Ven-
ezuela, Colombia, and Ecuador. There is no indication that Forastero was
cultivated until the Spaniards extended planting into South America. A
partial explanation for the early preference of Criollo may be that a palat-
able drink could be obtained with little or no preliminary fermentation,
while Forastero cocoa requires several days of fermentation. Trinitario
(“of Trinidad”) is a cross between Criollo and Forastero which probably
occurred naturally when the Spaniards introduced Forastero to the area.
Finally, Nacional (or Arriba) is scientifically a Forastero, but is classified
separately due to its distinctive aromatic floral nature.® Today, wide-
spread crossbreeding has made segregation of cacao varieties difficult. As
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a result, beans are often classified today by country of origin or even port
of shipment.

B. Tree Morphology

The cacao tree, with its distinctive brown-gray bark, customarily at-
tains a height of 15 to 25 ft at maturity (in about 10 years), although height
will vary with shade and other conditions. The cacao tree is an evergreen,
and while it sheds leaves throughout the year, it is never without its
brilliant dark green foliage.

The cacao tree is a “cauliflorous” plant in that the flowers grow on the
old wood of the trunk and main branches. Trees may produce 10,000 or
more flowers in a year; however, only 10 to 50 eventually develop into ripe
pods 4 to 6 months later. Two standard crops are harvested each year
although fruits in various stages of development may be continually on
the tree. Cacao trees begin to bear significant amounts of fruit when they
are 4 to 8 years old, and continue to do so for 50 years or more.

The mature fruit consists of a pod usually 6 to10 in. long containing 20
to 40 seeds or beans covered by a white, mucilaginous pulp. The beans are
dicotyledonous, oval-shaped, and about 1 to 1 1/2 in. long with colors
varying from white to shades of purple.

C. Cultivation

T. cacao is cultivated at low altitudes within 1000 ft of sea level. Cacao
grows exclusively between the latitudes 20°N and 20°S with 75% of the
world’s crop grown within 8° of the equator. Cacao requires a warm and
humid climate and thrives best at shade temperatures of 65° to 95°F,
although the tree has flourished under conditions of 105°F and almost
100% humidity found in areas of West Africa. Minimum rainfall require-
ments are an evenly distributed 40 in. per year with 60 to 80 in. desirable.

Cacao seedlings are usually planted 7 to 10 ft apart and require special
attention against weeds and pests during the early stages of development.
The cacao tree is usually grown under the shade provided by the foliage
of larger trees so that soil does not dry out from the intense rays of the
tropical sun. Leguminous shade trees often are used to retain the nitrogen
value of the soil.

After the ripe pods are harvested, they are cut open and the beans and
adhering pulp are removed for fermentation. It is during the process of
fermentation that cacao acquires much of its characteristic flavor and
aroma. Fermentation soon occurs due to the high sugar content of the pulp
and the presence of microorganisms. The sugars are converted to alcohols
and finally to acetic acid, which drains off. The acetic acid and heat formed
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TABLE 1

Composition of Unfermented and Fermented Cacao Beans (Percent by Weight)

Unfermented Fermented
Beans (17 varieties) = Ghana Beans Ghana beans
Dry Dry Dry Fermented
fat- fat- fat- Indian
Original free Original free Original free beans
Water 2.72 — 3.65 — 2.13 — 5.23
Fat 50.12 — 53.05 — 54.68 — 50.32
Ash
total 3.32 7.04 2.63 6.07 2.74 6.34 3.12
Nitrogen
Total nitrogen 2.38 5.05 2.28 5.27 2.16 5.00 —
Protein nitrogen — — 1.50 3.46 1.34 3.10 —
Theobromine 1.04 2.21 1.71 3.95 1.42 3.29 1.66
Caffeine 0.40 0.86 0.08 0.20 0.07 0.15 —
Carbohydrates
Glucose — — 0.30 0.69 0.10 0.23 —
Sucrose — — Nil Nil Nil Nil —
Starch 8.07 17.10 6.10 14.09 6.14 1422 —
Pectins — — 2.25 5.20 4.11 9.52 —
Fiber 2.64 5.61 2.09 4.83 2.13 4.93 —
Cellulose — — 1.92 4.43 1.90 4.39 —
Pentosans — — 1.27 2.93 1.21 2.80 —
Mucilage/gums  — — 0.38 0.88 1.84 4.26 —
Tannins
Tannic acid — — 2.24 5.17 1.99 4.61 2.54
Cacao-purple
and cacao-
brown — — 5.30 12.26 4.16 9.63 —
Acids
Acetic (free) — — 0.014 0.032 0.136 0.315 —
Oxalic — — 0.29 0.67 0.30 0.70 —
Reference 10 11 11 12

during fermentation penetrate the skin or shell of the bean where they
cause the death of the bean and initiate the chemical changes necessary for
flavor development.

With the death of the bean, cellular structure is lost, allowing the
mixing of water-soluble components that normally would not come into
contact with each other. The complex chemistry that occurs during fer-
mentation is not fully understood, but certain cocoa enzymes such as
glycosidase, protease, and polyphenol oxidase are active. In general, pro-
teins are hydrolyzed to smaller proteins and amino acids, complex glyco-
sides are split, polyphenols are partially transformed, sugars are hydro-
lyzed, volatile acids are formed, and purine alkaloids diffuse into the bean
shell. The chemical composition of both unfermented and fermented co-
coa beans is compared in Table 1.
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TABLE 2
World Production of Raw Cocoa in Thousands of Metric Tons
1970/71 1975/76  1980/81  1985/86  1990/91  1995/96*

Africa (73.2)¢ (66.2) (59.9) (56.5) (56.7) (65.6)
1,098 1000 995 1,109 1,432 1,811
Cameroon 112 96 120 118 107 120
Ghana 392 397 258 219 293 390
Ivory Coast 180 231 403 585 819 1,125
Nigeria 308 216 156 110 170 150
America (21.2) (27.1) (31.8) (30.2) (24.5) (15.9)
318 410 528 593 617 438
Brazil 182 258 349 376 377 219
Colombia 21 26 39 48 52 51
Ecuador 61 63 81 96 106 93
Mexico 25 33 30 39 43 35
Venezuela 19 15 14 10 16 16
West Indies (2.6) (2.7) (2.7) (2.7) (2.0) (2.4)
39 41 45 53 50 65
Dominican
Republic 25 30 32 40 42 55
Asia and
Oceania (2.9) (4.0) (5.5) (10.6) (16.7) (16.1)
44 60 92 209 422 446
Indonesia 2 3 8 35 145 290
Malaysia 4 17 43 125 224 105
New Guinea 29 32 28 32 33 34
World total 1,499 1,511 1,660 1,964 2,521 2,760
Reference 13 13 14 14 15 15

2 Forecasted production.

b Percent of total world production.

During fermentation and subsequent drying, the unfermented wet
beans lose about 65% of their weight. The reduction of moisture halts the
enzymatic processes. Drying is complete when the moisture content reaches
about 6% and the beans readily break into pieces called nibs.

D. World Production

In 1895, the worldwide production of raw cocoa or unroasted cocoa
beans was about 75,000 metric tons. One hundred years later, raw cocoa
production has increased almost 40-fold to the forecasted 1995-1996 pro-
duction of 2,760,000 metric tons (Table 2)."> The majority of today’s world
cocoa supply comes from Ghana, Nigeria, Ivory Coast, and the Republic
of Cameroon even though cacao is not indigenous to east Africa. Although
Africa historically has been and still is the largest producer of the world’s
cocoa supply, the relative quantities produced within African countries
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has shifted. While Ghana was the highest cocoa producer from 1946 to as
recently as 1975, the Ivory Coast now leads production. It is also interest-
ing to note that the production of cocoa in Asia and Oceania has been
increasing steadily.

IV. METHYLXANTHINE COMPOSITION

A. Raw Materials and Semifinished Products

1. Bean

Although low levels of methylxanthines have been detected in the
leaves and flowers of T. cacao, the primary storage location is within the
seed or bean.'® The cocoa bean is the major natural source of the
methylxanthine theobromine, but contains only small amounts of caffeine.
Theophylline has been detected in cacao beans, but at such low concentra-
tions that its presence generally is ignored. Together, theobromine and
caffeine account for up to 99% of the alkaloid content of T. cacao beans.
Alkaloid content is affected by genetic makeup, maturity of beans at
harvest, and fermentation process. Analytical methodology also is par-
tially responsible for some of the disparity in methylxanthine values since
many early methods were unable to separate theobromine and caffeine.

In live cocoa seeds, the methylxanthines are localized in polyphenolic
storage cells. Bean death, which occurs 24 to 48 h after initiation of fermen-
tation, triggers diffusion of the methylxanthines from the nib to the shell.
The early studies of Humphries state that cacao cotyledons lose about 40%
of their theobromine during fermentation.”” According to Knapp and
Wadsworth, the loss of theobromine and caffeine becomes significant on
the third day when the methylxanthines begin to diffuse into the shell.!®
This migration continues until the concentration of the methylxanthines in
nibs and shell are almost equal.

Timbie followed the changes in theobromine concentration in whole
beans, nibs, and shells during growth and fermentation.** Theobromine
synthesis was especially active at the end stage of pod growth and the
early stages of ripening. During the 7-d fermentation period, theobromine
concentration in the whole bean did not change appreciably. However,
theobromine in the nibs gradually decreased by about 27% from approxi-
mately 31 to 22 mg/g. Shell theobromine content increased 75% from
about 12 mg/g to about 21 mg/g. Obviously, the same migration of
theobromine from nib to shell occurred as reported in earlier studies. In
contrast, Sotelo and Alvarez reported no significant difference in theobro-
mine and caffeine content between unfermented and fermented cacao
beans.’
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TABLE 3

Concentration of Theobromine, Caffeine, and Theophylline in Theobroma
Beans (mg/g)

Theo-
bromine/
Species/ Sample Theo- Theo- caffeine
variety description  bromine Caffeine phylline ratio Ref.
T. cacao
Criollo Defatted 12.4 11.3 — 1.10:1 20
Dried, 14.7 9.2 3.7 1.6:1 9
fermented
Trinitario Defatted 33.2 6.3 — 5.27:1 20
Nacional Defatted 35.4 2.4 —_— 14.8:1 20
Forastero Defatted 36.2 1.3 — 27.8:1 20
Costarrica Dried, 20.2 1.8 3.6 11.2:1 9
fermented
T. cacao Dried 16.6 — — — 12
fermented
T. cacao Fresh mass  11.1 1.1 — 10.1:1 8
T. speciosum  Fresh mass 0.1 — —- — 8
T. mariae Fresh mass 23.5 1.2 — 19.6:1 8
T. bicolor Dried, 1.1 0.1 0.2 11.0:1 9
fermented
T. angusti- Dried,
folium fermented 0.3 0.03 0.08 10.0:1 9

The methylxanthine content of beans is influenced by the species,
varietal type, and hybrid.8'>192! Table 3 lists the methylxanthine content of
several Theobroma species and varieties. In analyses of 10 hybrids from
four varieties of T. cacao, total alkaloids in dry, fat-free beans varied from
alow of 23.7 mg/ g to a high of 49.7 mg/ g.”” The average for the 10 hybrids
was 37.0 mg/g. The contribution of theobromine to total alkaloid content
ranged from a low of 52.3% in a Criollo clone to 99.1% in a Amazon
Forastero bean, with a mean for the 10 samples of 87.0%. Although the
Criollo bean had the lowest concentration of total alkaloid, its caffeine
content was the highest. Trinitario beans also had relatively high caffeine
levels. Methylxanthine content can also vary within clones of the same
varietal type. The combined theobromine / caffeine content of four Trinitario
clones ranged from 29.8 to 49.7 mg/g of defatted shell-free bean.

Asamoa and Wurziger tabulated the caffeine content of a variety of
cocoa beans.?? The mean concentration (percentage in fat-free samples) in
Amelonado and Amazonas beans, respectively, after 5 d of fermentation
at various stages of maturity were: green beans 0.06, 0.19; yellow 0.09, 0.18;
orange 0.08, 0.23; and black 0.10, 0.22. These results confirmed significant
differences between the two varieties and also the low caffeine content of
Forastero-type beans. The caffeine content of 16 other samples of various
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origins ranged between 0.07 and 1.70%, suggesting the following classifi-
cation: African cocoa and Brazilian “Bahia” as Amelonados; Para, Arriba,
and Jamaica cocoa (caffeine, 0.42%) as Amazonas; Samoa and Maracaibo
cocoa (1.42 and 1.70%) as pure Criollos flavor cocoa; and Guinea (0.53%),
Caracas (0.60 to 0.63%), and Puerto Cabello (0.78%) as Criollo-Forastero
hybrids. In a compilation of literature data, Hadorn reported a mean total
alkaloid (theobromine and caffeine) content of 3.11 + 0.69% for 44 samples
of cocoa beans of known variety and origin.?

After fermentation, cacao beans are dried and then transported to the
factory for roasting. The ultimate purpose of roasting is to develop desir-
able bean flavor and aroma, as well as the necessary texture for later
grinding. As shown in Table 4, the methylxanthine content of cacao beans
was not found to change significantly during the roasting process.> 242

2. Liquor

Chocolate liquor is the solid or semiplastic food prepared by finely
grinding the nib of the cacao bean. It is commonly called baking chocolate,
unsweetened chocolate, or bitter chocolate and, in Europe, is frequently
referred to as chocolate mass or cocoa paste. Chocolate liquor is essentially
the starting point from which all chocolate products are produced. Table
5 lists the theobromine and caffeine content of 22 various chocolate liquor
samples determined by high pressure liquid chromatography (HPLC).
The liquors averaged 1.22% theobromine and 0.214% caffeine.?” 2% The
ratio of theobromine to caffeine ranged from 2.5:1 to 23.0:1.

3. Cocoa Powder

Cocoa powder, or simply cocoa, is prepared by pulverizing the mate-
rial remaining after a portion of the fat (cocoa butter) is removed from the
liquor. Cocoa powder is the basic flavoring ingredient in many chocolate
foods, including cookies, cakes, and ice cream. Theobromine and caffeine
are components of the cocoa solids or nonlipid portion of the chocolate
liquor; therefore, cocoa has a higher concentration of theobromine and
caffeine than liquor. Cocoa can be prepared from a single liquor type or
from blends of various liquors, thus, influencing the theobromine and
caffeine levels.

According to Schutz, it is well known that cocoa contains about 2.5%
by weight of theobromine and caffeine.”” Although the presence of theo-
phylline has been demonstrated, its concentration is so low that it is
generally ignored. In a summary of the literature values for 27 commercial
cocoa powders and cocoa masses, Hadorn found that the mean total
alkaloid content was 3.36 + 0.48%.2%> Theobromine and caffeine content of
several cocoa powders is shown in Table 6. HPLC analyses by DeVries et
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TABLE 4
Changes in Cacao Nib Composition Due to Roasting (Percent by Weight)

Beans,
not specified St. Thomes Trinidad
Medium Accra Grenada Low Low
Raw roast Raw Roast Raw Roast Raw Roast Raw Roast
Moisture 5.13 3.71 4.90 3.20 4.80 2.90 4.70 3.46 5.58 3.89
Fat 5422 53.63 53.90 55.10 53.40 54.40 53.76  53.26 50.64 50.64
Ash 1.46 1.51 2.24 2.50 2.03 2.23 2.52 2.64 2.60 2.86
Starch 7.31 7.70 — — — — 8.89 8.94 9.55 9.29
Protein 1199 12.01 12.88  13.00 12.16  12.13 11.18 11.43 11.62 11.00
Theobromine  1.09 1.06 1.36 1.33 1.07 0.75 0.89 0.99 0.74 0.64
Caffeine 0.44 0.43 — — — — 0.08 0.22 0.38 0.34
Reference 24 24 25 25 25 25 26 26 26 26
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TABLE 5

Theobromine and Caffeine Levels in Chocolate

Liquor
Theo-
Theo- bromine:
Liquor bromine Caffeine caffeine
origin (%) (%) ratio Ref.
Liberia 1.26 0.075 16.8:1 28
San Thome 1.19 0.062 19.2:1 28
Ghana 1.73 0.159 10.9:1 27
sample #1
Ghana 1.23 0.137 9.0:1 27
sample #2
Fernando 1.47 0.064 23.0:1 27
Po
Guatemala  1.25 0.205 6.1:1 28
Haiti 1.26 0.105 16.8:1 28
Costa Rica 1.14 0.385 2.7:1 28
Venezuela 1.23 0.416 3.0:1 28
Belize 0.97 0.258 3.8:1 28
Brazil 1.25 0.206 6.0:1 28
sample #1
Brazil 1.21 0.183 6.6:1 27
sample #2
Ecuador 1.07 0.234 4.6:1 28
sample #1
Ecuador 1.33 0.289 4.6:1 28
sample #2
Tobago 1.41 0.113 12.5:1 27
Trinidad 1.24 0.233 5.3:1 27
Dominican  1.57 0.177 8.9:1 27
Republic
sample #1
Dominican  1.25 0.261 4.8:1 27
Republic
sample #2
New Guinea 0.82 0.329 2.5:1 27
sample #1
New Guinea 0.93 0.330 2.8:1 27
sample #2
Malaysia 1.05 0.252 4.2:1 27
sample #1
Malaysia 1.01 0.228 4.4:1 27
sample #2
Mean £ SD  1.22 0.214 7.9:1

+0.21 +0.099
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TABLE 6

Theobromine and Caffeine Concentration in Cocoa Powder

Theo-
Total bromine:
Theo- Caffeine alkaloid caffeine
Description N bromine(%) (%) (%) ratio Ref.
Natural cocoa 8 2.56 + 0.19 0.26 + 0.08 2.82 +0.16 11.8:1 30
Red dutched 10  2.69 +0.11 0.16 + 0.07 2.86 + 0.08 19.6:1 30
cocoa
Commercial 8 1.89 + 0.46 0.21 £0.59 2.10+£0.50 10.9:1 28
cocoa 1 2.03 0.31 2.34 6.5:1 31
— 33 32
5 2.60 0.25 2.85 10.4:1 33
Cocoa, — 25 32
dutched

al. resulted in a total methylxanthine content (theobromine plus caffeine)
on a moisture-free basis of 2.82 + 0.16% for natural cocoa and 2.85 + 0.08%
for red dutched or alkalized cocoa.*® Zoumas et al. reported 1.89% theo-
bromine and 0.21% caffeine in eight commercial brands of cocoa powder.?
Results were not calculated on a moisture-free basis as were the data in the
DeVries study, partially explaining the lower values reported by Zoumas
et al.

4. Cocoa Butter

Cocoa butter is the fat obtained from subjecting chocolate liquor to
pressure. Since the alkaloids are sparingly soluble in fat, only trace amounts
of theobromine and caffeine in cocoa butter have been reported. The
theobromine and caffeine content of four cocoa butter samples averaged
0.008% and 0.038%, respectively.3

B. Finished Products

The combination of ground cocoa beans and sugar produces a very
hard substance with an unpleasant mouthfeel. However, the addition of
extra cocoa butter results in a product that melts easily in the mouth.
Additionally, the production of cocoa butter results in a lower fat cocoa
powder which can be used more readily in both beverages and foods. As
the amounts of cocoa butter and other fats, milk solids, sugar, and other
ingredients increase, the amount of theobromine and caffeine in the final
product decreases.
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1. Beverages

The methylxanthine content of beverages has been reported in numer-
ous studies. Most hot cocoa beverages are prepared from ready-to-use
mixes that include both sugar and dry milk in addition to the cocoa, so that
only the addition of hot water is required. Label directions can vary
considerably, resulting in a wide range of reported methylxanthine values
for hot cocoa and chocolate milk-based beverages.?” 2832343 Lack of docu-
mentation regarding preparation and source, incorrect references to early
literature, differences in analytical methodology, and use of different
reference volumes (e.g., “cup” size) all contribute to the variation in
reported methylxanthine contents. Some studies failed to report the cup
size and, when it was reported, it ranged from 87 to 250 ml.3

Two chocolate beverages made from unsweetened cocoa contained
228 and 284 mg theobromine per serving.®? Burg reported 272 mg theobro-
mine and 6 mg caffeine per cup of beverage made from African cocoa, and
232 mg theobromine and 42 mg caffeine for a similar beverage made with
South American cocoa.** Both beverages were prepared according to
manufacturer’s directions.

Bunker and McWilliams found that two beverages prepared from
instant cocoa (with Dutch process cocoa) contained 10 to 17 mg caffeine
per cup.” Table 7 lists the theobromine and caffeine concentration of hot
cocoa and chocolate milk prepared from instant mixes. Zoumas et al.
analyzed five commercial hot cocoa mixes and reported an average of 65
mg per serving of theobromine and 4 mg per serving of caffeine.? Similar
results were reported by Blauch and Tarka.?

Chocolate milk samples prepared from sweetened cocoa powders
averaged 58 mg per serving of theobromine and 5 mg per serving of
caffeine.?® Analysis of a “home-style” recipe resulted in higher
methylxanthine values — 94 mg theobromine and 10 mg caffeine per
serving. However, the authors noted that this recipe also had a stronger
chocolate flavor. The lower values reported by Zoumas et al. and Blauch
and Tarka compared to others was attributed to the inability of older
methods to separate theobromine and caffeine, and the lack of precision
and accuracy of the older methods. A compendium of theobromine and
caffeine values reported for chocolate beverages from both published and
unpublished studies has been compiled in Table 8.

2. Foods

It is necessary to determine the methylxanthine content of chocolate
foods, as well as beverages, in order to obtain an accurate assessment of
the total amount of theobromine and caffeine that is ingested via the diet.
This area of analysis has received little attention, and only scant published
data exist on the methylxanthine content of chocolate foods.
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TABLE 7

Theobromine and Caffeine Concentration in Hot Cocoa
and Chocolate Milk Prepared From Instant Mixes

Theobromine  Caffeine
(mg/serving) (mg/serving)  Ref.

Hot cocoa (brand)?

A 65 2

B 71 2

C 60 5

D 77 2

E 54 7

Mean + SD 65+9 4+2 28
Hot cocoa (brand)®

A 48 4

B 40 1

C 54 2

D 68 6

E 73 6

F 78 3

G 80 3

H 64 8

I 56 6

Mean + SD 62 + 14 4+2 36
Home recipe© 94 10 28
Chocolate milk?

A 99 7

B 36 6

C 64 5

D 35 2

Mean + SD 58 + 30 5+£2 28

@ Amount per 5-0z hot cocoa or 8-0z chocolate milk prepared
as directed from mixes.

b Serving equivalent to one individual packet of instant mix.

¢ Beverage was prepared from a home recipe using cocoa
powder instead of instant mix.

Most chocolate is consumed in the form of chocolate confectionery.
Sweet chocolate is produced from chocolate liquor with the addition of
sugar and cocoa butter. Sometimes called dark chocolate, sweet chocolate
must contain at least 15% chocolate liquor, but may contain as much as
50%. Semisweet or bittersweet chocolate consists of a minimum of 35%
chocolate liquor. The chocolate liquor content results in sweet and semi-
sweet chocolate containing the highest amount of theobromine and caf-
feine per serving of any type of chocolate confectionery (Table 9). Within
brands of sweet chocolate, there is wide variation in the methylxanthine
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TABLE 8

Theobromine and Caffeine Concentration in
Chocolate Beverages

Theo- Caffeine
Beverage bromine (%) (%) Ref.
Chocolate milk
Instant mix 0.024 0.002 28
Prepared 0.012 0.002 38
commercially  0.016 0.001 33
Hot Cocoa
Instant mix 0.043 0.003 28
Instant mix 0.042 0.003 36
Malted 0.052 0.002 36
preparation
Chocolate 0.026 0.001 39
beverage
Chocolate drink  0.044 0.003 39
Chocolate drink  0.021 0.002 38
Chocolate diet 0.003 0.017 38
soda
Diet creme soda  0.003 0.001 38
Chocolate milk 0.015 0.003 38
shake
(commercial)

content due to the amount of chocolate liquor and other factors previously
discussed. Analysis of eight brands of commercial sweet chocolate showed
a range in methylxanthine content from 0.359 to 0.628% for theobromine
and from 0.017 to 0.125% for caffeine.”® Based on analytical data, an
average 40-g sweet chocolate bar contains about 185 mg theobromine and
30 mg caffeine.

Consumption of sweet chocolate in the U.S. is low. The majority of
chocolate consumed is milk chocolate produced from chocolate liquor,
sugar, cocoa butter, and milk solids. Because most milk chocolate pro-
duced in the U.S. contains 10 to 12% chocolate liquor, differences in
methylxanthine content among commercial milk chocolate are due more
to the varieties and blends of cocoa bean (Table 9). Based on analytical data
from seven brands of commercial milk chocolate, a typical 40-g milk
chocolate bar contains approximately 65 mg theobromine and less than 10
mg caffeine.?® Milk chocolate bars containing other ingredients, such as
peanuts, almonds, and confectionery fillings, obviously contain less
methylxanthines. In a survey of 49 marketed chocolate and confectionery
products, theobromine concentrations ranged from 0.001 to 2.598% and
caffeine content from 0.001 to 0.247% .33

The theobromine content of chocolate foods prepared from home
recipes using common chocolate sources — cocoa, semisweet baking choco-
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TABLE 9

Theobromine and Caffeine Concentration in
Commercial Chocolate Confectionery Products

Theo- Caffeine
N bromine (%) (%) Ref.
Unsweetened 2 1.30 0.155 31
baking 4 1.31 0.098 35
chocolate 5 1.39 0.164 33
Sweet/dark 8 0.463 0.069 28
chocolate 4 0.460 0.050 35
2 0.441 0.054 31
1 0.320 0.044 40
1 0.417 —a 41
5 0.474 0.076 33
Semisweet 3 0.565 0.062 31
chocolate 5 0.487 0.077 33
chips
Milk 7 0.160 0.025 28
chocolate 4 0.190 0.017 35
6 0.188 0.019 31
2 0.140 0.025 40
2 0.132 —a 41
5 0.197 0.022 33
Milk 5 0.161 0.016 33
chocolate
w/almonds
Milk 5 0.150 0.018 33
chocolate
w/rice
Milk 2 0.150 0.026 33
chocolate
chips
White 2 0.005 0.006 40
chocolate

2 Not measured.

late, and syrup — can be calculated on a per-serving basis by using the
average methylxanthine concentrations of the various chocolate sources.
Derived estimates for some typical home recipes are shown in Table 10.2
Chemical analysis of the finished food product is a more accurate
determination of the methylxanthine content. In studies performed at
Hershey Foods Corporation, the methylxanthine content of a large variety
of commercially available chocolate foods was measured by HPLC meth-
0ds.*® These results have been compiled together with other literature
values in Table 11. Large methylxanthine variations can be seen among the
chocolate foods, as well as within different brands of the same item.
Due to the wide range of values in the scientific literature for the
caffeine content of foods, Barone and Roberts suggested the following
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TABLE 10

Calculated Methylxanthine Content Per Serving of Chocolate Foods
Prepared from Home Recipes

Source of Theo-
chocolate No. of Serving bromine Caffeine

Food for recipe servings size (g)  (mg/serving) (mg/serving)

Chocolate Cocoa 12 80 58 6
cake

Chocolate Cocoa 12 61 58 6
cake with Cocoa 12 73 69 7
frosting

Dark Cocoa 20 60 78 8
chocolate
cake with Cocoa 20 93 130 13
frosting

Chocolate Cocoa 18 40 39 4
cupcakes

Chocolate Semisweet 12 35 69 11
frosting chips

Chocolate Cocoa 9 123 77 7
cheesecake

Chocolate Semisweet 60 20 28 4
chip chips
cookies

Chocolate Cocoa 48 15 14 1
cookies

Chocolate Cocoa 60 22 39 6
chocolate Semisweet
chip chips
cookies

Chocolate Cocoa 4 145 98 9
pudding

Chocolate Semisweet 9 90 92 15
mousse chips

Chocolate Semisweet 8 186 207 33
cream pie chips

Chocolate Cocoa 24 42 78 10
brownies Semisweet

chips

Chocolate Cocoa 36 30 42 4
brownies Syrup

Chocolate Cocoa 36 30 43 4
brownies

Fudge Semisweet 18 25 69 11

chips

From Hershey Foods Corporation Technical Center, Nutrition Group,
Unpublished data, 1996. With permission.
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TABLE 11

Theobromine and Caffeine Concentration in Chocolate

Foods
Theo- Total
bromine  Caffeine alkaloids
Food? N %) (%) %) Ref.
Chocolate 2 0.046 0.013 0.059 38
brownieb 6 0.142 0.014 0.156 31
Chocolate 6 0.086 0.007 0.092 38
cakeP 1 0.137 0.016 0.153 43
8 0.162 0.016 0.178 31
Chocolate 6 0.116 0.026 0.141 38
cupcakes 3 0.150 0.018 0.168 31
Chocolate 4 0.131 0.020 0.152 38
frosting
Chocolate 4 0.106 0.014 0.120 38
cookies
Chocolate 2 0.070 0.014 0.085 38
chip
cookies
Chocolate- 1 0.106 0.015 0.121 38
covered
doughnut
Chocolate 2 0.056 0.016 0.072 38
pies
Chocolate 4 0.131 0.019 0.150 38
puddings 2 0.062 0.005 0.067 31
(canned)
Chocolate 3 0.051 0.005 0.056 38
ice cream 3 0.062 0.003 0.065 31
Chocolate 1 0.032 0.002 0.034 38
fudge ice
cream bar
Chocolate- 1 0.034 0.005 0.039 38
covered
ice cream
bar
Chocolate 3 0.123 0.010 0.133 38
syrups/ — 0.240 0.014 0.254 44
toppings 6 0.195 0.014 0.209 31
5 0.240 0.019 0.259 33
Chocolate 1 0.655 0.065 0.720 31
fudge
Chocolate 4 0.079 0.012 0.091 38
cereal 3 0.070 0.007 0.077 31
Chocolate 1 0.136 0.012 0.148 31
breakfast
bar

2 All items were purchased at commercial retail stores or
were prepared from commercial mixes were indicated.
b Prepared from commercial mix.
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standard values for the U.S.: cocoa/hot chocolate, 4 mg/5 oz; chocolate
milk, 4 mg/6 oz; and chocolate candy, 1.5 to 6.0 mg/0z.45In order to gain
a better insight into the amount of methylxanthines consumed via the diet,
more studies on the methylxanthine content of chocolate foods, as well as
beverages, are needed.

V. CONSUMPTION OF COCOA AND CHOCOLATE
PRODUCTS

A. Cocoa Consumption

Itis difficult to compare consumption of cocoa and chocolate products
among countries. Not all countries collect data, methods to measure con-
sumption differ, and definitions of food products may vary. Regardless of
these differences, we know that the consumption of cocoa increased steadily
after 1828 when the technology became available to extract fat from cocoa
beans and, again, after 1876 when the production of milk chocolate began.
Today, cocoa consumption parallels cocoa supply for the most part. In
fact, cocoa consumption is often estimated from raw cocoa production
data that has been adjusted for imports and exports. Other factors, includ-
ing cocoa and sugar prices, general economic conditions, and demograph-
ics also influence consumption throughout the world.

The peak of cocoa consumption occurred during the early to mid-
1960s, a time period in which the crucial consumption-determining factors
were favorable. During the mid- to late 1970s, cocoa consumption leveled
off, and even declined in some countries.* The major contributing factor
to the poor consumption of cocoa during the late 1970s was the high price
of cocoa beans and resulting products. During this period, the prices were
the highest ever achieved in the industry.

The consumption of cocoa in the major consuming countries for the
last 25 years is summarized in Table 12. From this data, it can be seen that
the U.S. has been the leading consumer for many years. In 1995-1996, the
largest consumption (in thousands of metric tons) occurred in the U.S.
(560), followed by Germany (245), the Russian Federation (187), and the
UK. (184).

Per capita consumption of cocoa also is shown in Table 12. Switzer-
land repeatedly had the highest per capita intake, with average intakes
ranging from 3.4 to 5.1 kg per capita. Per capita consumption in Austria,
Belgium, and Germany were also high with similar intakes. Consumption
in the U.S. was lower than in these European countries, ranging from 1.4
kg in 1980-1981 to 2.2 kg in 1990-1991.
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TABLE 12

Cocoa Consumption in Major Cocoa-Consuming Countries?

1969/70 1975/76 1980/81 1985/86 1990/91 1995/96°
Australia 19.8 (1.6) 18.1 (1.3) 23.0 (1.6) 27.7 (1.8) 325 (1.9) 33.2 (1.8)
Austria 11.8 (1.6) 17.4 (2.3) 22.6 (3.0) 24.2 (3.2) 27.8 (3.6) 25.0 (3.1)
Belgium 24.3 (2.5) 30.0 (3.1) 30.0 (2.9) 31.4 (3.1) 47.2 (4.6) 52.2 (5.0)
Canada 36.7 (1.7) 325 (1.5) 34.4 (1.4) 453 (1.8) 51.0 (1.7) 60.0 (2.2)
France 76.7 (1.5) 93.9 (1.8) 103.8 (1.9) 106.3 (1.9) 146.2 (2.6) 156.5 (2.7)
Germany 156.2 (2.6) 158.5 (2.6) 157.8 (2.6) 177.8 (2.9) 2314 (3.7) 244.7 (3.0)
Japan 47.3 (0.5) 63.1 (0.6) 53.9 (0.5) 75.5 (0.6) 109.5 (0.9) 112.7 (0.9)
Netherlands 36.7 (2.8) 36.3 (2.7) 31.7 (2.2) 17.6 (1.2) 23.0 (1.5) 18.9 (1.2)
U.K. 114.4 (2.1) 101.9 (1.8) 92.0 (1.6) 1289 (2.3) 161.8 (2.8) 184.0 (3.1)
Italy 33.2 (0.6) 32.4 (0.6) 42.3 (0.6) 64.0 (1.1) 65.0 (1.1) 85.4 (1.5)
Switzerland 22.3 (3.6) 21.6 (3.4) 24.2 (3.8) 25.9 (4.0) 34.2 (5.1) 24.6 (3.5)
u.s. 346.6 (1.8)  215.6 (1.5) 316.6 (1.4) 452.0 (1.9) 540.0 (2.2) 560.1 (2.1)

USSR /Russian  111.0 (0.5) 167.3 (0.7) 135.1 (0.5) 216.3 (0.8) 134.2 (0.5) 187.3 (1.1)
Federation
Ref. 14 14 47 48 49 49

2 Consumption represents cocoa bean grindings adjusted by net imports or exports of cocoa products and
chocolate converted into bean equivalents in thousands of metric tons (per capita, kg).

b Forecasted consumption.
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B. Chocolate Confectionery

Chocolate has been identified in several studies as the single most
craved food. It has been suggested that chocolate cravings may have a
biological basis or simply eaten for the sensory gratification. In a study of
75 individuals who identified themselves as “chocoholics”, subjects con-
sumed an average of 12.5 (range 1 to 70) chocolate bars per week where
a bar was defined as a standard block of 60 g.5° Although the majority of
subjects preferred solid chocolate (42%) and chocolate bars (38%), choco-
late was also eaten in a variety of other forms including cakes, biscuits,
desserts, ice cream, and beverages.

Nuttall estimated that 15 to 20% of chocolate is eaten on its own, i.e.,
in candy form.>! The remainder is used to coat other foods including ice
cream or confectionery products. According to the same source, nearly all
people in highly industrialized countries have eaten confectionery at some
time, and over 90% of the population may buy it on a regular basis. The
author viewed confectionery as one of the first “convenience” foods,
leading to the popularity of chocolate as a snack food.

On the basis of United States Department of Commerce Shipment
data, Americans consumed about 5 kg per person of chocolate confection-
ery products in 1993.52 Of this quantity, enrobed and molded chocolate
products comprised 53%, solid chocolate products with or without inclu-
sions were 22%, and panned or assorted chocolate products made up the
remaining 23%. Per capita consumption of chocolate confectionery prod-
ucts in 1993 increased 4.3% over the previous year and 0.7 kg per person
since 1983.

Data based on 3-d intakes of commonly used foods and food groups
by individuals have been reported by the United States Department of
Agriculture (USDA). The USDA conducted three Continuing Surveys of
Food Intakes by Individuals (CSFII) during 1989-1990, 1990-1991, and
1991-1992. Food and beverage intake of all individuals residing in a
survey household was measured over a 3-d period by using a 24-h recall
followed by a 2-d dietary record. Based on combined data from the three
CSFII surveys, 12% of the population consumed chocolate confectionery at
least once in three days.* Less than 1% consumed chocolate candy on all
three survey days, and the average intake of users was 50.5 g on days
when consumed. Analysis of the dietary data also showed that chocolate
consumption patterns in the U.S. varied with geographic region, season,
ethnic group, time of day, gender, and age.

C. Other Foods

Consumption of various categories of chocolate foods was also calcu-
lated, using CSFII data, and summarized in Table 13.3 Approximately
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TABLE 13

Consumption Data for Selected Chocolate Beverages and Foods from the
USDA Continuing Surveys of Food Intakes by Individuals, 1989-19922

Average quantity

Food Total individuals Average quantity consumed per
source using food (%) consumed per day (g) eating occasion(g)
All Ages 5-6 Yr  All Ages  5-6 Yr All Ages 5-6 Yr

Chocolate  12.2 9.7 50 30 45 27
candy

Chocolate 4.7 11.2 322 268 295 247
milk

Chocolate 9.6 15.4 53 41 47 36
cookies/

brownies®

Chocolate 9.6 21.5 36 31 31 26
chip

cookies

Chocolate 6.8 9.4 87 93 80 92
cakes and

cupcakes

2 USDA data analyzed using TAS International Diet Research Systems.*? Data
represent users who consumed the food at least once in 3 days; number of
individuals with complete 3-day records was 11,912.

b Includes chocolate cookies other than chocolate chip cookies.

11% of children aged 5 to 6 years consumed chocolate milk at least once
in three days compared to 5% of the total population. Chocolate chip
cookies were consumed by 20% of children aged 5 to 6 years. The primary
dietary source of chocolate (on a gram per day basis) was chocolate milk.

D. Methylxanthine Consumption From Chocolate Products

Significant scientific attention has focused on caffeine and its health
effects. However, limited data are available for the actual dietary con-
sumption of caffeine or theobromine from individual foods. Even less data
exist on the contribution of cocoa and chocolate foods to methylxanthine
intake.

In 1977, the National Academy of Sciences assessed dietary caffeine
intakes by Americans. Based on this data, Graham estimated that 82% of
people over 18 years consumed caffeine on a daily basis.> Dietary caffeine
was consumed almost entirely in beverages, with coffee as the major
source among adults, and tea and coffee the primary contributor for
children aged 1 to 17 years.

Caffeine intake of children has been investigated in several studies
(Table 14). Morgan et al. quantitated the amount and dietary sources of
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TABLE 14
Average Caffeine Consumption Per Day and Per Body Weight

Caffeine

Reference/Subjects Source of Data mg/d mg/kg/d
Morgan et al.%

All ages 7-d food diaries 37.4 0.9

9-10 yr olds 24.7 0.8
Arbeit et al.®®

All 10-yr olds 24-h dietary recall 614 1.7

White 10-yr old boys 57.5 2.8

White 10-yr old girls 62.1 2.7

Black 10-yr old boys 22.0 0.6

Black 10-yr old girls 21.8 0.9
Ellison et al.>”

All children (7-10 yr)  3-day food diaries  16.0 0.5

Boys (7-10 yr) 14.4 0.4

Girls (7-10 yr) 16.0 0.5
Barone & Roberts*

All ages 14-d menu census ~ —* 1.9

6-11 yr olds — 0.7

2 Not reported.

caffeine and saccharin intake from a nationwide, 7-d food consumption
survey.®® Among individuals 5 to 18 years of age, approximately 98% of
those sampled consumed caffeine at least once during the survey week.
The 7-d average intake of caffeine was 37 mg; however, there was consid-
erable variation in caffeine intake and some individuals consumed as
much as 250 mg/d. On days when dietary caffeine was consumed, the
average intake for all ages was 48 mg. The intake level of caffeine in-
creased with increasing age. When data were expressed on the basis of
milligram per kilogram body weight, caffeine intake was 0.9 mg/kg and
generally was constant across age groups. However, children aged 5 to 6
years had significantly higher intakes (1.1 mg/kg/d) than children aged
7 to 8 years (0.9 mg/kg/d). By comparing the 7-d caffeine averages from
different dietary sources, it was found that the major source of caffeine for
these children was tea, followed by carbonated beverages (Table 15).
Chocolate candy and other chocolate foods contributed an average of 6.4
mg or 17% of the total caffeine intake. Similar consumption patterns were
reported by Burg who also identified tea, followed by soft drinks, as the
major source of dietary caffeine in children and teenagers.**

Sources of caffeine intake also were assessed in a biracial sample of
1284 children aged 6 months to 17 years during 1973 to 1982 of the
Bogalusa Heart Study.>® Overall, mean intakes of caffeine were higher
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TABLE 15

Average Daily Consumption of Caffeine in Children by Food and
Beverage Source

Morgan et al. Ellison et al.>”
7-d average Contribution 3-d average Contribution
(mg) (%) (mg) (%)
Carbonated 9.8+12.6 264 89 +11.7 54.5
beverages
Tea 12.8 £25.8 342 1.3+5.8 7.6
Coffee 8.3 +54.5 22.1 0 0
Chocolate 6.4%938 17.3 62%55 37.9
foods/
beverages

than those reported by Morgan et al. and almost double when compared
on a body weight basis. The average caffeine intake in the Bogalusa study
for 10- to 17-year-olds was 1.5 mg/d. On a body weight basis, 2- and 3-
year-old children consumed the largest amounts of caffeine (2.5 to 7.8 mg /
kg/d), about two to four times the caffeine consumed by adolescents (0.6
to 2.8 mg/kg/d). From ages 2 to 15 years, the most popular sources of
caffeine were chocolate-containing foods, consumed by 57 to 77% of chil-
dren surveyed. However, the major source of caffeine in the diet was
carbonated beverages. Among 10-year-olds, about 32% consumed choco-
late milk beverages, puddings, or ice creams. Arbeit also noted racial
differences in consumption patterns in that white children consistently
consumed more caffeine than blacks. Caffeine intakes among 2-year-olds
were 35 to 37 mg/d in black children and 63 to 95 mg/d in white children.
Among 13-year-olds, caffeine intake was 26 to 39 mg and 121 to 138 mg in
black and white children, respectively.

Ellison et al. examined caffeine intake among young children in the
Framingham Children’s Study.” Foods containing caffeine were classified
into six categories: soft drinks, tea, baked goods, dairy beverages, candy,
and dairy desserts. Analysis of 3-d food diaries indicated an average
caffeine intake of 16 mg/d. Children 10 years of age consumed an average
of 24.8 mg/d. Boys consumed slightly more caffeine than girls (17.1 and
14.4 mg/d, respectively). As in previously reported studies, caffeine in-
take tended to increase with age. Approximately 38% of the caffeine intake
(6.2 mg/d) was obtained from chocolate foods and beverages, 17% from
baked products, 11% from dairy beverages, 5% from candy, and 5% from
dairy desserts. Ellison’s results were more similar to those of Morgan et al.
than those from the Bogalusa study. In particular, the authors noted that
the subjects reported limited tea and no coffee consumption. This obser-
vation suggests that there may be regional patterns of use of caffeine-
containing foods.
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Results of the 1989 Marketing Research Corporation of America sur-
vey suggested that the mean daily caffeine intake in the U.S. for all ages
and all sources was 1.9 mg/kg, and 0.7 mg/kg for children aged 6 to 11
years.* The 14-d average caffeine intake from chocolate-containing foods
was 0.06 mg/kg for all ages and 0.12 mg/kg for children 6 to 11 years. The
authors also estimated caffeine intakes based on the “standard” caffeine
content of products and dietary consumption data from the 1987-1988
USDA Nationwide Food Consumption Survey (NFCS). The estimated
average caffeine intake using NFCS data was 3.7 mg/kg from coffee, 1.0
mg/kg from tea, 0.6 mg/kg from soft drinks, and 2.8 mg/kg from coffee,
tea, and soft drinks combined. Contribution of caffeine from chocolate
foods was not included.

In the U.K,, only 12% of the population reported regular consumption
of chocolate beverages. These chocolate beverages provided 1 mg or less
of caffeine per day, or less than 0.4% of the daily caffeine intake from all
beverage sources.” Caffeine intake from chocolate foods was not calcu-
lated in Scott’s study.

VI. SUMMARY

This chapter has compiled and evaluated information on the
methylxanthine composition of cocoa and various chocolate foods and
beverages, as well as the consumption pattern for these commodities.
Cacao is the major natural source of the xanthine base theobromine. Small
amounts of caffeine are present in the bean along with trace amounts of
theophylline. Numerous factors, including varietal type and fermentation
process, influence the methylxanthine content of beans.

Chocolate liquor is a semifinished product commonly called “baking”
or unsweetened chocolate. The average theobromine and caffeine content
of liquors has been reported at 1.2% and 0.21%, respectively. Cocoa pow-
der, which is prepared after partial removal of the cocoa butter, contains
about 1.9 to 2.7% theobromine and 0. 16 to 0.26% caffeine. Milk chocolate
averages 0.168% theobromine and 0.022% caffeine, thus providing about
65 mg of theobromine and less than 10 mg of caffeine in a 40-g serving. The
methylxanthine content of chocolate foods has received only slight atten-
tion in the literature, yet is necessary in order to obtain an accurate
assessment of the total amount of theobromine and caffeine that is in-
gested via the diet.

Foods derived from cocoa beans have been consumed by humans
since at least 460 to 480 AD, presumably with no major health effects. Most
chocolate is consumed in the form of chocolate confectionery. On the basis
of USDA dietary survey data, 12% of the population consumed chocolate
confectionery at least once in three days with an average intake of 50.5 g
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on days when consumed. Chocolate confectionery consumption patterns
in the U.S. varied with geographic region, season, ethnic group, time of
day, gender, and age. Approximately 5% of the total population and 11%
of children aged 5 to 6 years consumed chocolate milk at least once in three
days. Chocolate chip cookies were consumed by 20% of children aged 5 to
6 years.

Comparison of the 7-d caffeine averages from different dietary sources
showed that the major source of caffeine for children was tea, followed by
carbonated beverages. Chocolate candy and other chocolate foods contrib-
uted an average of 6.4 mg or 17% of the total caffeine intake. Another
study indicated that the most popular sources of caffeine among children
were chocolate-containing foods, consumed by 57 to 77% of children
surveyed. However, the major source of caffeine in the diet was carbon-
ated beverages. These studies also suggest that there may be regional
patterns of use of caffeine-containing foods. The amount and dietary
sources of caffeine intake have been quantitated in several studies. Results
of the 1989 Marketing Research Corporation of America survey suggested
that the mean daily caffeine intake in the U.S. from chocolate-containing
foods was 0.06 mg/kg for all ages and 0.12 mg/kg for children 6 to 11
years.

Significant scientific attention has focused on caffeine and its health
effects. However, limited data is available for the actual dietary consump-
tion of caffeine or theobromine from individual foods. Even less data
exists on the contribution of cocoa and chocolate foods to methylxanthine
intake. In children and teenagers, the major dietary source of caffeine was
found to be tea, followed by soft drinks and coffee, respectively. Although
chocolate foods and beverages ranked the lowest of these dietary sources
to provide caffeine, they do constitute the major source of dietary theobro-
mine. In order to gain a better insight into the amount of methylxanthines
consumed via the diet, more studies on the methylxanthine content of
chocolate foods, as well as beverages, are needed.
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I. INTRODUCTION

An understanding of coffee chemistry is made easier by remembering
that the coffee bean is the seed of the coffee plant and as such it can be
expected to contain the full complement of plant cell material. Roasting
the coffee bean will result in thermal transformation of the plant materials.

Plant cell walls are constructed from cellulose, hemicelluloses, and
pectins with varying amounts of lignin, tannins, gums, proteins, minerals,
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pigments, fats, waxes, and oils, all according to the cell’s location and
function.

Each plant cell contains various organelles arranged within the cyto-
plasm. They are separated from each other with specialized membranes of
phospholipids and sometimes sulfo-lipids and proteins. Among the or-
ganelles, there are chloroplasts that contain proteins, lipids, chlorophyll,
and carotenoids particularly. There is a nucleus, rich in nucleic acids.
Ribosomes are present that generate proteins and there are dictyosomes
that generate enzymes. The mitochondria support respiration in the cell
with a full complement of coenzymes, including nicotinamide adenine
dinucleotide (NAD) and its phosphate (NADP), flavine mononucleotide
(FMN), coenzyme A, as well as cytochromes. Plant hormones will also be
present to influence the growth pattern of a new plant.2? All of this is
stated as an explanation for the tremendous variety and complexity of
compounds that have been seen in green and roasted coffee beans.

A list of the main components of roasted coffee, in highly approxi-
mated proportions, is given in Table 1.

The two major species of coffee grown commercially are Coffea arabica
and Coffea canephora var. robusta. For ease of reference in the following
pages they are described as Arabica and Robusta, respectively. They are
mentioned separately because they do show differences in their chemical
composition. For example, Robusta contains approximately twice as much
caffeine as Arabica.

This chapter is essentially a list of the chemical components of coffee
beans and beverages.

Compounds are discussed in terms of their structure. For example,
fatty acids are discussed as aliphatic compounds, even though their pres-
ence is the result of carbohydrate breakdown.

Most of the lists that follow were based on those written by O. G.
Vitzthum,® with permission of the publisher, Springer-Verlag.

The compounds given off during the roasting of coffee are not neces-
sarily found in the finally roasted bean, and so only a few such compounds
are included. In a list of volatile components in foods which is regularly
brought up to date* more than 800 volatile compounds are listed for coffee
when it is roasted, and of these 60 to 80 contribute to coffee aroma.’
Comparison of the 14 most potent odorants from roasted Arabica and
Robusta coffees, revealed significant differences,’ (see Table 2).

I1. ALIPHATIC COMPOUNDS
A. Sources

The principal sources of aliphatic compounds in roasted coffee are
fragmented carbohydrates and proteins.
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TABLE 1
The Approximate Composition of Roasted Arabica Coffee?

Total  Water soluble

Components (%) (%)
Protein As amino acids 9 15
Carbohydrates  Polysaccharides:
Water insoluble 24 —
Water soluble 6 6
Sucrose 0.2 0.2
Glucose, fructose, 0.1 0.1
arabinose
Lipids Triglycerides 9.5 —
Terpenes: free, 2 Some
esters, glycosides
Volatile acids Formic acid 0.1 0.1
Acetic acid 0.2 0.2
Nonvolatile Lactic, pyruvic, 0.4 0.4
acids oxalic, tartaric,
citric acids
Chlorogenic acids 3.8 3.8
Alkaloids Caffeine 1.2 1.2
Trigonelline 0.4 0.4
Ash Minerals 4 35
Water — 25 25
Partially Volatile aroma 0.1 0.1
known compounds
Browning 35 75
compounds,
phenols, etc.
Total 100 275

Free aliphatic acids are generated during the thermal transformation
of complex carbohydrates. In a model system designed to be comparable
with green coffee beans, cellulose and arabinogalactan produced citric,
formic, acetic, oxalic, malonic, and succinic acids.” In green beans them-
selves, formic, acetic, and lactic acids have been seen to increase markedly
with light roasting and are the cause of a more acidic beverage, pH 5.1,
than is obtained from a deeply roasted coffee, which has lost these most
volatile acids. The pH of a deeply roasted coffee beverage rises to 5.9.8°
These free volatile fatty acids, formed during roasting, are easily lost
during the storage of roasted coffee, as is evidenced by a decrease in acid
value.’® The volatile fatty acids are found in a higher proportion in roasted
Robusta coffees than in roasted Arabicas? Free fatty acids also apparently
form during the storage of green coffee beans under tropical conditions.!!

The carboxylic acids formed in this way are themselves a source of
other aliphatic compounds, so that free carbon acids above C-10 are found
only in traces.® Citric acid yields itaconic acid and citraconic acid during
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TABLE 2
Potent Odorants From Roasted Arabica and Robusta Coffees®

Concentration in Concentration in
Compound Arabica coffee (mg/kg)  Robusta coffee (mg/kg)
2-Furfurylthiol 1.08 1.73
Methional 0.24 0.095
3-Mercapto-3-methylbutyl 0.13 0.115
formate
2-Ethyl-3,5-dimethylpyrazine 0.33 0.94
2,3-Diethyl-5-methylpyrazine 0.095 0.31
Guaiacol 4.2 28.2
4-Vinylguaiacol 64.8 177.7
4-Ethylguaiacol 1.63 18.1
Vanillin 4.8 16.1
(E)-b-damascenone 0.195 0.205
4-Hydroxy-2,5-dimethyl- 109 57
3(2H)-furanone
3-Hydroxy-4,5-dimethyl- 1.47 0.63
2(5H)-furanone
5-Ethyl-3-hydroxy-4-methyl- 0.16 0.085
2(5H)-furanone
5-Ethyl-4-hydroxy-2-methyl- 17.3 14.3

3(2H)-furanone

the roasting (see Figure 1).2 The decarboxylation of aliphatic acids pro-
duces a series of hydrocarbons when coffee is roasted.?

Other carbonyl compounds are also formed from carbohydrates.?
Glyoxal, methyl glyoxal, and diacetyl are among those identifed in ground
coffee.’? Browning reactions involving aldose sugars and amino com-
pounds can account for the production of such compounds as acetol
(CH,.CO.CH,OH) and diacetyl (CH;-CO-CO-CH,).*®

Model systems indicate that aldehydes may also be produced by the
action of polyphenoloxidases on amino acids in the presence of catechin,
all of which are present in coffee beans at some stage between green and
roasted. For example, valine yields isobutanal, leucine yields isopentanal,
and isoleucine yields 2-methyl-butanal.** Some of these aldehydes prob-
ably undergo condensation reactions in the acidic medium of the roasted
bean when moisture is present.!> Some dienals in green coffee beans have
recently been identified as (E,E)-2,4- and (E,Z)-2,4-nonadienal and (E,E)-
2,4- and (E,Z)-2,4-decadienal .

The aliphatic polyamines, putrescine, spermine, and spermidine, are
present in green coffee beans, but they are all decomposed during the
roasting process.’

Sulfur-containing amino acids, such as methionine and cystine, are
probably the precursors of the mercaptans, sulfides, and disulfides.? Di-
methyl sulfide yields dimethyl sulfoxide and its oxidized product dimethyl
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§—teod citraconic acid (cis)
CHCOOH mesaconic acid (trans)

FIGURE 1

Citric acid yields itaconic, citraconic, and mesaconic acids during coffee roasting.®

sulfone, both of which are probably present in green and roasted coffee
beans.'® Dimethyltrisulfide has also recently been recognized in coffee
beans.'® Freshly roasted coffee contains only trace amounts of alkyl di- and
trisulfides, but these concentrations are increased in processed or stale
coffee.?®

B. Aliphatic Aroma and Flavor Compounds

Several of the lower molecular weight aliphatic compounds, in a
mixture, are part of the roasted coffee aroma. A nine-compound mixture
with roasted coffee aroma contained isopentane, n-hexane, acetaldehyde,
dimethyl sulfide, propanal, isobutanal, isopentanal, methanol, and 2-
methylfuran.? In addition, the freshness of aroma and taste has been
correlated with 2-methylpropanal and diacetyl. When the concentration of
these falls off, so does the taste.?* Other aliphatic compounds that are
steadily lost from ground roasted coffee, unless it is vacuum packaged,
include methyl formate, methyl acetate, methyl thioacetate, and acetone.?
The concentrations in roast coffee for four compounds whose contribution
to the fresh flavor have long been known are dimethyl sulfide (4 ppm),
methyl formate (12 ppm), isobutanal (20 ppm), and diacetyl (40 ppm). The
taste thresholds are 0.1, 0.5, 0.5, and 1.0 ppm, respectively, in the brew
made with 5 g coffee per 100 ml water.s

A stale odor, on the other hand, is noticed when moisture and oxygen
are present. They probably cause condensation reactions among the alde-
hydes and the oxidation of dimethyl sulfide.!®

The most volatile aliphatic compounds are largely lost at some stage
of the roasting process. For example, acetaldehyde was among 12 volatile
compounds evolved after an 8-min roast of coffee beans at 220°C.2 Waste
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gases from a coffee-roasting factory contained methanol, acetone, and
acetic acid.?* Some moderately volatile aliphatic compounds present in
instant coffee are at a higher concentration than might have been expected.
They are produced during the percolation solubilization of carbohydrates
at temperatures around 172°C and are presumably strongly adsorbed in
the carbohydrate matrix. Such compounds include acetaldehyde, propanal,
acetone, and methylethyl ketone.s

There are some other mixtures that are predominantly aliphatic that
are associated with “stinker” beans. These contain extraordinarily in-
creased amounts of methanol, ethanol, acetone, acetic acid, 2-butanediol,
butanols, 2,3-pentanedione, 3-pentanone, and butane.?

A list of aliphatic compounds that have been recognized in green and
roasted coffees is given in Table 3.

1. ALICYCLIC COMPOUNDS

Preliminary roasting of coffee produces low molecular weight frag-
ments, which in turn form alicyclic carbonyl compounds via the aldol
condensation.® The cyclopentadiones probably arise from fructose specifi-
cally.®

Several alicyclic compounds identifiable in roasted coffee are terpenes
and these contribute presumably to the coffee oil. The kaurane and
furokaurane type diterpenes are discussed in Section VIII.D.

The characteristic earthy and harsh flavor and aroma of roasted Ro-
busta coffees is largely attributed to 2-methylisoborneol. Amounts found
in green Robusta coffee beans were 0.03 to 0.3 ppb, and this could be
completely removed by steam heating or roasting.?® There is approxi-
mately ten times as much 2-methylisoborneol in roasted Robusta coffee
beans than in similarly treated Arabica coffee.?”

The phytate content of coffee beans is 1.2 to 5.4 mg/g, and only a
portion of this is water extractable.?® ?° Inositol with six phosphate groups
(1P6) is decomposed to inositol with fewer phosphate groups, on roast-
ing.%® A list of alicyclic compounds found in coffee is given in Table 4.

IV. AROMATIC COMPOUNDS

A. Aromatic Hydrocarbons

Although the aromatic polycyclic hydrocarbons are usually associ-
ated with tar and soot formation, in a firing or roasting process, com-
pounds such as fluoranthrene and pyrene have also been found in green
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TABLE 3
Aliphatic Compounds Found in Green and Roasted Coffee?

Empirical
Compound formula Source?
Hydrocarbons
Methane CH, R
Ethane C,Hg G
n-Butane C,Hy, R
Isobutane C,Hy, G R
n-Pentane CsHy, G R
Isopentane CsH,, G R
Isohexane CeHyy G R
Isoheptane C/Hy G R
Octane CgHyg G R
Isooctane CgHyg G R
n-Nonane CgHy G R
Isononane CoHy G R
n-Decane CyoHy, R
Isodecane CoHy, G
Isoundecane CuH,, G
n-Tetradecane CuHgy R
n-Pentadecane CisHs, R
n-Heptacosane C,yHsg R
Nonacosane CuoHgo G
Ethylene C,H, G R
Butene C,Hg R
Pentene CsHyp R
Isopentene CsHyp R
Hexene CeHy, R
Isohexene CeHy, R
Octene CgHyg G R
Isooctene CgHy G R
Isononene CoHyg G
Isodecene CioHy G
Penta-1,4-diene CsH,
Isoprene CsHq R
Hexadiene CeHyo
Myrcene CioHie R
Squalene CyoHs G
Octyne CgHy R
Alcohols, ketoalcohols
Methanol CH,O R
Ethanol C,HO R
2-Propanol C;HO R
Isobutyl alcohol c,H,,O R
tert-Butyl alcohol C,H,,O R
I-Pentanol C;H,,0 R
Isoamyl alcohol CsH,,0 R
(3-methyl-1-butanol)
2-Methyl-2-butanol C;H,,0 R
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TABLE 3 (continued)
Aliphatic Compounds Found in Green and Roasted Coffee?

Empirical

Compound formula Source?
I-Hexanol CeH 1,0 R
2-Heptanol C,H,;O R
3-Octanol CgH ;O R
3-Methylbut-2-en-1-ol CsH,,O R
Oct-l-en-3-ol CgH ;O R
Linalool (3,7-dimethyl- C,Hy;sO R

octa-1,6-dien-3-ol)
Acetol (hydroxyacetone) C;H:0O, R
Acetoin (butan-2-ol-3-one) C,H;0, R
Butan-1-ol-2-one Cc,H;0, R
2-Hydroxy-pentan-3-one CsH 0, R
3-Hydroxy-pentan-2-one CsH,,0, R
Aldehydes

Formaldehyde CH,0 R
Acetaldehyde C,H,O G R
Propanal C;H,O R
Butanal C,H;O R
Isobutyl aldehyde Cc,HO G R
Pentanal CgH,,O G R
Isopently aldehyde CsH,,O R
2-Methylbutanal CsH,,O G R
2-Methylpentanal Cg¢H,,0 R
n-Hexanal C¢H 1,0 R
Acrolein (propenal) C,H,0 R
Butenal Cc,H,O R
2-Methylacrolein C,H:O R
Dimethylacrolein CsH O R
2-Methyl-3-ethylacrolein CgH,,O R
2-Methylbutenal CsH,O G R
trans-2-Nonenal CgH O R
Glyoxal*? C,H,0, R
Methylglyoxal?? C,H,0O, R
Dimethylacetal Cc,H,,0, R
Ketones, diketones
Acetone C,;HO G R
I-Methyl-isobutan-2-one CgH,,O R
Methylethylketone C,H;O G R
Pentan-2-one CsH O R
Pentan-3-one CsH,,O R
Hexan-3-one C¢H 1,0 R
Heptan-2-one C,H.,0 R
Octan-2-one CgH O R
Octan-3-one CgH O R
Nonan-2-one CgH g0 R
Decan-2-one CyH, 0 R
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TABLE 3 (continued)
Aliphatic Compounds Found in Green and Roasted Coffee?

Empirical
Compound formula Source?
Undecan-2-one C,;H,,0 R
Tridecan-2-one CisHxO R
6,10,14-Trimethyl- CigH30 R

pentadecan-2-one

6,10-Dimethyl-undecan-2-one CisHxO R
6-Methylhept-5-en-2-one C¢H,,0 R
Pent-3-en-2-one Cs;H;O R
trans-Pent-2-en-4-one CsH O R
Mesityl oxide CeH10 R
Methylvinyl ketone C,H:O R
O-Acetylacetol CsHgO; R
I-Acetoxybutan-2-one CsH100; R
I-Acetoxypentan-2-one C;H,04 R
2-Acetoxypentan-3-one C;H,0; R
O-Propionylacetol CsH140; R
Diacetyl C,HqO, G R
4-Methylpentan-2,3-dione Ce¢H1,O, R
Pentan-2,3-dione CsHgO, R
Pentan-2,4-dione CsHq0O, R
Hexan-2,3-dione CeH100, R
Hexan-2,5-dione CeH100; R
Hexan-3,4-dione CeH 1,0, R
Heptan-2,5-dione C;H;,0, R
Heptan-3,4-dione C;H,,0, R
Octan-2,3-dione CgH 1,0, R
5-Methylhexan-2,3-dione C,H;,0, R
5-Methylheptan-3,4-dione CgH .0, R
6-Methylheptan-3,4-dione CgH,,0, R

Carboxylic acids

Formic acid C H,0, R
Acetic acid C,H,0, R
Propionic acid C;H:0, R
Butyric acid C,HqO, R
Isobutyric acid C.HqO, R
Pentanoic acid CsH,,0, G R
Isopentanoic acid C:H,,0, R
Methylethylacetic acid CsH,,0, R
Caproic acid CeH,,0, R
Heptanoic acid C;H,,0, R
Octanoic acid CgH160; R
Pelargonic acid CoH;50, R
Decanoic acid CiHz0, R
Palmitic acid C1Hz 0, R
C12:0-C2:20%% R
a-Methylcrotonic acid CsH;0, R
Dimethylacrylic acid CsHgO, R
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TABLE 3 (continued)
Aliphatic Compounds Found in Green and Roasted Coffee?

Empirical
Compound formula Source?
Oxalic acid C,H,0, R
Itaconic acid C;HO, R
Citraconic acid CsHgO, R
Mesaconic acid CsHO, R
Citric acid Ce¢H;O, R
Malonic acid C;H,0, R
Pyruvic acid C,H,0, R
Lactic acid C;H:O, R
Succinic acid C,HgO, R
Glutaric acid CsH,0, R
Tartaric acid C,H:O; R
Malic acid C,H:Os R
Fumaric acid C,H,0, R
Maleic acid c,H,0, R
trans-Crotonic acid Cc,H:0O, R
cis-Crotonic acid C,H0, R
Methacrylic Cc,H:0O, R
Tiglic acid CsH;0, R
Glycolic acid C,H,0, R
Levulinic acid C;H O, R
Esters, ethers
Methyl formate C,H,0O, G R
Ethylformate C;H(O, R
Isopropyl formate C,H;0, R
Methyl acetate C;H(0O, G R
Ethyl acetate C,Hg0, G R
n-Butyl acetate C¢H 1,0, G R
Isoamyl acetate C.H,,0, R
Isopentenyl acetate C,H,0, R
Hexyl acetate CgH:O, G
Propionyl acetate c,H,0, G R
Propyl propionate CgH 1,0, G
Methyl butyrate CsH 0, G R
Ethyl butyrate CgH,,0, G
Methyl isopentanoate CeH 1,0, R
Ethyl pentanoate C,H,,0, G
Methyl caproate C.H,,0, G R
Methyl palmitate Cy;H3,0, R
Nitrogen compounds
Methylamine C H;N R
Trimethylamine C,HgN R
Acrylonitrile C;H;N R
3-Butenenitrile C,HsN R
n-Butyraldoxime C,H,NO R
Putrescine'’ C,H;;N, G
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TABLE 3 (continued)
Aliphatic Compounds Found in Green and Roasted Coffee?

Empirical
Compound formula Source?
Spermine?’ CoHusN, G
Spermidine?’ C,H;gN; G
Sulfur compounds
Methyl mercaptan CH,S R
Ethyl merceptan (tentative) C,HS R
Propyl mercaptan C,sH,gS R
Carbon disulfide Cs, G R
Dimethylsulfide C,HS G R
Methylethyl sulfide C,iH,gS R
Dimethyl disulfide C,H.S, R
Methylethyl disulfide C3HgS, R
Diethyl disulfide C,H oS, R
Dimethyl trisulfide'® C,HS, R
Methylethyl trisulfide?®® C3HgS; R
Dimethyl sulfoxide, tentative'® C,H,0S R
Dimethyl sulfone, tentative'® C,H0,S R
1-Methylthiobutan-2-one CsH,,0S R

3G, in green coffee; R, in roasted coffee.
TABLE 4
Alicyclic Compounds Found in Green and Roasted Coffee?

Empirical
Compound formula Source?
1,2-Dihydrotoluene CiHyo R
Limonene CioHi R
3-Isopropenyl-1-methylcyclohexene CoHss R
a-Terpineol CiH10 R
Cyclopentanone C;HO R
3-Methylcyclopentanone’ CeH,,O R
2-Cyclopenten-1-one C;HO R
2-Methyl-2-cyclopenten-1-one C¢HO R
2,3-Dimethyl-2-cyclopenten-1-one C;H,,O0 R
2-Ethyl-2-cyclopenten-1-one C;H,,0 R
2,3,5-Trimethyl-2-cyclopenten-1-one CgH,,0 R
2-Hydroxy-3-methyl-2-cyclopenten-1-one  C4H;O, R
Cyclohexylmethylketone™ CgH 1,0 R
2-Cyclohexen-1-one CeHgO R
2-Methyl-2-cyclohexen-1-one C;H,,0 R
Cyclopentan-1,2-dione CsHO; R
3,4-Dimethylcyclopentan-1,2-dione C,H,,0, R
3,5-Dimethylcyclopentan-1,2-dione C,H,,0, R
3-Methylcyclopentan-1,2-dione C¢H;0, R
3-Ethylcyclopentan-1,2-dione C,H,,0, R
3-Methylcyclohexan-1,2-dione C;H 0, R

aG, in green coffee; R, in roasted coffee.
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coffee.® Amounts present in coffees will be highly dependent on roasting
conditions (see Chapter 5). Some quantities given in the literature follow.
Benzo-(a)-pyrene has been seen at the 1-4 ng/Kg level in roasted ground
coffee, and below 1 ng/Kg in soluble coffee.® When Arabica coffee is
carefully kept free from soot and silverskin, and the hot gases are released
from the roasting system, the benzo-(a)-pyrene levels are 1 ng/Kg. If the
hot gases are recycled, the value rises to about 3 ng/Kg, but if the soot and
silverskin have accumulated with the coffee, the value rises sharply to 350
ng/Kg for benzo-(a)-pyrene.®> However, in an Italian study, benzo(a)-
pyrene that was present in green coffee was not seen after roasting.® But
then, the darkest roasts such as Italian are not usually carried out in a
system where hot gases are recycled.'®

The most abundant polycyclic hydrocarbon, 2,3-benzofluorene was
seen at the 22 mg/Kg level in green coffee and was decreased to 12 ng/Kg
in an Italian roasting process.%

Coffee beans have been found to contain small amounts of styrene
(1.57 to 7.85 ng/g), which could not be attributed to contact with plastic.3*

B. Phenols

A high proportion of the aromatic compounds in coffee beans are
phenolic and presumably they are derived from the lignin and tannin of
the cell structure.2 Hydroquinone is present in coffee beverages, 0.3 ppm,
either in the free form or as its b-D-glucopyranoside, arbutin.

The extraction of the flavanols (catechol and 4-ethylcatechol), from
steam-treated green coffee beans® (Figure 2), can be correlated with the
presence of the so-called condensed tannins.®’

Trihydroxybenzene carboxylic acid esters with a sugar are character-
istic of “hydrolyzable tannins”.?” These, too, may be present in coffee

OH
OH
HO -
R=H, catechol (flavan-3-ol)
HO R R=C,Hs;, 4-ethylcatechol
FIGURE 2

Some flavanols obtained from steam-treated green coffee beans.%
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pyrogallol 1, 2, 4-trinydroxybenzene

OH

FIGURE 3
Some trihydroxybenzenes obtained from roasted coffee beans.®

beans, as evidenced by the presence of pyrogallol® and 1,2,4-
trinydroxybenzene® (Figure 3), in roasted coffee beans.® However, the
source of trihydroxybenzenes from coffee is much more likely to be quinic
acid.® For this reason, coffee is not usually described as tannin-containing.
Nevertheless, the tannin contents of green and roasted coffee beans, in
terms of a protein precipitation method, have been determined: green
coffee beans contained 6.6 mg/g and roasted coffee beans contained 18
mg/g tannic acid equivalents.®

In coffee there is a series of phenolic compounds that is characteristi-
cally present, which are derived from caffeic and ferulic acids. These acids
are present as esters of quinic acid, and are known as chlorogenic and
feruloylquinic acids, respectively (Figure 4). The pattern of the chloro-
genic acids in green and roasted coffees can be used to distinguish be-
tween them.*! The inclusion of immature green coffee berries has a nega-
tive effect on flavor in the final beverage. So, it is interesting to recognize
that immature green coffee berries of Caffea arabica cv Catuai vermelho have
a higher ratio of monocaffeoylquinic acid: dicaffeoylquinic acid.*? Free
quinic acid is used as a taste-improving agent in beverages, and it can be
obtained in quantity from coffee beans.*®

Chlorogenic acids are well recognized as antioxidants, which are in
some circumstances more powerful than a-tocopherol or ascorbic acid,*
and have value as free radical scavengers in vivo.* A water soluble anti-
oxidant mixture containing caffeic and chlorogenic acid has been devel-
oped for use as an alternative to synthetic antioxidants.* Coffee imported
from different countries had superoxide anion scavanging activity values
ranging from 470 to 1360 superoxide dismutase units/mL of coffee ex-
tract, and is correlated to metal ion content.#” Instant coffee has been
shown to be a pro-oxidant with respect to ascorbic acid, as well as a
superoxide radical scavenger.® At least part of the antibacterial nature of
coffee has been attributed to the 5-caffeoyl quinic acid content of roasted
coffee,*® whereas in coffee residue, 3',4’-dihydroxy-acetophenone was rec-
ognized as an antimicrobial.>°

Amounts of chlorogenic acids found in roasted coffee are given in
Table 5.
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= = OH
CH=CHCOOH H=CHCO HO\\ COOH

H
- % o~ » OH
OH oH HO H
caffeic acid ferulic acid quinic acid
HOOC ——
/ QO0CC=CH \ / OH
@ OR
OH OH

R=H, chlorogenic acid (3'-caffeoylquinic acid)
R=CH3, feruloylquinic acid

FIGURE 4
Some phenolic compounds found in coffee beans.®

TABLE 5

Amounts of Chlorogenic Acids Found in Roasted Coffee?
Chlorogenic acids in roasted coffee Amount (%)
3-caffeoylquinic acid (chlorogenic acid) 2.0
4-caffeoylquinic acid (cryptochlorogenic acid) 0.2
5-caffeoylquinic acid (neochlorogenic acid) 1.0
3,4-dicaffeoylquinic acid (isochlorogenic acid a) 0.01
3,5-dicaffeoylquinic acid (isochlorogenic acid b) 0.09
4,5-dicaffeoylquinic acid (isochlorogenic acid c) 0.01

More recently, a series of 11 chlorogenic acids has been recognized in
green Robusta coffee beans.

The treatment and environment of green coffee beans affects the
concentrations of both caffeoyl- and feruloyl-quinic acids,? and several
decomposition products have been recognized. Some of these products, in
this case from steam-treated green coffee beans, are given in Figure 5.5

Soaking the green coffee beans in water for 48 h results in a 40% loss
of chlorogenic acid, even though the beans swell very little. The bean
weight gain is only 5.5%.%* Infestation of coffee beans by the coffee borer
can lead to increased concentrations of chlorogenic acid.%® On the other
hand, g-radiation treatment does not seem to change either the chlorogenic
acid or caffeic-acid concentration.%
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CH=CH, CH=CH,

OH OCH3
OH OH
3, 4-dihydroxystyrene 3-methoxy-4-hydroxystyrene
CHO COOH
OH OH
OH OH
3, 4-dihydroxybenzaldehyde 3, 4-dihydroxybenzoic acid

FIGURE 5
Examples of compounds obtained from coffee during steam treatment.

Roasting causes a decrease in chlorogenic acid from 7 to 4.3%.5 This
is accompanied by an initial increase in quinic acid. In deeply roasted
coffee the quinic acid is, however, decreased. This suggests that inherent
sugars may be reacting with the chlorogenic acid to release quinic acid.®
The quinic acid content in increasingly roasted coffee beans is given in
Table 6.8

In addition to the changing amounts of quinic acid present as roasting
proceeds, the quinic acid isomer concentrations change and the degree of
isomerization can be correlated with roasting degree regardless of the
coffee’s origin.®°

Chlorogenic acid loss is also correlated with its incorporation in brown-
ing products.® During roasting, the diphenols, 4-ethylpyrocatechol and
pyrocatechol are formed from the caffeic acid moiety and the quinic acid
moiety yields phenol and benzoic acid as well as all the di- and
trinydroxybenzenes.®

Chlorogenic acid lactones are produced in roasted coffee and range
from 1.5 to 3.5 g/kg in commercial roasted coffee samples. Two lactones
that have been identified in roasted coffee are 3-caffeoyl- and 4-caffeoyl-
quinic acid-g-lactone.®

Perhaps eugenol (Figure 6), seen in roasted coffee, is from another
series similar to tannins.®
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TABLE 6 Polyphenoloxidase activity also deter-

The Quinic Acid Content of mines the distribution of phenolic com-
Increasingly Roasted Coffee pounds in coffee beans. “Condensed
Beans® tannins” are believed to be produced via
Roast style in qguinones by free radical mechanisms, in a
order of polyphenoloxidase-catalyzed oxidation of
increasing roast  Quinic acid (%) catechol.5* Certainly quinone production
Green beans 1.3 has been correlated with high
Medium roast 14 polyphenoloxidase activity.® This
French roast 35 polyphenoloxidase activity decreases
Ice roast 2.0

quickly during coffee bean storage unless
they are canned or in a plastic bag.t® There
is an order of magnitude increase in this
enzyme when coffee beans germinate.®* Bean color is associated with
enzyme activity in general 85 although there is not total agreement.® It has
been found that polyphenoloxidase activity decreased in the same way as
a taste classification by experts.52 67 A high polyphenoloxidase coffee ex-
tract can even be added to a poor-tasting coffee extract to give a total
resultant taste improvement.5®
There is also another group of polyphenolic compounds, thus far only
known through their biological activity as thrombogenic haptens.®
Opiate receptor binding activity has been recognized in coffee. It is
ether extractable and not modifiable by enzymic digestion with papain; it
has a molecular weight in the range of 1,000 to 3,500.7
Robusta coffee has a somewhat higher phenolic content than Arabica
(see Table 7). The feruloylquinic and dicaffeoylquinic acid content in
Robusta is higher than in Arabica coffee beans.’™ 7
Bearing in mind that most Robusta coffees are prepared by the dry
method and most Arabicas by the wet method, it is interesting to read the
following: Tannin formation in coffee bean pulp begins soon after pulp
removal from the beans. When this pulp is sun-dried, glycosides are
hydrolyzed with the liberation of phenolic groups otherwise bound in
esters and ethers.” It can be speculated that at least part of the high
phenolic concentration in Robusta beans might come from the pulp as the
beans dry out, and recent studies have shown this to be the case.™
Crossing the boundaries of phenolic
compounds and amino acids in coffee,
caffeoyl tryptophan, and p-coumaryl-(L)-
CH,CH=CH, tryptophan have both been identified re-
cently in green Robusta coffee beans.5? A

Italian roast 1.7

eugenol

OCH3
FIGURE 6

OH Eugenol.
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TABLE 7

The Concentration of Some Phenolic
Components in Roasted Coffee

Arabica Robusta

Compound (ppm) (ppm)
Pyrocatechol 80 120
4-Methylpyrocatechol 16 13
Hydroquinone 40 30
4-Ethylpyrocatechol 37 80
4-Vinylpyrocatechol 25 25
Vanillin 3 3
Pyrogallol 45 55
3,4-Dihydroxybenzaldehyde 20 9
1,2,4-Trihydroxybenzene 20 13
3,4-Dihydroxycinnamaldehyde 10 12

similar type of compound caffeoyl-tyrosine seems to be unique to Robusta
coffees produced in Angola.”™

A list of aromatic compounds that have been found in coffee is given
in Table 8.

V. HETEROCYCLIC COMPOUNDS

Almost all the heterocyclic compounds listed are volatile and have
been recognized as present in roasted coffee or its aroma, suggesting that
almost all are thermal transformation products rather than compounds
present in the green coffee bean.

A. Oxygen Heterocyclics

The furans are mostly 2- and 2,5-substituted and are formed from the
sugars that are largely destroyed during roasting.® Glucose heated alone
yields over 20 furans, of which at least 9 have been seen in roasted coffee.?
The vinylmethylfurans and alkenylfurans included in Table 11, have been
reported in heat-processed foods.” Possible sources of furans specific to
coffee are kahweol, a furokaurene, and similar compounds that contain
the furan moeity.? The fresh taste quality of roasted coffee can be esti-
mated from the concentration of 2-methylfuran.? Furfural, with its haylike
odor, is characteristic of instant coffees and is probably formed along with
furan when carbohydrates are subjected to 172°C water to produce the
coffee extract.’® In roasted coffee, arabinogalactan has been recognized as
the precursor of furfural.”” On the other hand, a furfuryl alcohol-contain-
ing fraction obtained from roasted coffee has been regarded as an unde-

©1998 CRC Press LLC



TABLE 8

Aromatic Compounds Found in Green and Roasted
Coffee?

Empirical
Compound formula Source?

Hydrocarbons, polycyclic hydrocarbons

Benzene CeH¢ G R
Toluene C/Hs G R
Ethylbenzene CgHyp G R
Xylene CgHyp G R
1,2,4-Trimethylbenzene CeHy, R
p-Cymene CyoHuy R
1,2,4,5-Tetramethylbenzene CioHy R
Styrene CgHs R
p-Isopropenyltoluene CpoHyp, R
Naphthalene CyoHs R
I-Methylnaphthalene CyHy R
2-Methylnaphthalene CuHyp R
Dimethylnaphthalene Cy,Hy, R
2-Ethylnaphthalene Cp,Hy, R
Trimethylnaphthalene CisHu R
Tetramethylnaphthalene CyHyg R
Diphenyl CpHyo R
3-Methyldiphenyl CysHp, R
Indene CoHg R
Fluorene CisHyo R
Anthanthracene CoHy, R
Benzanthracene CieHrz R
3,4-Benzfluoranthene CyHy, R
11,12-Benzfluoranthene CyHy, R
1,12-Benzperylene CpHy, G R
Benzo-(a)-pyrene CyHy, G R
Benzo-(e)-pyrene CaoHi R
Coronene CaHy R
Chrysene CiHy, R
1,2,5,6-Dibenzanthracene CHy, R
Fluoranthene CisH1o G R
Indenopyrene CasHyy R
Perylene CaHy, R
Phenanthrene® CuHyo G R
Pyrene CisHio G R
2,3-benzofluorene® CiHyp G R
Phenols

Phenol CsHO G R
m-Cresol C;HgO R
0-Cresol C,HgO R
p-Cresol C;HO R
2,3-Dimethylphenol CgH,,0 R
2, 5-Dimethylphenol CgH 1O R
2, 6-Dimethylphenol CgH,,0 R
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TABLE 8 (continued)
Aromatic Compounds Found in Green and Roasted

Coffee?
Empirical

Compound formula Source?
3,4-Dimethylphenol CgHO R
2-Ethylphenol CgH1,0 R
4-Ethylphenol CgH,,0 R
2,3,5-Trimethylphenol C¢H ;0 R
4-Vinylphenol CeHgO G
Catechin® C1sH1,06 G
4-Ethylcatechin? CyHig0s G
I-Ethyl-3,4-dihydroxybenzene® Cg,H,,0, R
2,3-Dihydroxytoluenes® C.,H;0, R
1,2,4-Trihydroxybenzene3? 3¢ CeH:O; R
Pyrocatechol CeH:0, R
4-Methylpyrocatechol® C,Hg0, R
3-Methylpyrocatechol® C;Hg0, R
4-Ethylpyrocatechol® CgH,00, R
4-Vinylpyrocatechol CgHsO, R
Resorcinol CeHeO, R
Hydroquinone CeH:0, R
Pyrogallol CsHeO, R
2,3-Dihydroxyacetophenone CgH O, R
3,4-Dihydroxystyrene® CgHgO, G
Alcohols, aldehydes, ketones
Benzyl alcohol C;HO G
b-Phenylethyl alcohol CgH 4,0 G
Benzaldehyde C;HsO G R
3,4-Dimethoxybenzaldehyde CyH 404 G
o-Toluylaldehyde CgH,O R
m-Toluylaldehyde (tentative) CgH O R
Phenylacetaldehyde CgH O G R
Salicylaldehyde C;HgO, R
3,4-Dihydroxybenzaldehyde?* 3 C,H,O, G
o-Hydroxyacetophenone CgHgO, R
| -Phenylpropan- 1,2-dione CyH 0, R
Propiophenone CoH1,0 R
5-Methyl-2-hydroxy- CoHy,0, R

acetophenone
4-Hydroxy-2-methoxy- CyH,00; R

acetophenone
3,4-Dihydroxycinnamaldehyde® C,H O, R
Phenol-carboxylic acids
3, 4-Dihydroxybenzoic acid? C,H:O, G
2, 4-Dihydroxybenzoic acid? C;HeO, G
Caffeic acid CoHg0, GR
Chlorogenic acid CsH150, G R
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TABLE 8 (continued)
Aromatic Compounds Found in Green and Roasted

Coffee?

Empirical
Compound formula Source?
Ferulic acid CoH1O, G R
3-Feruloylquinic acid C,7H»04 G R
4-Feruloylquinic acid C7H» 04 G R
5-Feruloylquinic acid C7H»0Oq G R
Cryptochlorogenic acid CisH1504 G R
Isochlorogenic acid a CxH 04, G R
Isochlorogenic acid b CxsH,04, G R
Isochlorogenic acid ¢ CxH2 04, G R
Neochlorogenic acid CisH1504 G R
p-Coumaric acid C,H O, G R
3-p-Coumarylquinic acid CisH1504 G R
4-p-Coumarylquinic acid C.sH1504 G R
5-p-Coumarylquinic acid CsH1504 G R
3,4-Dimethoxycinnamic acid C,H,0, G
Esters, ethers
Guaiacol C,H;0O, R
2(4)-Methylphenetol C,H,,0 R
4-Ethylguaiacol C,H,,0, R
4-Vinylguaiacol CqgH 0, G R
Eugenol C,H1,0, R
Isoeugenol C,H,0, G
3,4-Dimethoxystyrene CyH1,0, R
Vanillin CgH O, G
Benzyl formate CgH;0O, R
Benzyl acetate C,H,,0, R
2-Ethylphenyl formate C,H,,0, R
Methyl benzoate CgH;0O, R
Methyl salicylate CgH O, G
4-Hydroxy-3-methoxystyrene®*  CyH,,0, G
Nitrogen compounds
Aniline CgH;N G
N-methylaniline C,H¢N G
N-ethylaniline CgH;; N G
o-Toluidine C,HgN G
o-Anisidine C,H/,NO G
m-Aminoacetophenone CgH,NO G
Methylanthranilate CgHyNO, G
Sulfur Compounds
Thioanisole C,HgS R
o-Hydroxythioanisole C,H,0S R

3G, in green coffee; R, in roasted coffee.
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sirable flavor component.”®  TABLE 9

Furfuryl glco_h_ol itself can, how-  The Concentration of Some Furan and
ever, be significantly decreased  Pyrone Components in Roasted Coffee®
in concentration during the

Arabica  Robusta

steam treatment of green cof-  compound (ppm) (ppm)
fee.* L . Furfuryl alcohol 300 520
The distribution of oxygen  ryran carboxylic acid 80 55
heterocyclic compounds differs  5-(Hydroxymethyl)- 35 10
in Robusta and Arabica roasted 2-furaldehyde
coffees; some concentration ~ Furaneol 50 25
values are given in Table 9.%° Ethylfuraneol 8 2
i Isomaltol 8 15
Roasted Robusta contains rela-  paltol 39 45
tively high proportions of  5-Hydroxymaltol 15 6
furfuryl alcohol and the cara-  5-Hydroxy-5,6- 13 10

mel flavored maltol (Figure 7) dihydromaltol

in comparison with roasted
Arabica.*®

Lactones and acid anhydrides are also seen in roasted coffee, presum-
ably secondarily to the production of the corresponding acid, which finds
enhanced stability as an anhydride or a lactone.

Scopoletin and dihydroactinidiolide (Figure 8) are found in green
coffee.?

B. Nitrogen and Sulfur Heterocyclics

Nitrogen and sulfur heterocyclics are formed during roasting when
sugars and furans react with amino acids (Figure 9). For example, model
systems containing sucrose in the presence of serine and heated to 225°C
yield mostly pyrazines, pyridines, quinoxalines, as well as furans. Alkyl
and alkenyl pyrazines and pyrroles are obtained when the serine is re-
placed by threonine.” Similarly, model systems of L-proline and L-hydrox-
yproline with sucrose gave a series of n-furyl pyrroles that have been
identified as a main constituent of coffee aroma.®° Some aroma contribut-
ing S-components in roasted coffee are formed from furfural, 5-
methylfurfural, cysteine, and methionine.®° Various schemes have been
described for the reactions be-
tween sugars and amino acids.
Among the best known is that
due to Hodges, with an Amadori
reaction as the first reaction be-
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w
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FIGURE 7 )
Maltol and isomaltol. maltol isomaltol
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FIGURE 8
Scopoletin and dihydroactinidiolide.

U Q Q

pyrrole pyridine pyrazine
quinoxaline oxazole thiazole
:s: jsj

thiophene dithiolane

FIGURE 9
Some nitrogen and sulfur heterocyclic systems produced in roasted coffee.

tween an aldose sugar and an amino compound.®* Pyrazine formation
can be accounted for by the scheme given in Figure 10,2 where a diketone
reacts initially with an amino compound. A scheme for oxazole formation
is given in Figure 11.3

Another source of pyrroles is probably the chlorophyll present in the
coffee beans.?®

Some of the more volatile heterocyclic compounds in ground roasted
coffee are substantially lost after 2 weeks; for example, thiophene-3-alde-
hyde is 80 to 90% lost in this time.?

Kahweofuran is an unusual heterocyclic found particularly in coffee
(see Figure 12).3
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A suggested scheme for pyrazine formation in roasted coffee.®
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acylated an oxazole
a-aminoketone

FIGURE 11
A suggested scheme for the formation of oxazoles from a-aminoketones.?

| l FIGURE 12
CH kahweofuran Kahweofuran.

Pyrrolidin-2-one is commonly found in coffee products in amounts in
the mg/kg range.®! This has importance if coffee products come into
contact with nitrites, because N-nitrosopyrrolidin-2-one is then produced,
which can explain observed methylating activity.?

Sulfur-containing compounds are significantly more concentrated in
Robusta coffees than in Arabicas. This difference can be used to recognize
Robusta in coffee blends with Arabica.®

C. Aroma and Flavor Heterocyclics

Various heterocyclic compounds contribute particular flavor and aroma
notes; some examples follow: Furfural is haylike,’> N-furyl pyrroles pos-
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TABLE10

Sulfur-Containing Furans in Arabica, Robusta, and Instant
Coffees, 10 Days After Roasting®®

Arabica Robusta Instant

Compound (ppb) (ppb) (ppb)
Furfurylmercaptan 1100 2000 3900
Furfurylmethyl sulfide 1100 2200 2800
Furfurylmethyl disulfide 120 650 600
(5-Methylfurfuryl)mercaptan 190 110 10
(5-Methylfurfuryl)methyl sulfide 90 60 40
(5-Methylfurfuryl)methyl disulfide 30 20 15
Furfurylethyl sulfide + 10 -
Difurfuryl sulfide 60 130 -
2-Methyl-3-(methylthio)furan + 25 -
2-Methyl-3-(methyldithio)furan + 10 -
Kahweofuran 1160 850 600

sess green notes,® the odor of pyrazines is that of roasted nuts and that of
pyridines is burnt or tarry.® The concentrations of several heterocyclic
compounds with sulfur group substituents, 10 d after roasting, are given
in Table 10.1°

Sulfur compounds such as furfuryl mercaptans have a rotten odor but
in small amounts are coffee-like.*> Furfuryl mercaptan itself has an odor
threshold of 0.005 ppb in water but at 10 ppb in water it imparts a
distinctly stale odor.'® The particular precursors of furfuryl mercaptan
seem to be the coffee cell wall material which contains both arabinogalactan
as a pentose sugar source and protein such as glutathione.® Other sulfur
compounds such as kahweofuran and methyldithiofurans impart a meaty
odor if their concentrations are high enough.®

Pyridine is formed from trigonelline during roasting.® It is presumed
to contribute to the flavor, especially in the darker coffee roasts.®

A list of heterocyclic compounds found in coffee is given in Table 11.

V1. PROTEINS, AMINO ACIDS AND NUCLEIC ACIDS

The protein content of green and roasted coffee beans as a percentage
of the whole bean, in each case, is of the same order of magnitude.
However, a roasted coffee will have sustained a 14 to 20% weight loss.®
Roasted coffee contains about 10% protein when estimated in terms of the
amino acids released on hydrolysis.? Protein nitrogen is lost and redistrib-
uted during roasting, when the proteins react with the carbohydrates in
browning reactions, and heterocyclic compounds are produced.

The proportions of the amino acids obtained by hydrolysis in green
and roasted coffee beans differs (see Table 12).3 Arginine, cystine, histi-
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TABLE 11
Heterocyclic Compounds Found in Green and Roasted Coffee?

Empirical

Compound formula Source?
Oxygen compounds

Furan Cc,H,0 G R
2-Methylfuran CsHO G R
3-Methylfuran CsHO R
2,5-Dimethylfuran C¢H;O R
2,3,5-Trimethylfuran™ C,H,,O R
2-Ethylfuran C¢H O R
2-Methyl-5-isopropylfuran CgH,,0 R
2-Propylfuran C,H,,O R
2-lsopropylfuran C,H,,O0 R
2-Butylfuran CgH,,0 R
2-Amylfuran CqH,,O G R
2-Vinylfuran C¢HO R
2-Vinyl-3-methylfuran C,H,O R
2-Vinyl-4-methylfuran C,HO R
2-Vinyl-5-methylfuran™ C,H,O R
2-Propenylfuran C,HO R
2-Vinyl-3,5-dimethylfuran’ CgH,,O R
2-Vinyl-4,5-dimethylfuran CgH,,O R
2-Methyl-5-n-propenylfuran’® CgH,,O R
2-lsobutenylfuran™ CgH,,O R
2-Acetylfuran CeH¢O, G R
2-Propionylfuran C,H{0, R
2-Furancarboxylic acid Cs;H,O, R
5-Methylfurfural C¢H¢O, G R
5-Methyl-2-acetylfuran C,H{0, R
5-Methyl-2-propionylfuran CgH 4,0, R
2-Butyrylfuran CgH 0, R
1-(2'-Furyl)-propan-2-one C,Hg0, R
1-(2'-Furyl)-butan-2-one CgH 0, R
1-(2'-Furyl)-butan-3-one CgH 0, R
Benzofuran (cumaron) CgHO R
2-Methylbenzofuran CgHgO R
3-Phenylfuran C,H:O R
Furfuryl alcohol C;H.0O, G R
5-Methylfurfurylalcohol™ Ce¢H; 0, R
5-Methyl-2-methylfuryl sulfide CeH0S R
Furfurylmethylether C¢H;0, R
Furfuryl formate CgHO4 R
Furfurylacetate C,H 0O, G R
Furfuryl propionate CgH ;04 R
Furfuryl butyrate CoH 4,0, R
Furfuryl isobutyrate CoH,0, R
Furfuryl isovalerate C,oH1404 R
Furfuryl 2-methylbutyrate CyoH1, 05 R
Furfurylcrotonate CoH 1O, R
Furfuryl b,b’-dimethylacrylate C,oH,04 R
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TABLE 11 (continued)
Heterocyclic Compounds Found in Green and Roasted Coffee?

Empirical

Compound formula Source?
Difurfurylether C1oH1,0; R
5-Methyldifurfurylether CyH3,0, R
Furfurylmercaptan CsHO S R
Furfurylmethyl sulfide CeHg0,S R
Furfurylthioacetate C,Hy0S R
Difurfuryl sulfide CyoH;00,8 R
Furfural CsH,0, G R
1-(5'-Methyl-2'-furyl)-propan-2-one CgH 0, R
1-(5'-Methyl-2'-furyl)-butan-2-one CoH 1,0, R
1-(5'-Methyl-2'-furyl)-butan-3-one CyH,0, R
3-(2'-Furyl)-propenal C;H0, R
1 -(2'-Furyl)-propan-1,2-dione C;H:0; R
1-(2'-Furyl)-butan-1,2-dione CgHO5 R
1-(5'-Methyl-2'-furyl)- CgH50; R

propan-1,2-dione
1-(5'-Methyl-2'-furyl)- CoHy005 R

butan-1,2-dione
Methyl furoate™ CeHsOs R
Ethyl furoate™ C,/HqO; R
Methyl thiofuroate CeHO,S R
5-Methyl-2-furonitrile C¢HsNO R
2,2'-Difuryl CgHO, R
2,2'-Difurylmethane C¢H;O, R
5-Methyl-2,2'-difurylmethane C,H 0, R
bis-(5-Methyl-2-furyl)-methane C,H,0, R
4-(2'-Furyl)-but-2-en-2-one CgHg0, R
2-Furfuryloxyacetone C,Hq0; R
2-1sobutyrylfuran CgH,00; R
3-(2'-Furyl)-propanal (tentative) C;HgO, R
Hydroxymethylfurfural CeH4O; R
Tetrahydrofuran C,HgO R
2-Methyltetrahydrofuran C;H,,O R
2-Acetyltetrahydrofuran CsH 1,0, R
2-lsopropenyl-5-vinyl-5- CyoH;O R

methyl-tetrahydrofuran
2-(2'-Hydroxy-2'-propyl)-5- C,H50, R

vinyl-5-methyl-tetrahydro-

furan (cis-linalool oxide)
trans-Linalool oxide CyH350, R
2,3-Dihydrobenzofuran CgH,O R
2-Methyltetrahydrofuran-3-one CsH;0, R
2,4,5-Trimethyl-2H-furan-3-one C,H,0, R
2,5-Dimethyl-2H-furan-3-one CeHg0, R
Furaneol (2,5-dimethyl-4- CeH4O3 R

hydroxy-3(2H)-furanone)®
Ethylfuraneol® CeH4O; R
g-Butyrolactone C,HeO,
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TABLE 11 (continued)
Heterocyclic Compounds Found in Green and Roasted Coffee?

Empirical

Compound formula Source?
g-Valerolactone C:Hg0O, R
a-Methyl-g-butyrolactone Cs;H;0, R
Crotonolactone c,H,0, R
2,3-Dimethylbut-2-en-1,4-lactone Ce¢H;0, R
3,4-Dimethylbut-2-en-1,4-lactone Ce¢H; 0, R
2,3,4-Trimethylbut-2-en-1 ,4-lactone  C,H,,0O, R
6-Methoxy-7-hydroxycoumarin C,HgO, G

(scopoletin)
Dihydroactinidiolide C,H0, G
5-Methyl-2-furfurylmethyl sulfide C,H,,OS R
Methylmaleic anhydride CsH,O, R
Dimethylmaleic anhydride C¢H:O, R
2-Ethyl-3-methylmaleic anhydride C,HgO, R
Maltol (2-methyl-3-hydroxy- CeHO4 R

g-pyrone)
Isomaltol®® C6H503 R
5-Hydroxymaltol®® C¢HgO, R
5-Hydroxy-5,6-dihydromaltol®® C¢H4O, R
Nitrogen compounds
Pyrrole C,H:N R
N-methylpyrrole CsH;N G R
2-Methylpyrrole CsH;N R
N,2-dimethylpyrrole CgHoN R
2,4-Dimethylpyrrole CgHN R
2-Ethylpyrrole™ CeHgN R
N-ethylpyrrole CeHgN R
N-n-butylpyrrole CgHisN R
2-Isobutylpyrrole CgH;zN R
2,4-Dimethyl-3-ethylpyrrole CgH ;3N R
N-n-pentylpyrrole CoHy;sN R
N-isopentylpyrrole CoH 5N R
2-n-Pentylpyrrole CoHisN R
N-(2-methylbutyl)-pyrrole CyH;sN R
N-acetylpyrrole C¢H;NO R
2-Acetylpyrrole CsH,NO G R
2-Propionylpyrrole™ C,H,NO R
2-Pyrrole aldehyde CsH:;NO R
N-methylpyrrole-2-al CsH-NO R
5-Methylpyrrole-2-al CgH,NO R
N-methyl-2-acetylpyrrole C,H{NO R
N-ethyl-2-acetylpyrrole CgH,;NO R
N-ethylpyrrole-2-al C,H,NO R
N,5-dimethylpyrrole-2-al C,H{NO R
N-isopentylpyrrole-2-al C,HisNO R
N-(2-methylbutyl)-pyrrole-2-al CyHisNO R
1-(2'-Pyrryl)-butan-1,2-dione CgH4N O, R
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TABLE 11 (continued)
Heterocyclic Compounds Found in Green and Roasted Coffee?

Empirical
Compound formula Source?
N-methyl-(2'-pyrryl)-butan- CgH,NO, R
1,2-dione
N-furfurylpyrrole Cy,H{NO R
N-furfuryl-2-methylpyrrole’ C,,H;;NO R
N-propionylpyrrole C,HyNO R
N-acetyl-2-methylpyrrole C,H,NO R
2-Acetyl-5-methylpyrrole™ C,H,NO R
N-furfurylpyrrole-2-al C,HgNO, R
N-furfuryl-2-acetylpyrrole C,H;NO, R
N-(5'-methylfuryl)-pyrrole C,,H;;NO R
Indole CgH;N R
2-Methylindole CoH¢N R
3 Oxindole CgH,NO R
2-Methylindoline (tentative) CoHy; N G
Pyridine CsH:N G R
2-Methylpyridine (a-picoline) CgH;N G R
3-Methylpyridine (b-picoline) CgH;N R
3-Ethylpyridine C,H¢N G R
2-Acetylpyridine C,H,NO G R
3-Acetylpyridine C,H;NO G R
2-Acetyl-methylpyridine CgH,NO R
3-Phenylpyridine C,HgN R
Methylnicotinamide C,H;NO, R
2,6-Dimethylpyridine C,H¢N G
2-Ethylpyridine C,H¢N G
4-Vinylpyridine C;H;N G
Quinoline CoH;N G
3(4)-Methylquinoline CoHgN G R
3-Methylcarbostyril C,,HgNO R
(2-hydroxy-3-methylquinoline)
Pyrazine C,H,N, R
2-Methylpyrazine CsHgN, G R
2-Ethylpyrazine CsHgN, G R
2-Propylpyrazine C,H N, R
2,3-Dimethylpyrazine CgHgN, G R
2,5-Dimethylpyrazine CsHgN, G R
2,6-Dimethylpyrazine CgHgN, G R
2-Ethyl-3-methylpyrazine C,Hy N, R
2-Ethyl-5-methylpyrazine C,H N, G R
2-Ethyl-6-methylpyrazine C,HN, G R
2,5-Diethylpyrazine CgH;;N, R
2,6-Diethylpyrazine CgH N, R
2-Methyl-6-n-propylpyrazine CgH;N, R
2-Methyl-5-n-propylpyrazine CgH,N, R
2-Methyl-5-isopropylpyrazine CgH N, R
2-lsobutyl-3-methylpyrazine CgH 44N, R
2,3,5-Trimethylpyrazine C,Hy N, G R
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TABLE 11 (continued)
Heterocyclic Compounds Found in Green and Roasted Coffee?

Empirical
Compound formula Source?
2,3-Dimethyl-5-ethylpyrazine CgH N, R
2,6-Dimethyl-3-ethylpyrazine CgH;N, R
2-Ethyl-3,5-dimethylpyrazine CgH;;N, G R
3-Ethyl-2,5-dimethylpyrazine CgH N, G R
2,3-Diethyl-5-methylpyrazine CoH 44N, R
2,5-Diethyl-3-methylpyrazine CgHyN, R
2,6-Diethyl-3-methylpyrazine CoH N, R
2,5-Dimethyl-3-isobutylpyrazine CoHisN, R
Tetramethylpyrazine CgH;N, R
2-Ethyl-3,5,6-trimethylpyrazine CoH N, R
Diethyl-dimethylpyrazine CoHisN, R
2-Vinylpyrazine CgHgN, R
2-Methyl-5-vinylpyrazine C,HgN, R
2-Methyl-6-vinylpyrazine C,HgN, R
2-(trans-1-Propenyl)-pyrazine C,HgN, R
2-Methyl-6-(trans-1-propenyl)- CgHoN, R
pyrazine
2-Methyl-5-(trans-1-propenyl)- CgHy N, R
pyrazine
2-Ethyl-6-n-propylpyrazidine CoH;,N, R
2-Methoxy-3-methylpyrazine CgHN,O G
2-Methoxy-3-ethylpyrazine C,H,(N,O G
2-Methoxy-3-isopropylpyrazine CgH;,N,O G
2-Methoxy-3-isobutylpyrazine CoHyN,O G R
2-Acetylpyrazine CsH¢N,O R
2-Acetyl-3-methylpyrazine C,HgN,O R
2-Acetyl-5-methylpyrazine C,HgN,O R
2-Acetyl-6-methylpyrazine C,H¢N,O R
2-Acetyl-3,5-dimethylpyrazine CgH,N,O R
2-Acetyl-3,6-dimethylpyrazine CgHy,N,O R
2-Acetyl-5,6-dimethylpyrazine CgH (N,O R
2-(2'-Furyl)-pyrazine CgH¢N,0O R
2-(2'-Furyl)-3-methylpyrazine CoHgN,O R
2-(2'-Furyl)-5-methylpyrazine CoH¢N,O R
2-(2'-Furyl)-6-methylpyrazine C,HgN,O R
2-(2'-Furyl)-3,5-dimethylpyrazine CyHxN,O R
2-(2'-Furyl)-3,6-dimethylpyrazine C,oHoN,O R
2-(2'-Furyl)-5,6-dimethylpyrazine C,oHxN,O R
2-(2'-5'-Methylfuryl)-3- C,oHoN,O R
methylpyrazine
2-(2'-5'-Methylfuryl)-6- C,oHxN,O R
methylpyrazine
2-(2'-4'-Methylfuryl)-3- C,oHioN,O R
methylpyrazine
2-(2'-4'-Methylfuryl)-5- C,oHoN,O R
methylpyrazine
2-(2'-4'-Methylfuryl)-6- C,oHxN,O R

methylpyrazine
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TABLE 11 (continued)
Heterocyclic Compounds Found in Green and Roasted Coffee?

Empirical

Compound formula Source?

2-(2'-4',5'-Dimethylfuryl)- C,H;;N,O R
5(6)-methylpyrazine

6,7-Dihydro-5H- C,HgN, R
cyclopentapyrazine

5-Methyl-6,7-dihydro-5H- CgHyN, R
cyclopenta-pyrazine

2(3),5-Dimethyl-6,7-dihydro- CeH;;N, R
5H-cyclopentapyrazine

3(2),5-Dimethyl-6,7-dihydro- CoH,N, R
5H-cyclopentapyrazine

5,7-Dimethyl-6,7-dihydro- CoH;;N, R
5H-cyclo-pentapyrazine

2,3-Dimethyl-6,7-dihydro- CoHy;;N, R
5H-cyclo-pentapyrazine

2,5,7-Trimethyl-6,7-dihydro- C,oHuN, R
5H-cyclo-pentapyrazine

2,3,5-Trimethyl-6,7-dihydro- CoHuN, R
5H-cyclo-pentapyrazine

2-Ethyl-6,7-dihydro-5H- CoH 1N, R
cyclopenta-pyrazine

5-Ethyl-6,7-dihydro-5H- CoH;;N, R
cyclopenta-pyrazine

2-Methyl-3-ethyl-6,7- CoHuN, R
dihydro-5H-cyclopentapyrazine

2-Methyl-6,7-dihydro-5H- CgHyoN, R
cyclopenta-pyrazine

Quinoxaline CgHgN, R

5-Methylquinoxaline CyHgN, R

Methylquinoxaline CgHgN, R

Dimethylquinoxaline CioHypoN, R

2,3-Dimethylquinoxaline CoHioN, R

5,6,7,8-Tetrahydroquinoxaline CgH N, R

2-Methyl-5,6,7,8- CoH,N, R
tetrahydroquinoxaline

5-Methyl-5,6,7,8- CoHy;N, R
tetrahydroquinoxaline

2,3-Dimethyl-5,6,7,8- CiHuN, R
tetrahydro-quinoxaline

2-Ethy|-5,6,7,8' C10H14N2 R
tetrahydroquinoxaline

Sulfur compounds

Thiophene C,H,S R

2-Methylthiophene CsHS R

2-Methyl-4-ethylthiophene C,H,S R

2-n-Propylthiophene™ C,H,S

2-n-Butylthiophene™ CgH 1S R
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TABLE 11 (continued)
Heterocyclic Compounds Found in Green and Roasted Coffee?

Empirical
Compound formula Source?
3-Vinylthiophene CgHeS R
Thenyl alcohol C;H,0S R
(2-hydroxymethylthiophene)
2-Acetylthiophene CgHO S R
3-Acetylthiophene CsH,O S R
2-Thiophene aldehyde C;H,0S R
5-Methylthiophene-2-al CgHO S R
3-Methylthiophene-2-al™ CH,OS R
2-Propionylthiophene C,H,OS R
3-Methyl-2-acetylthiophene C,H,OS R
4-Methyl-2-acetylthiophene C,H,OS R
5-Methyl-2-acetylthiophene C,H,OS R
1-(2'-Thienyl)-propan-1,2-dione C,H0,S R
1-(2'-Thienyl-4(5)-methyl)- CgH 0,5 R
propan-1,2-dione
1-(3'-Thienyl)-propan-1,2-dione C,H0,S R
Methyl thenoate C¢H:O,S R
Thenyl acetate C,Hg0O,S R
Thenyl formate CgH:O,S R
Benzothiophene CgH,S R
Thienothiophene CeH.S, R
Kahweofuran C,H,OS R
Tetrahydrothiophene-2-one c,H,OS R
Tetrahydrothiophene-3-one C,HOS R
2-Methyltetrahydrothiophene-3-one  C;H O S R
2-Methyl-3-(methylthio)furan?® CzH;0S R
2-Methyl-3-(methyldithio)furant® CgHOS, R
2,5-Dimethyl-3-(methylthio)furan®® C,H,,0S R
2,5-Dimethyl-3-(methyldithio) C,H,,0S, R
furan®®
3,3'-Dimethyl-1,2-dithiolane®® CsHy,S, R
3,3'-Dimethyl-4-0x0-1,2-dithiolane®*® C;H,0S, R
Homokahweofuran (2,4-dimethyl- CgH,,0S R
3-oxa-8-thiobicyclo[3.3.0]-1,4-
octadiene), tentative?®
Furfurylmethyl trisulfide, CgHO S, R
tentative®®
Furfurylethyl sulfide®® C,H,,0S R
Difurfuryl disulfide'® CyoH3,0,S, R
(5-Methylfurfuryl)mercaptan®® CeHOS R
5-Methylfurfuryl methyl C,H,,0S, R
disulfide®®
Di-(5-methylfurfuryl)disulfide!® C,,H.,0,S, R
Nitrogen-sulfur compounds
Thiazole C;H;N S R
2-Methylthiazole C,H:N S R
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TABLE 11 (continued)
Heterocyclic Compounds Found in Green and Roasted Coffee?

Empirical

Compound formula Source?
4-Methylthiazole C,HsN S R
5-Methylthiazole C,HsNS R
2-Ethylthiazole (tentative) CsH;NS R
4-Ethylthiazole CsH/N S R
5-Ethylthiazole C;H,N S R
2-n-Propylthiazole CeHN S R
4-n-Butylthiazole C;H; NS R
2,4-Dimethylthiazole CsH;NS R
2,5-Dimethylthiazole CsH;N s R
4,5-Dimethylthiazole CsH;N S R
2-Methyl-4-ethylthiazole CeHgNS R
2-Methyl-5-ethylthiazole CsHgN S R
4-Methyl-5-ethylthiazole CeHgN S R
2-Ethyl-4-methylthiazole CeHN S R
4-Ethyl-5-methylthiazole CeHN S R
2,4-Diethylthiazole C,H;NS R
2,5-Diethylthiazole C;Hy;;NS R
2-n-Propyl-5-ethylthiazole CgH13NS R
2,4,5-Trimethylthiazole CsHgNS R
2,4-Dimethyl-5-ethylthiazole C/HyuNS R
2,5-Dimethyl-4-ethylthiazole C/HuN'S R
4,5-Dimethyl-2-ethylthiazole C/HuNS R
Benzothiazole C,H;N S R
2-Acetylthiazole CeHsN O S R
2-Acetyl-4-methylthiazole C¢H;N O S R
2-Propionyl-4-methylthiazole C.HNOS R
Nitrogen-oxygen compounds

2-Ethyloxazole (tentative) C;H,N O R
4-Ethyloxazole (tentative) C:H,N O R
5-Ethyloxazole (tentative) CsH;N O R
2(4)-n-Butyloxazole C/HuN O R
2,4-Dimethyloxazole CsH;N O R
2,5-Dimethyloxazole CsH;N O R
4,5-Dimethyloxazole CsH,N O R
2-Ethyl-5-methyloxazole C¢HgN O R
2-Methyl-4-ethyloxazole CeHyN O R
4-Methyl-5-ethyloxazole CeHgN O R
2-Ethyl-4-methyloxazole CsHgN O R
4-Ethyl-5-methyloxazole CeHyN O R
2-Methyl-5-ethyloxazole CeHgN O R
2-n-Propyl-5-methyloxazole C/HuN O R
2,4,5-Trimethyloxazole CsHgN O R
2,5-Dimethyl-4-ethyloxazole C,H,NO R
2,4-Dimethyl-5-ethyloxazole C/H;NO R
4,5-Dimethyl-2-ethyloxazole C,H;NO R
2-n-Propyl-4,5-dimethyloxazole CgHisN O R

©1998 CRC Press LLC



TABLE 11 (continued)
Heterocyclic Compounds Found in Green and Roasted Coffee?

Empirical

Compound formula Source?
4-n-Butyl-2,5-dimethyloxazole CsH;sN O R
2-Phenyloxazole CsH,N O R
5-Acetyl-2-methyloxazole C¢H;N O, R
5-Acetyl-2,4-dimethyloxazole C,H¢N O, R
2-Methylbenzoxazole CgH,N O R
4-Methylbenzoxazole (tentative) CgH;N O R
2,5-Dimethylbenzoxazole CysHgN O R
2,4-Dimethylbenzoxazole CsH,N O R

(tentative)
2,6-Dimethylbenzoxazole CysHgN O R

(tentative)

N,a-Dimethylsuccinimide C¢HgN O, R

aG, in green coffee; R, in roasted coffee.

TABLE 12

Amino Acids Obtained From Green and Roasted
Coffee, by Acidic Hydrolysis, as Percentages of
the Total Amino Acid Content?

Green coffee  Roasted coffee (%)

Amino acid (%) (17.6% roast)
Alanine 4,75 5.52
Arginine 3.61 0
Aspartic acid 10.63 7.13
Cystine 2.89 0.69
Glutamic acid 19.80 23.22
Glycine 6.40 6.78
Histidine 2.79 1.61
Isoleucine 4.64 4.60
Leucine 8.77 10.34
Lysine 6.81 2.76
Methionine 1.44 1.26
Phenylalanine 5.78 6.32
Proline 6.60 7.01
Serine 5.88 0.80
Threonine 3.82 1.38
Tyrosine 3.61 4.35
Valine 8.05 8.05
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dine, lysine, serine, and threonine are the most significantly reduced in
proportion after roasting. Glutamic acid and leucine are particularly in-
creased in proportion after roasting.

Aspartic acid has been identified as an iron-binding material in instant
coffee, and was found to be approximately 0.4% of the instant coffee by
dry weight.®

Free amino acids are also present in green coffee. Eighteen amino
acids and pipecolic acid have been found, free or as part of the protein.%
More recently, ornithine, b-alanine, and pipecolic acid have been mea-
sured in Arabica and Robusta coffees, and hydroxyproline has been mea-
sured in Arabica.?” Steam pretreatment of coffee reduces the free amino
acid content considerably, and roasting can result in no free amino acids
remaining.8® Indeed, a method has been developed for determining the
degree of roast in coffee, by determining the relative amounts of both
enantiomers of alanine, leucine, phenylalanine, and glutamic acid.®
Seratonin (5-hydroxy-tryptamine) is found in recoverable amounts in cof-
fee wax, following decaffeination of coffee beans.%°

Investigation of the nucleopurine content of coffee showed that there
was little difference in their nature between Arabica and Robusta coffee.
On average the nucleopurine content in coffee is 120mg/kg dry matter.
However, the amount in Robusta coffees was higher and this was corre-
lated with the higher caffeine biosynthesis. Roasting coffee reduces the
amount of the nucleopurines, and in coffee beverages the amount is less
than 1 mg per cup (150 ml).%

Some particular proteins, recognizable thus far by little more than
their biological effect, have been documented. An allergen in the green
coffee bean of between 18,000 and 40,000 da is probably a heterogeneous
glycoprotein; it can be precipitated out at pH 4.0 to 4.5.92 %

An acid phosphatase and a trypsin inhibitor® also are presumed to
form part of the protein complement in green coffee.

A list of protein amino acids and enzyme systems found in coffee is
given in Table 13.3

VIlI. CARBOHYDRATES

Green coffee beans, as expected, contain storage polysaccharides such
as starch, and structural support compounds such as cellulose and lignin.
Mono- and di-saccharides are represented, as well as the related com-
pounds quinic acid and myo-inositol.

A. Polysaccharides

The bulk of the heteropolysaccharides in the green coffee bean are
formed from mannan, galactan, and araban.® % Three fractions can be
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TABLE 13

Protein Amino Acids and Enzymes Found in
Green and Roasted Coffee®

Empirical
Compound formula Source?
Alanine C,H,NO, GR
g-Aminobutyric acid C,H,N O, G
Arginine CgH1,N,O, G R
Aspartine C,HgN,0, G
Aspartic acid C,H,N O, G R
Cysteine C;H,NO,S G
Cystine CeH,N,0,S, G R
Glutamic acid CsHyN O, G R
Glycine C,H:N O, G R
Histidine C¢H,N;0, G R
Hydroxyproline CsHgN O, G R
Isoleucine C¢H;3sNO, R
Leucine CsH;z:N O, R
Lysine CgH14N,0, R
Methionine C;H;;NO,S R
Phenylalanine C,H;;N O, R
Pipecolic acid C¢H;;N O,
Proline C;H,N O, R
Ribonucleic acid R
Serine C;H;N O, R
Threonine C,H,N O, R
Tryptophane (tentative) C;;H;,N,O, R
Tyrosine CgH;;N Oy R
Valine C;H;;N O, R
Amylase

b-Fructofuranosidase
2a-D-Galactosidase
Catalase

Peroxidase
Polyphenoloxidase
Protease

Oxidase

Acid phosphatase %
Trypsin inhibitor®

DOOODOODOOOOOOOOOOOOOOO

3G, in green coffee; R, in roasted coffee.

recognized: hollocellulose remains after treatment with a reagent such as
“chlorine dioxide”, which can dissolve glycoproteins as well as the simple
water-soluble carbobydrates. Thus, the glycoproteins, the water-soluble
carbohydrates, and the hollocellulose constitute three fractions of
heteropolysaccharides in green coffee.

The hollocellulose contains mannan:galactan:cellulose, 2:1:1, and little
else.®

The glycoproteins and water-soluble polysaccharides contain mainly
galactan with some araban.%
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The elucidation of the molecular characteristics of the arabinogalactans
and the galactomannans, present in coffee, continues.%

Roasting appears to produce another group of water-soluble polysac-
charides containing mannan and galactan, from the hollocellulose; they
form 1.8 to 4.4% of the roasted coffee.”® These galacto-mannans formed on
roasting are produced in greater amounts from Robusta coffees than from
Arabicas.®® Galacto-mannans are effective complexing agents and their
increased presence in roasted Robusta coffee beverage may account for the
higher quantities of water extractables seen from Robustas.® It is interest-
ing to note here that Robusta coffee beverage foams in the cup far more
than Arabica correspondingly prepared. This is attributable to the larger
amount of extractable carbohydrate.®

The chemical origin of free radicals in coffee is attributed to the sugars
or carbohydrates, rather than phenolic constituents:®,

B. Disaccharides

Green Arabica coffee beans contain 7% sucrose, but this is steadily lost
during the roasting process; only 0.05% remains in Italian roasted beans.%
Green Robusta coffees predominantly contain reducing sugars rather than
sucrose.®? During roasting, an exothermic reaction occurs around 200°C.
This seems greatest for those coffees with the highest sucrose content, such
as high-grown Arabicas.!® Carbohydrates in general are lost during the
roasting process partly as a result of their interaction with amino acids
from protein.

C. Monosaccharides

Monosaccharides, present only in trace amounts in green coffee, in-
crease to 2.6% in roasted coffee due in part to the production of galactose,
mannose,!® arabinose, and ribose,* as the heteropolysaccharides are bro-
ken down.

D. Melanoidins

Monosaccharides are probably involved in the browning reactions
that occur during the roasting of coffee. Caramelization involving the
sugars alone, and Maillard reactions, between sugars and free amino
acids, produce polymeric yellow to dark brown substances, known as
melanoidins. These melanoidins can be extracted into hot water, sepa-
rated and characterized.®

A list of carbohydrates found in coffee is given in Table 14.
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TABLE 14

Carbohydrates Found in Green and
Roasted Coffee?

Empirical

Compound formula Source?
Araban G R
Arabinogalactan G
L-Arabinose CsH ;05 G R
Cellobiose C,,H,04, G R
Cellulose (CeH,Os)n G
Fructose CgH 1,04 R
Galactan G R
p-Galactose CeH,,04 G R
p-Galacturonic acid CgH 04 G
Glucan R
Glucogalactomannan G
p-Glucose CgH 1,04 G R
Glucuronic acid CeH 04 G R
Maltose C,,H»,04, G R
p-Mannan (CsHOs)n G R
p-Mannose CeH 1,04 G R
Melibiose C,,H,04, G
Raffinose CsH3,046 G R
Rhamnose CeH,,0; G R
Sucrose C,H,,04, G R
Stachyose C,,H,;, 0, G R
Starch (CsH,O5)n G
Xylose CsH ;05 G R
Lignin G
Myo-inositol CeH,,04
Quinic acid C,H,,0q G R
Ribose [65] R
Pectin [58] G

VIII. LIPIDS

Coffee bean lipids include triglycerides, sterols, tocopherols, and
diterpenes, all of which are mainly found in the coffee oils. The Nb-
alkanoyl-5-hydroxytryptamides are concentrated in the outer coating of
coffee bean wax.

A. Coffee Qil

Coffee oil is generally described as the petroleum ether-soluble frac-
tion from green coffee beans. Arabica coffees contain 11.1 to 13.6% oil,
whereas Robusta coffees contain only 4.4 to 4.8% 0il.2% Triglycerides
constitute 79% of this oil, terpene esters 17%, and the remaining 4% is
contributed by sterols, free terpenes, tocopherols, and as yet unknown
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substances.? Palmitic, stearic, oleic, and linoleic are the most frequently
seen ester-forming acids. In the triglycerides, the unsaturated acids tend
to be in the C-2 position as in most vegetable oils. The unsaturated acids
tend to be associated with the triglycerides rather than with the terpe-
nes.%’ Linoleic acid comprises 40% and palmitic acid 30% of the fatty acids
in both green and roasted coffee beans,® but in coffee grounds palmitic
acid predominates over the linoleic acid.*®® Whereas coffee brews filtered
through filter paper contained <7 mg lipids per cup, those prepared by
boiling without filtering, and espresso coffee, reached 60 to 160 mg lipids
per cup. Coffee brew filtered through a metal screen contained 50 mg
lipids per cup. Triglycerides and diterpene alcohol esters were the major
lipid classes involved.1%

B. Sterols

Sterols constitute about 5.4% of the total lipids in Arabica coffee.
Sitosterol (53%), stigmasterol (21%), campesterol (11%), and cycloartenol
(8%) predominate; the remaining sterols are each 5% or less of the total
sterol fraction.!!! The C-4 methylated steroids, 24-methylenelophenol and
citrostadienol, are found in many plant tissues, as are the C-14 methylated
compounds cycloeucalenol and obtusifoliol, and they could have been
expected to be present in coffee.!'! Two dehydroavenasterols and 7-
dehydrostigmasterol have been recognized in green Arabica coffee more
recently.’? Oxysterols are present only at low levels, if at all, in commer-
cial samples of regular and and decaffeinated coffees. The 7-keto-b-sito-
sterol was <0.04 mg/kg.1*3

Some sterols found in coffee beans are drawn in Figure 13.

C. Tocopherols

The presence of tocopherols,''* as well as caffeic acid,'% accounts for
the remarkable stability of green coffee bean oils toward oxidation. In
coffee beans from different origins, a-tocopherol concentrations are in the
range 89 to 188 ng/kg and (b + g)-tocopherol concentrations are in the
range 252 to 530 ng/kg.!** Since b- and g-tocopherols have better antioxi-
dant properties than a-tocopherol,}'4 it is not surprising to see coffee oil
patented as an antioxidant material 15117

D. Diterpenes

Several diterpenes, free, as their esters or as their glycosides, have
been recognized in green coffee beans. Cafestol (a furokaurane) and kahweol
(a furokaurene) are the predominant diterpenes. They have been recog-
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FIGURE 13
Some sterols found in green coffee beans.!!: 112

nized free and as their palmitates in green coffee beans.’® Cafestol is little
affected by various treatments of coffee beans and is one of the compo-
nents of coffee that remains in spent coffee grounds (1.2%).1* Kahweol
concentrations are various.'® The kahweol content is reduced during
roasting,® and is presumably a source of some furan compounds found in
roasted coffee. The kahweol content is also used as an indicator for the
extent of steam treatments for green coffee beans.'? In the early 1980s it
was discovered in Norway that unfiltered coffee raised cholesterol levels,
and that the effect disappeared when the coffee was filtered. The sub-
stances responsible for this effect have been identified as cafestol and
kahweol. They are present in small amounts in the fat of the coffee beans,
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and they are not removed by decaffeination.?122 Each 10 mg of cafestol
consumed per day elevates cholesterol by 5 mg/dl (0.13 mmol/I). Thus
since Scandinavian boiled, French press, and Turkish or Greek style coffees
all contain more than 3 mg cafestol per cup, any of these types of coffee
brew could apparantly elevate serum cholesterol levels by 8 to 10 mg/dl,
if more than five cups were consumed each day. Italian espresso was
shown to contain less than 2 mg cafestol per cup, so it would have a
reduced effect, raising serum cholesterol levels by 4 mg per day if five
cups per day were consumed. Diterpenes in instant, drip filtered, and
percolated brews were found to be negligible.'??

Cafestol from robusta coffee as well as kahweol from arabica coffee
were both recognized as capable of elevating serum cholesterol levels.1?

Dehydrocafestol and dehydrokahweol have been found in roasted
coffee, but were not present in the corresponding green coffee.1?

Large amounts of diterpene mono- and di-alcohols have been found
in both Arabic and Robusta coffees, including cafestol, kahweol, and 16-
O-methylcafestol.’?® The characteristic differences can be used to quantify
the Robusta content of commercial blends with Arabica.*?’

Roasted Robusta coffee contains 16-O-methylcafestol, mostly in its
esterified form;!?® and it has been recognized as useful for detecting the
addition of Robusta to Arabica coffee because of its stability during roast-
ing.12

A furokauranone glycoside has also been recognized in green coffee
oil (Figure 14).130

Atractyligenin as well as some of its derivatives have also been found,
particularly in Arabica coffees!3-134 (Figure 15). These are diterpenes of the
kaurane and kaurene type. They are mostly present in coffee beans as
glycosides. Green Arabica coffee contains 0 to 0.01 g/kg free atractyligenin
and 0.4 to 0.7 g/kg conjugated atractyligenin,'®* which is probably glyco-
side. The atractyligenin total content decreases by about 35% on roast-
ing.’® There is a five- to tenfold rise in free atractyligenin on roasting;*%
this is still a small amount compared with the atractyligenin derivatives
present. These atractyligenin glycosides (atractylosides) are water soluble
and are present in a coffee beverage. For example, when roasted coffee is
extracted industrially, atractylosides appear to the greatest extent in the
early fractions. About 70% of the total atractyligenin in roast coffee is
extracted into a home brew of coffee and about 85% into an industrial
extract to be used for soluble coffee preparation.’® It is interesting to notice
that Robusta coffees have been found to contain only one tenth or less of
atractyligenin and its derivatives than Arabica coffees.13¢

Some glycosides of atractyligenin from the rhizome Atractylis gummifera
L. are already known to cause changes in carbohydrate metabolism. Simi-
larly, two coffee atractylosides were also found to cause changes in carbo-
hydrate metabolism; they were 2-O-(2-O-isovaleryl-b-b-glucopyranosyl)
atractyligenin and 2-O-b-b-glucopyranosyl atractyligenin. '3
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FIGURE 14
Some furokauranes and furokaurenes found in coffee beans.3 130

E. NB -Alkanoyl-5-Hydroxytryptamides

The most frequently described components of coffee wax are the Nb-
alkanoyl-5-hydroxytryptamides (Figure 16). The range of concentration
found on sampling 14 varieties was 401 to 1,099 ppm of the total coffee
bean.’® The relative concentrations of three of the four major 5-
hydroxytryptamides are 22.5 to 39.9% with arachic, 49 to 68.9% with
behenic, and 7.7 to 12% with lignoceric acids.*® The fourth major acid
involved is stearic.’¥ The predominance of Nb-behenoyl-5-
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FIGURE 15
Some kaurane and kaurene compounds found in green coffee beans; their glycosides
are listed in Table 15.

hydroxytryptamide can be used as an indicator for the amount of wax
present in green coffee beans.*® Patents have been taken out for the
production of serotonin (5-hydroxytryptamine) from coffee wax 14143
Dewaxing of coffee beans is commercially important as a coffee improve-
ment. A solvent is used to remove the wax and removal of the solvent itself
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FIGURE 16
The Nb-alkanoyl-5-hydroxytryptamides found in coffee bean wax.%"

is completed during a steam treatment.'** 14 The use of hydrogen peroxide
spray to decrease the 5-hydroxytryptamide concentration in coffee wax
has been patented.*® Carbon dioxide under suitable pressure and tem-
perature conditions and in the presence of caffeine is used as one method
to extract lipid solubles. Under such conditions the coffee retains most of
the original caffeine, but the 5-hydroxytryptamides fall in concentration
from 580 to 160 ppm.1#’

However, 5-hydroxytryptamides themselves do not seem to ever be-
come significant in the coffee beverage because they are partly decom-
posed during roasting and the rest remains in the spent grounds.* Any
small amount present in a brew is emulsified and could be retained by a
filter paper in a drip brew of coffee.1

F. Phospholipids

Phospholipids such as lecithin are presumably present in the coffee
bean.

A list of those lipids found in green and roasted coffees is given in
Table 15.

IX. ALKALOIDS

A. Caffeine

Caffeine is the alkaloid that made coffee fruit and seed so much
desired. Caffeine is probably also part of the defense system of the coffee
seed, since caffeine has been recognized as an antifungal,'*® a selective
phytotoxin,!*® and a chemosterilant toward certain insects.'>

The caffeine content of coffee is given in Table 16.15 152,153 Recently
determined values for the caffeine content of Brazilian coffees, 0.2 to 109
mg/150 ml (cup),’>* were somewhat lower than those reported in Table 16.
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TABLE 15
Lipids Found in Green and Roasted Coffee?

Empirical
Compound formula Source?
Choline® CsHisN O, R
Glycerine® C3HgO; R
Myristic acid® CiH50, R
Palmitic acid® CsH» O, R
Palmitoleic acid® CisH30, R
Margaric acid® CyH3,0, R
Stearic acid® CisH30, R
Oleic acid® CisH3 0, R
Linoleic acid® CysH3,0, R
Linolenic® Ci5H30, R
Arachidic acid® CaoH400, R
Arachidonic acid® CaH3,0;
9,10-Eicosenoic acid® CyHg0,
Behenic acid® CaH4 0,
Lignoceric acid® CpyHy0,
Montanic acid® C2Hss0;

Lignoceroyl-5-hydroxytryptamide C,,HgN,O,
Arachidoyl-5-hydroxytryptamide  CzHs,N,O,
Behenoyl-5-hydroxytryptamide C4;,HgN,0,

ODOOOOOOOOOOOOOOOOOOOOOOOOOOOOO®
00OV IOVIOIUD

Stearoyl-5-hydroxytryptamide CxH4N,0,
Sitosterolt CyHs5O

Stigmasterol it CyHiO
Cycloartenol it CyHsO
24-Methylenecycloartenol Cy;Hs,0
Cycloeucalenolt CyHsO
Cholesteroltt CyrHyO
24-Methylenelophenolt CyHyO
Obtusifoliol' CyoHs5 0
Cholestanol CyrHyO
Citrostadienol it CyHsO
4a-24R-Dimethyl-5a- CaHs50
cholest-7-en-3b-ol!

4a-Methyl-5a-stigmast- CyHs,0 G
7-en-3b-ol

Campesterolit CasHss0 G R
Stigmastanol! CyH50 G R
Campestanolit CysHs5 0 G R
Cycloartanol C4Hs,0 G R
5-Dehydroavenasterolt? CyH,0 G
7-Dehydroavenasterol*? CyH,0 G
7-Dehydrostigmasterol*? CyH,0 G
Furokauranes, furokaurenes

Cafestol CHy04 G R
Cafestol palmitate!!s CaHss0, G
Kahweol CaH20; G R
Kahweol palmitate!t® C3HsO, G

©1998 CRC Press LLC



TABLE 15 (continued)

Lipids Found in Green and Roasted Coffee?

Empirical
Compound formula Source?
11-O-(b-p-Glucopyranosyl)- CH3504 G
cafestol-2-one
Kauranes, kaurenes
Atractyligenin® CyoH,0, G R
2-0-(2-O-Isovaleryl-b-p- C3Hu010 G
glucopyranosyl)-atractyligenin
3'-O-(b-b-Glucopyranosyl)-2'- CasHs6014 G R
(O-isovaleryl)-2b-(2-deoxy-
atractyligenin)-b-p-
glucopyranoside!3
2-0-(b-p-Glucopyranosyl)- CsH3504 GR
atractyligenin?3®
ent-16-Kauren-19-01%% CyH5,0 G
Cofaryloside (b-D- C6H404 G
glucopyranosyl-9b,16a,17-
trihydroxykauran-18-ate) '3
16,17-Dihydroxy-9(11)- C,H3 0, GR
kauren-18-oic acid*
a-Tocopherol CHs5,0, G
b-Tocopherol CsHy50, G
g Tocopherol CsHy50, G

3G, in green coffee; R, in roasted coffee.

bThese compounds are bound, usually as esters. Free fatty

acids are listed in Table 3.

TABLE 16

The Caffeine Content of Coffee

Coffee Arabica Robusta

Dry green beans®®  0.58-1.7% 1.16-3.27%
(average 1.16) (average 2.15)

Roasted beans?® 1% 2%

Beverage!*® 29-176 mg/cup (median 74)

Some caffeine is evidently lost from the beans during the roasting process
by sublimation; indeed in 1977, caffeine was recognized in the air of New
York City mainly due to emissions from coffee roasting plants.'>> About
90% of the caffeine is extracted in the first minute of brewing for a coffee
beverage.’® In coffee beverage, the caffeine is mostly associated with

chlorogenic acid in a 1:1, p-complex.?
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Evidence for the pathway for caffeine formation during the ripening
of the coffee fruit is seen in the methyltransferase and 7-methyl-N°-nucleo-
side hydrolase activities. The path for caffeine formation in Arabica coffees
is thought to be from 7-methylxanthosine, to 7-methylxanthine, to theo-
bromine, to caffeine, all occurring in the unripened fruit.'” Recent inves-
tigations have sought to verify this.158 15

Evidence that caffeine contributes antioxidative activity has been shown
by the detection of the oxidized caffeine product, 8-oxocaffeine (1,3,7-
trimethyluric acid) in roasted, ground and instant coffees, in the range 4
to 35 ppm.16°

B. Theobromine and Theophylline

Theobromine and theophylline concentrations are relatively low in
coffee; the values in green coffee beans are, respectively, 20 and 5 mg/kg.?

C. Other Xanthines

Other xanthines present in trace amounts in green coffee are xanthine,
hypoxanthine, adenine, and guanine; these are all absent from roasted
coffee.?

D. Trigonelline

Trigonelline is present in green coffee (1 %),' but it is rapidly decom-
posed on roasting so that only about 0.1% trigonelline is present in a
deeply roasted coffee. %! The products of trigonelline breakdown are evi-
dent in roasted coffee and include nicotinic acid and its methylester,
pyridine, and b-picoline (Figure 17).3

Alkaloids that have been recognized in coffee are listed in Table 17.3

X. VITAMINS

Several vitamins have been recognized in green coffee beans, as might
be expected in a plant seed. A relatively high ascorbic acid content is
associated with fine-grade coffee beans to be used as seeds.'®? VVitamin E
has already been mentioned as a component of coffee oil.}

Determinations of nicotinamide in green and roasted Robusta coffee
are indicative of its much increased content in coffee roasted at or below
240°C. The values are 3 and 46 mg/100 g for green and roasted coffee,
respectively.1®® At least part of this increase is from trigonelline as it
decomposes on roasting.
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TABLE 17

Alkaloids Found in Green and
Roasted Coffee?

Empirical
Compound formula Source?
Caffeine CsH,N,O, GR

Theobromine C,HgN,O, GR
Theophylline  C,HgN,O, GR
Trigonelline C,H;N O, GR

Adenine CsHsNs G
Guanine CsHsN;O G
Hypoxanthine C;H,N,O G
Xanthine Cz;H,N,O, G

aG, in green coffee; R, in roasted coffee.

Vitamin B6 (pyridoxine), free and
combined, has a total concentration of
2.2 ng/g in green coffee. 14

Vitamins that have been found in
coffee are listed in Table 18.

XI. INORGANIC COMPOUNDS

Some inorganic compounds that
have been found in green and roasted
coffee are listed in Table 19.3

The nitrate and nitrite content of
coffees has been determined. Green
coffee beans contain between 1 to 109

mg/kg nitrate, and 2.18 to 5.66 mg/kg nitrite. In roasted coffee, the values
for nitrate increased to 8.8 to 129 mg/kg, and the values for nitrite de-
creased to 0.16 to 3.33 mg/kg. One cup of coffee infusion contained up to
1.57 mg nitrates and up to 0.05 mg nitrites.!6°

Hydrogen peroxide levels have been determined. When roasted cof-
fee beans were stored at 30°C for 100 d under sunlight, the beans contained
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TABLE 18
Vitamins Found in Green and Roasted Coffee?

Empirical

Compound formula Source?
Vitamin B-1 (thiamine) C,,H;sN,O, G
Vitamin B-2 (riboflavin) C;H,N,Of G R
Nicotinic acid C¢HzN O, G R
Nicotinamide CsH¢N,O G R
Pantothenic acid CgH;N Og G R
Vitamin B-6 (pyridoxine) CgH; ;N O, G R
Vitamin B-12 (cyanocobalamin)  CgiHgCoN,,O,P G R
Citrovorum factor C,Hx;N,0, R
Folic acid CioHgN;Oq G R
Vitamin C (ascorbic acid)!6? C¢H;O4 G

aG, in green coffee; R, in roasted coffee.

TABLE 19

Inorganic Substances Found in Green
and Roasted Coffee?

Empirical
Substance formula Source?
Ammonia NH, R
Oxygen 0O, R
Carbon monoxide CO R
Carbon dioxide CO, R
Nitrogen N, R
Sulfur dioxide SO, G R
Hydrogen sulfide  H,S R
Borate BO,* G R
Phosphate PO G R
Silica SiO, G R
Sulfite SO G R

3G, in green coffee; R, in roasted coffee.

300 ng hydrogen peroxide per gram. Thermal decomposition products
from caffeic acid were presumed to contribute largely to the formation of
hydrogen peroxide. 16

XIl. ELEMENTAL COMPOSITION

After the elements carbon, hydrogen, and oxygen, the next two major
elements in coffee beans are nitrogen (2.6%),'%” and potassium (1.6 to
2.0%).168 Calcium (0.2%), magnesium (0.2%), phosphorus (0.2%), and sul-
fur (0.1%) follow. The remaining elements are below 0.1% and are re-
garded as trace elements. It is likely that the levels of some elements are
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indicative of the growing plants’ microenvironment and can therefore
provide a means of differentiating coffees from different geographical
regions.16°

Two of these trace elements, copper and fluorine, have been given
particular attention recently. Copper compounds are widely used as fun-
gicides, so copper levels are possibly higher in treated coffee plants.
Ground roasted coffee had an average copper content of 17.3 mg/kg."° It
is interesting to note that copper is 32 mg/kg in a Robusta coffee, which
is known to be naturally relatively resistant to fungal attack.'”* Fluorine
levels in decaffeinated coffee beans were 6.4 ppm on a dry basis,}”? and in
coffee beverages they have been determined to be 28 to 72 mg/kg.*"®
Cadmium does not present a problem in coffee; for example, in 20 samples
of Arabica and Robusta coffees originating from Central and South America
as well as from Africa, only very low cadmium values were observed, 0.02
mg/kg.t’* Example values for some trace heavy metals in coffee beans are:
0.55 ppm nickel, 67 ppm iron, 13.3 ppm copper, 0.1 to 0.3 ppm lead, and
no detection of arsenic.'”®

Table 20 lists some elements found in green coffee beans.? 171

XIl1. INTRODUCED COMPOUNDS

Coffee beans are cultivated, separated from the whole fruit, dried,
stored, shipped, possibly decaffeinated or otherwise “improved”, roasted,
ground, and packaged all before reaching the consumer. At each of these
stages compounds may be deliberately or accidentally introduced. It seems
important to appreciate this, especially when coffee is being investigated
for its physiological effects. In the following paragraphs a selection from
the literature gives examples of additives and contaminants that can be
found in some coffee samples.

A. Pesticides

Pesticides of all kinds have potential use during the cultivation and
storage of coffee. Jute storage bags impregnated with malathion or VVolaton
have been used to protect coffee against beetle infestation.'”®¢ Methy!l bro-
mide has been successfully used as an insecticide for stored coffee beans.
The residues were determined to be less than those legally allowed.'”” In
the late 1950s, benzene-hexachloride-treated plants were found to pro-
duce brick-flavored beans.'’® Assays in the 1970s indicated no residual
benzene hexachloride in such beans,' but reports of inferior bean flavor
persist.’® A huge number of pesticides has been investigated for efficacy
on coffee plants and some of them also for their final residues in coffee
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TABLE 20
Some Elements Present in Green and Roasted Coffee

Beans® "

Coffea

Coffea canephora Coffea

Element Symbol arabica® var.robusta® species?
Aluminum Al — — +
Antimony Sb 0.01 —
Arsenic As 0.005 0.005
Barium Ba 1 10
Boron B — — +
Bromine Br 0.12 0.06
Cadmium Cd 0.1 0.1
Calcium Ca 820 1400
Carbon C — — +
Caesium Cs 0.05 0.03
Chlorine C1l 71 142
Chromium Cr 0.025 —
Cobalt Co 0.145 0.470
Copper Cu 1 32.7
Fluorinet™ F — — 6.4
Gold Au 0.0042 0.0012
Hydrogen H — — +
lodine | — — +
Iridium Ir 0.00008
Lanthanum La 0.005
Lead Pb — — +
Lithium Li — — +
Magnesium Mg — — 0.2%
Manganese Mn 19.3 147
Mercury Hg 0.01 0.01
Molybdenum Mo — —
Nickel Ni — — +
Nitrogen N — — 2.6%
Oxygen O — — +
Phosphorus P — — 0.2%
Potassium K 13,710 15,240
Rubidium Ru 57.4 42.7
Scandium Sc 0.0002 0.0009
Selenium Se 0.017 0.02
Silicon Si — — +
Silver Ag 0.0083 —
Sodium Na 14.5 9.4
Strontium Sr 2 11
Sulfur S — — 0.1%
Thorium Th — — +
Titanium Ti — — +
Vanadium \Y — — +
zZinc Zn 6.21 7.10

aConcentration values are in ppm, unless otherwise stated.
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beans. Among those pesticides that have been analyzed for their residues
in coffee beans are Oxamyl,®! fentin,® heptachlor, heptachlorepoxide,
dieldrin,83.184 Jindane,!8 18 endosulfan,®® endrin, DDT, DDD,#
carbofuran,’®.188 Bayleton,® and methylchlorpyrifos.1®

Tolerance levels in or on coffee beans, established under the Federal
Food, Drug, and Cosmetic Acts, include values for glyphosate and its
sulfinyl and sulfonyl metabolites,’®® and N,N-dimethyl-2-(1-
naphthalenyloxy)propionamide.%

The roasting of coffee significantly reduces the levels of most pesti-
cides,®4 18 as does brewing the coffee.1%

Little information has been published on pesticide degradation prod-
ucts, produced in coffee, that may have significant physiological effects.
Some information has been published, however, for glyphosate,*
aldicarb,*** and carbofuran,®” although there is some controversy sur-
rounding the carbofuran data.®

B. Mycotoxins

Fungal attack following coffee borer beetle damage leads to the forma-
tion of “viridic acid”. The “viridic acid” test (a color reaction) has been
used to estimate the extent of preharvest damage, by the coffee borer
beetle, to a batch of coffee beans.%

Fungal damage to coffee beans can also occur during fermentation
processes used to separate the coffee bean from the coffee berry pulp.
However, green coffee beans are highly susceptible to fungal attack if they
are stored in warm humid conditions. Ochratoxin A (40 ppb) can be
produced in green coffee beans stored in warm humid laboratory condi-
tions, from Aspergillus ochraceous growth.'% Two samples of moldy coffee
were found to contain ochratoxin A (10 ng/kg) and sterigmatocystin (12
ng/kg);** a single sample found to contain sterigmatocystin (12 mg/Kg)
was no longer saleable anyway.**” Improperly stored coffee was found to
contain aflatoxin.%

It is very interesting to note that decaffeinated green coffee beans are
much more susceptible to fungal attack,'®® than untreated green coffee.
Caffeine has an antifungal effect at or above 2mg/g.?® In addition,
decaffeinated beans have lost their protective surface wax covering.®®
Roasting does reduce the levels of several mycotoxins if they are present
in green coffee beans.?. 22 For example, ochratoxin A is reduced by 80 to
90% on roasting contaminated coffee beans, % although other researchers
have found that roasting causes only a small reduction.?% 204 A maximum
tolerance limit of 20 ng/kg for ochratoxin A was established in 1989 for
green coffee beans being exported to Greece and Lebanon.?> A method for
determining ochratoxin A, with a detection limit of 0.3 ppb, has recently
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been described. In commercial samples of coffee, the range seen for
ochratoxin A was 1.43 to 7.54 ppb.2% Roasting of green coffee beans which
were contaminated that ochratoxin A resulted in only a small reduction in
ochratoxin A levels, in contrast to earlier observations. Ochratoxin A is
eluted into coffee brews, and therefore regular coffee consumption may
contribute to exposure of humans to ochratoxin A 203204

No aflatoxin B1 was detected in a large number of green coffee samples.
In order to evaluate aflatoxin B1 in coffee, green coffee beans were artifi-
cially contaminated. The aflatoxin B1 in these artificially contaminated
green coffee beans was mostly decomposed by roasting and was further
decomposed during coffee brew preparation.?”

C. Solvents

Solvent-assisted decaffeination of coffee can result in residues of sol-
vent reaching the consumer.?%® The use of chlorinated hydrocarbon sol-
vents such as chloroform,2® methylene chloride, trichloroethylene,?% and
difluoromonochloromethane (Freon),2° will probably be replaced by com-
pounds already found in roasted coffee. The use of an ethyl acetate and 2-
butanone mixture leaves a 26-ppm residue in green coffee, but zero resi-
due in roasted coffee.?!! Other solvent compounds used or suggested for
coffee improvement or decaffeination include propane, butane,?? carbon
dioxide,?3 24 acetone 2!® dimethyl succinate,?'® 1,1-dimethoxymethane, and
1,1-dimethoxyethane.?” Of all these, supercritical carbon dioxide, ethyl
acetate, and methylene chloride are the solvents most used currently in
decaffeination processes.

D. Miscellaneous Introduced Compounds

Robusta coffee has undesirable flavor agents that can be masked by
the addition of L-aspartyl-L-phenylalaninemethyl ester.?!® The
methylxanthine stimulant properties of coffee can be antagonized by spray-
ing freshly roasted coffee beans with nicotinamide and nicotinic acid,?*
quinolinic acid, or trigonelline.??°

Polyphenoloxidase, produced by Alternaria or Cladosporium, can be
used to improve the brown coloration in a coffee extract.??

The freshness of roasted coffees can be maintained with packaged
oxygen and carbon dioxide absorbents,??222 or by spraying the coffee
beans with a sodium sorbate solution.?*

Instant coffees may have had small amounts of gelatin, gums, or
synthetic flavors added.®

Ethrel can be sprayed onto coffee berries still on the tree to enhance
and unify the ripening of coffee berries.?®
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Chicory is a well-known coffee extender and caramel coloring is also
used with coffees.?®

Finally, just as in all foods, there are those contaminants that occasion-
ally arise through mismanagement: cashew nut shells were recognized in
one batch of coffee,?? and the solvent from storage bag marking ink has
been known to contaminate batches of coffee beans.'® Nicotine from to-
bacco??’ can be recognized. Petroleum product contamination leads to the
presence of polymethylnaphthalene or polymethylphenanthrene.?? Sisal
fibers are treated with batching oil before spinning. Such oils usually
consist of mineral oil products and cause considerable contamination of
the packed foods (typically 10 to 100 mg/kg).?®

XIV. CONCLUSIONS

In conclusion, it can be seen that coffee is a highly variable beverage
in terms of its chemical composition. It seems to be essential that studies
of the physiological effects of coffee should include a description of the
coffee used. In particular the species of coffee, the methods of bean sepa-
ration, and roasting could be described. This would reduce the possibility
of conflicting reports on coffee attributes, and it will allow us to discover
how coffee can best be enjoyed.
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I. INTRODUCTION

Maté is the beverage prepared from the leaves of llex paraguariensis,

a member of the holly family. The leaves from a number of other members
of the llex genus are sometimes used along with those from paraguariensis.
The species exists in several varieties and, like Camellia sinesis, there is a
divergence of opinion concerning their identity and nomenclature.
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Maté contains caffeineand, foragroupof ~ TABLE 1
people in Argentina, Brazil,Paraguay, Uru-  Approximate Annual
guay, and Chile, it constitutes the primary  Production of Maté (t)
source of methylxanthines in the diet.*: 2 World
production of maté is in excess of 200,000 t. -
Table 1 shows approximate production levels Argentina 100,000 3
i ) o Brazil 100,000 4
in the several countries where it is grown. Paraguay 60,000 4
A significant quantity of Brazilian and
Paraguayan production is exported to Argen-
tina, Chile, and Uruguay.

Country Amount  Ref.

Il. OCCURRENCE AND HISTORY

Maté is native to the area of South America between 18° and 25° S
latitude and from the Atlantic Ocean to the Paraguay River. This area
takes in a portion of southern Brazil and Paraguay. The plant was used for
beverage purposes by the indigenous populations of the area long before
the first Spanish colonists arrived early in the sixteenth century. Its use
was taken up by the colonists who found it so desirable that the governor
of Paraguay gave settlers the right to enforce the collection of the leaves
and, in effect, enslaved the Indian population for this purpose.t

Jesuit priests who arrived in the middle of the century gradually took
over control of most of the producing areas and began the cultivation of
selected varieties to ensure supply. Portuguese invaders from Brazil brought
back Indian prisoners with their knowledge of the use of the plant as a
beverage, which facilitated the spread of its use in many parts of Brazil.

Virtually all of Argentinian and Brazilian production is now culti-
vated. Much of Paraguayan production is derived from wild plants.

I1l. BOTANY

llex paraguariensis var. genuina is an evergreen tree that grows to a
height of 20 to 30 m unattended but under cultivation is kept at 4 to 6 m.
The leaves are oval or elliptical, 3 to 20 cm in length, 2 to 9 cm in width,
dark green in color. Flowers form in the leaf axils and at the base of the
small branches. They bear four or five petals and produce a small fruit in
racemes that usually contain four seeds.!

IV. AGRICULTURE

The tree is started from seed that is planted in raised beds in rich soil
containing an abundance of humus. Irrigation and the prevention of soil
caking are essential. Plants may be moved to larger beds when appropri-
ate and then to fields with a planting rate of 800 to 1,000 trees per hectare.
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TABLE 2 Annual pruning to regulate height

Variation of Caffeine With Leaf and conformation of the tree is carried
Age out for a few years. Harvesting begins

Percent caffeine  aiter 3to 5 years d_e|_oending on variety
Leaf age (dry wt.) and growing conditions and then takes
Young, growing 2.0 -2.2 place at_ |r_1teryals of 1lto 3 years. Full
Adult-1 year 16 productivity is achieved in about 10
Old-2 years 0.68 years and continues for an additional 10

years. The harvesting procedure con-

sists of cutting off the smaller branches.
The leaves at the extremities of the larger branches are allowed to remain
in order to maintain photosynthesis and respiration.?

A. Methylxanthines

Maté has been extensively analyzed to determine the content of the
methylxanthines, which is largely the basis for its use as a beverage.
Reported caffeine levels vary from 0.9% to 2.2%.56 Age of leaf is an
important determinant of caffeine composition, as shown in Table 2.7

As is true for other caffeine containing beverages, analytical proce-
dures are often inadequate to cope with interfering components resulting
in much conflicting data. In addition, the fact that some 60 species of plant
are often found in “maté” along with I. paraguariensis leads to significantly
different caffeine levels depending on the source of leaf.?

Theobromine and theophylline also occur in maté, although several
investigators have failed to find these dimethylxanthines.® Likely levels of
these substances in the dried product are: theobromine, 0.3%; theophyl-
line, 0.004%.5

TABLE 3

) B. Other Components
Components of Maté

Polyphenolic compounds are present

Amount . ; AR

(% dry wt. in maté. Flavanols, at least in significant
Component of leaf) Ref.  quantities, are absent.® The major phe-
Sucrose 333 15 nolic compounds are chlorogenic acid and
Raffinose 0.44 15 its oxidation products referred to as
Glucose 0.27 15 “resinotanol”, which are formed during
Fructose 0.16 15 the manufacturing process.1® The chloro-
Amino acids ? 16 . . . .
Trigonelline 050 17 genic acid may be a mixture of three dif-
Choline 15 mg/g 18 ferent isomers.*!
Thiamine 1 mg/g 7 Perioxidase and polyphenolase are
Riboflavin ~ trace 7 found in the fresh leaf.1213
Ascorbic acid - 20mg/g 7 Additional components that have
Folic acid 16 mg/g 19 . P
Total 5.99 20 been reported in maté beverage are shown

extractable ash in Table 3.
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V. MANUFACTURE

A. Traditional Processing

The trees are cleared of vines and smaller branches are cut off. These
leaf-bearing branches are “toasted” momentarily over an open fire to
reduce the moisture content, but with the avoidance of “blackening”. The
process is known as “supeco”.! Further drying is carried out by heating
over a platform of poles suspended over an open fire for 12 to 24 h. An
alternative procedure involves the use of a dome-shaped structure
(barbaqua) over which the toasted branches are spread. Hot air is con-
ducted through a tunnel from a fire some distance away. This procedure
avoids direct smoke deposition on the leaf. The latter process requires 5 to
15 h.

Threshing separates leaf from bark and twigs. Further grading by
sifting is carried out and the product is packed in 30 to 60 kg bags and
aged. Additional grading and blending is practiced to provide greater
uniformity.

B. Modern Processing

The toasting step is now frequently carried out by passing the branches
through a perforated rotating metal cylinder in an inclined position over
an open fire. The cylinders used are about 2 to 2.5 m in diameter and 4 m
in length. Dwell time is very short. The process is called “sepecadora”.

The barbaqua step may be carried out in a specially constructed room
with a frame above the floor to contain the leaves that are dried with hot
air conducted from a fire. Leaf temperatures reach 80 to 100°C. Some
caffeine is lost at the higher temperature.

Further grinding and sifting is carried out and many different grades
of maté are made available. Aging is extremely important to produce a
palatable beverage. This may take place over a period of 6 to 18 months.

VI. THE BEVERAGE

The traditional way to prepare the beverage is to pour boiling water
over the leaves in a gourd. The latter was known as a “maté,” which is the
origin of that term now used to designate the leaf and beverage. A reed or
metal straw with a bulb-shaped strainer over the end is used to drink
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maté. Many brews are made from the same leaf by successive additions of
boiling water. Teapots are now used to a great extent. About 40 to 50 g of
maté is used for a liter of water. Since additional water is added, an
accurate leaf:water ratio cannot be specified. Sugar and lemon are fre-
guently added to maté. The beverage is also served cold.* Caffeine level in
the beverage has been reported to be 25 mg per 150 ml as normally
consumed.?

10.
11.

12.

13.

14.

15.

16.

17.

18

19.

20.
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I. INTRODUCTION

Caffeine has been extensively researched as a chemical contained in
many foods and beverages and is considered the world’s most popular
drug.! Caffeine can be found in over 60 species of plants.?2 As a naturally
occurring compound, caffeine has long been consumed in one form or
another by mankind. Origins of the coffee bean are traced back for centu-
ries, tea has been the beverage consumed most frequently in many parts
of Asia, kola nuts have long been used in Africa as food and a form of
currency, and cocoa beans in South and Central America were noted by
Spanish conquerors in the 16th century.

This chapter will cover the production of coffee, tea, and cocoa, which
comprise the primary crops that account for the majority of worldwide
caffeine consumption. Caffeine-containing crops and products comprise a
large share of the international market and are primary commodities for
many national economies.3* Trade of such products is also important in
the understanding of availability, market demand, and overall exposure
to caffeine from various sources. Information is presented to a lesser
degree for soft drinks, many of which do contain caffeine and are con-
sumed primarily in the industrialized nations. Another source of caffeine
exposure which contributes less than any beverages and foods under
consideration are prescription and non-prescription medications, which
are described in lesser detail.

Caffeine consumption is primarily due to coffee, tea and soft drinks.
In the U.S,, it is estimated that coffee contributes to 75% of the total caffeine
intake, tea is 15%, and soda with caffeine accounts for 10%;° chocolate and
other caffeine-containing foods and medications contribute relatively little
to overall caffeine exposure. Caffeine also varies by sources: tea leaves
contain 1.5 to 3.5% caffeine; kola nuts contain 2% caffeine; and roasted
coffee beans contain 0.75 to 1.5% caffeine.® Coffee varies in caffeine con-
tent; some analyses have estimated that caffeine may range from 0.8 to
1.8%, depending on the type of coffee.” Crops of coffee, tea, and cocoa are
very similar in their production periods and their useful life in production.
Typically coffee, tea, and cocoa trees can be productive with crops every
5 years for a total period of 40 years,® or an estimated 8 yields per tree.

Table 1 describes several of the most common sources of caffeine, their
region of origin, how they are used and consumed, and the variability in
caffeine content.!

Il. COFFEE

Coffea arabico L. (arabica) and Coffea canephora (robusta) are the primary
types of coffee produced and consumed in the world.® Arabica coffee is
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TABLE 1
Sources of Caffeine

Country Consumed Caffeine content
Source Origin producing form (% total weight)
Coffee bean
Coffea arabica Seed, fruit  Brazil, Coffee 1.1
Colombia
Coffea robusta seed Indoneasia Coffee 2.2
Coffea liberica Seed Regions in Coffee 1.4
Africa
Tea
Camellia sinensis Leaf China, Tea 35
India
Kola nut
Cola acuminata S. Seed West Africa  Soft drinks,
chewing
nuts
Cola nitida Kola tea 15
Cocoa pod/cocoa beans
Theobroma cocoa L  Seed Brazil, West  Cocoa, 0.03-1.7
Africa chocolate

From Gilbert, R.M., The Methylxanthine Beverages and Foods: Chemistry, Consumption, and
Health Effects, Spiller, G., Ed., Alan Liss, Inc., 1984, 185-193. With permission.

typically grown in equatorial warm climates. Robusta coffee can be pro-
duced at colder climates; however, the beans are not amenable to tempera-
tures below 0°C where permanent frost damage can occur, restricting their
geographical diversity. Arabica coffee accounts for the majority of coffee
produced and consumed (70%). Green raw beans of Robusta coffee are
higher in caffeine content, 2.2% of dry matter, while arabica has 1.2%
caffeine.® Coffee beans are produced from 40 different species of trees in
the genus Coffea.’® Three main ones that are commercially grown are Coffea
arabica, Coffea liberica and Coffea robusta. Optimal conditions for growing
the beans require an average temperature of 70°F (20°C) and 40 to 70 in.
of rainfall during the year.

Raw coffee is also referred to as green coffee. This is the form of the
bean as grown, containing 8 to 12% water.® Roasting not only dessicates
the bean but also changes the chemical composition. After roasting, some
coffee is further processed to make soluble, or instant, coffee. Different
forms of coffee can also be described in terms of volume and weight,
depending on their form: 1 Ib of roasted coffee is the equivalent of 1.19 Ib
green coffee; 1 Ib of soluble coffee is produced from 2.52 Ib of roasted
coffee, or 3 Ib of green coffee.® The proportion of the roasted bean com-
prised of caffeine, however, is not dramatically altered. Arabica beans
have been analyzed as 1.3% caffeine and robusta beans as 2.4% caffeine.®
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Other processes beyond the high temperature roasting do not dramati-
cally affect the bean, and with the exception of the decaffeination process,
the caffeine content is relatively stable.

A. Coffee Production

Worldwide production of coffee has actually shown a decrease from
1990 (Table 2).1-16 |n 1990, the total world production was 6.3 million
metric tons, which has fallen to 5.4 million metric tons as of 1994. While
these figures are up from 1980, the general trend has been an overall
decline. Brazil is by far the largest producer of coffee; in 1994, 1.3 million
metric tons were produced, the equivalent of 23% of world-wide produc-
tion. Brazil’s production is larger than all African nations combined and
more than double of the next leading producer, Colombia. African na-
tions, particularly Ethiopia, Uganda, and Cameroon, produced approxi-
mately 20% of the world’s coffee beans in 1994. North and Central Ameri-
can countries including Mexico, Guatemala, El Salvador, and Costa Rica
produced 18%. Several regions in Asia including Indonesia, India, and the
Philippines combined to contribute 18.7% of worldwide coffee production
in 1994. Recent production statistics indicate that 99.9% of coffee produc-
tion occurs in developing nations.®

B. Coffee Trade

Coffee is a crop that is primarily exported from producing countries,
with only a small proportion retained for domestic consumption among
the larger producing nations. In 1990, 80% of all coffee produced was
exported, which is significantly different from other crops under consid-
eration, particularly tea. Total exports of coffee have increased from 3.7
million metric tons in 1980 to 5.1 million metric tons in 1990 (Table 3).17-2?
South America has been the predominant exporter of coffee, contributing
nearly 40% of all coffee exports in international trade. Brazil and Colombia
are by far the largest exporting nations in the world; Brazil accounted for
nearly 20% of all exports in 1990. Recent trends up to 1993 have shown that
overall coffee exports have stabilized, if not slightly declined. After 1990,
the total coffee exports have varied between 4.8 and 5.0 million metric tons
up to 1993.

Table 4 shows worldwide imports of coffee, listing the primary im-
porting nations.”22Since 1980, there has been an increase in overall coffee
trade. Coffee imports have risen from 3.8 million metric tons overall to 4.9
million in 1993. Trends in coffee exports are reflecting in the patterns and
volume of coffee imports. After a dramatic increase during the 10 year
period from 1980 to 1990, there has been an apparent stabilization from
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TABLE 2

World Production of Green Coffee: 1980-1994 (1000 metric tons)

1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994
Africa 1140 1269 1206 1216 1158 1254 1360 1257 1226 1269 1259 1162 1051 987 1067
Ethiopia 187 202 202 220 240 178 225 186 170 200 206 158 NA 180 198
Uganda 110 145 155 192 204 210 195 156 184 174 129 180 110 141 180
N/ Central 917 933 923 1025 997 1027 974 1058 1031 1119 1263 1088 1167 1138 995
America
Costa Rica 109 120 113 123 137 155 128 138 145 157 151 158 168 148 138
El Salvador 165 161 143 155 162 161 141 148 120 122 156 149 162 165 146
Guatemala 163 173 162 153 177 152 156 182 190 193 202 195 205 215 168
Mexico 208 217 234 313 240 269 278 318 283 343 440 299 360 336 240
South 2042 3315 2096 2752 2399 2872 2046 3178 2492 2546 2647 2679 2768 2680 2284
America
Brazil 1061 2038 1003 1665 1420 1877 1004 2203 1352 1530 1463 1497 1294 1278 1257
Columbia 724 808 840 816 694 676 708 652 780 664 845 870 1146 1080 684
Asia 649 662 654 582 624 718 753 776 748 1108 1045 1096 996 1023 1018
India 150 119 155 130 105 190 120 192 125 215 118 173 180 162 170
Indonesia 295 315 266 236 331 311 399 358 384 401 411 408 421 442 400
Phillipines 145 160 160 139 117 133 137 140 142 156 134 113 128 124 120
World 4799 6032 4934 5628 5225 5293 5188 6332 5569 6113 6282 6088 6032 5890 5430

Data from References 11 through 16.
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TABLE 3

Coftfee Exports 1980-1993 (metric tons)

1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993
Africa 899796 972438 1055530 947576 900042 1009931 1075443 906846 964084 1011673 1105336 876038 911390 839471
Ivory Coast 207862 231288 270400 223073 187708 266300 230002 165135 235000 129562 243000 198504 220400 230500
Uganda 110000 130000 172000 1444274 133200 152300 140600 145000 150000 1765453 141489 124819 119006 114134
N/ Central 737818 719617 668951 848859 821660 864176 836733 897601 802207 916309 940521 886918 860457 993280
America
Costa Rica 71733 96293 95000 108533 113001 122400 93583 138624 120500 130454 139880 144698 110901 142000
El Salvador 146786 131600 114500 159000 160970 148092 123195 145575 123034 82957 141277 123049 124738 171028
Guatemala 128710 103261 82443 142860 127247 158928 154843 138000 134000 199205 20041 173376 193985 220579
Mexico 130019 121839 125758 185133 172686 192904 208345 223040 169187 271925 20925 221311 194770 195844
South America 1550306 1464057 1550919 1618771 1764947 1754931 1351708 1836202 1618634 1802441 1875850 1984037 2125402 1901971
Brazil 784465 825443 887379 939690 1031931 1014171 477913 987609 904356 943374 853324 1095026 1020511 964524
Colombia 660078 535941 531509 539452 598895 5894940 666645 661631 567726 NA NA 740167 968241 788033
Asia 375425 389190 419315 428994 507984 531657 560214 509425 556590 667091 751109 700653 655785 743007
Indonesia 238678 210595 226985 241237 294471 292909 298174 286304 298972 357477 421831 380666 269350 349903
Europe 106084 121872 126301 141906 164867 202185 209205 232303 264661 303912 318386 353313 374731 418886
Germany 40580 47584 55921 62943 75425 80795 87030 101831 117124 136665 140023 137508 137269 135987
World 3720886 3714806 3862514 4038917 4210442 4403770 4086867 4447532 4251302 4785950 5054887 4846173 4983561 4957543

Data from References 17 through 22.
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TABLE 4

Coffe Imports: 1980-1993 (metric tons)

1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993
Africa 106075 125794 95709 145020 127394 132408 82075 157737 125597 171426 121467 170568 117469 155545
Algeria 65192 84228 49600 92659 70547 79575 35890 110931 71000 104308 63438 106949 48436 88201
South Africa 14782 15961 15000 19475 18148 17000 17000 17000 15000 16113 17013 16812 20144 22000
N/ Central 1213744 11311663 1175943 1112739 1197682 1251515 1287714 1324657 1057852 1295188 1312645 1279342 1449484 1232591
America
u.s. 1107094 1005739 1061192 998108 1080057 1136499 118245 1208777 943686 1181604 1186244 1145916 1311986 1095040
Canada 83340 98602 88464 90967 97504 96098 98756 110245 107490 108043 120955 126162 117897 129538
South America 37194 40181 48631 43640 49923 50423 37644 40609 44567 38831 38572 43943 55373 49251
Argentina 30457 33390 40214 36062 41090 42500 32756 33658 34372 29966 30067 33744 39756 35733
Asia 244010 277985 319281 389444 402209 407466 414789 426576 454221 433228 489749 515413 551695 555646
Japan 174853 175290 185828 204199 223244 231392 243014 271534 265495 286206 293969 302955 295502 315212
Singapore 7035 20865 30394 37446 58162 45537 71946 41749 23591 15839 57846 57000 82333 78354
Europe 2107455 2161186 2176398 2236750 2185143 2299951 2333042 2506989 2503085 2594767 2816879 2682532 2831786 2824915
France 327218 326041 331018 332319 306062 312791 311101 327155 335150 339029 349306 364214 368370 350880
Germany 552021 567070 613255 597105 581944 597388 643226 694045 716713 753736 766998 769670 807555 833752
Ttaly 220762 225452 2245965 246697 224664 284215 254119 264725 257709 268852 306945 270566 267678 326639
World 3799351 3817217 3907650 4005635 4049088 4237385 42374105 4550870 4282480 4689399 4885332 4799744 5107788 4940867

Data from References 17 through 22.
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TABLE 5
U.S. Imports of Green Coffee: 1994-1995

1994 1994 1995 1995
1,000 Millions 1,000 Millions
GBE U.S.$ GBE USs$
Total 15,913 2,272 15,886 2,985
Country of origin
Brazil 2,850 422 2,302 419
Mexico 2,516 320 2,887 569
Columbia 2,372 442 2,485 524
Guatemala 1,403 225 1,637 318
Ecuador 969 182 745 117
Thailand 676 50 770 120
Venezuela 295 30 89 13
Peru 249 52 621 106
Vietnam 255 32 975 145

Note: GBE = Green bag equivalent (in 60 KG bags).

Data from Reference 23.

1990 to 1993. European nations account for the majority of all coffee
imports, at nearly 60%. However, the U.S. is the largest single importing
country, with 1.1 million metric tons imported in 1993. The proportion of
imports attributable to the U.S. accounts for nearly one fifth of all coffee
trade internationally. Comparatively, very little coffee is traded to South
American nations, with the exception of Argentina which is not a leading
coffee producer.

Figures from 1994 and 1995 show that coffee is primarily imported to
the U.S. in its green, unroasted form (Table 5).2 The U.S. imported nearly
$2.3 billion worth of green coffee beans in 1994 and the total amount
increased to close to $3 billion in 1995. The top three exporters of green
coffee to the U.S. during 1994 and 1995 were Brazil, Mexico, and Colum-
bia, accounting for 48% of the total volume of green coffee imported in
1995. While the U.S. is not considered a coffee-producing country, green
coffee is imported not only for domestic consumption but also processed
and exported elsewhere in the world.

Roasted coffee is imported by the U.S., however to a lesser degree.
Industrialized nations of Sweden, Canada, and Italy are the primary sources
of imported roasted coffee that comes to the U.S. (Table 6), contributing
69% of all roasted imports.?® Sweden is by far the larger exporter to the
U.S., generating over $40 million in revenue. While the total dollars spent
on roasted coffee imports has increased by 20% from 1994 to 1995, the
actual volume of roasted coffee has decreased by 16%, indicating not only
a dramatic reduction of roasted coffee imports but a steep increase in the
unit cost.
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TABLE 6
U.S. Imports of Roasted Coffee: 1994-1995

1994 1994 1995 1995
1000 Millions 1000 Millions
GBE USS$ GBE Uss$
Total 350 81 295 98
Country of origin
Sweden 117 28 120 40
Canada 41 12 55 19
Italy 35 10 30 12
Germany 20 5 23 7
Columbia 19 4 14 4
Ecuador 45 5 13 3
Brazil 5 1 8 3

Note: GBE = Green bag equivalent (in 60 KG bags).
Data from Reference 23.

Export values of coffee were $195.9 million in 1995 in green bean
equivalent,? an increase from 1994. The majority of coffee exports from
the U.S. were from roasted coffee, showing a dramatic increase of 52% in
1995. Roasted exports were primarily to Canada, Japan, and Korea, valued
overall at $135 million. The U.S. imported $3.3 billion worth of coffee in
1995.28 Sweden accounted for the largest share of imported roasted coffee,
Mexico supplied the most green coffee to the U.S. and Brazil produced the
most instant coffee for the U.S. In 1995, the average price per pound of
roasted coffee was $4.02, an increase of 18% from 1994, at $3.40. It is
expected that coffee prices will soar early in 1997 due to environmental
and labor related issues in major producing countries.

In the U.S., sales of regular (nonsoluble) coffee have decreased over
the past 10 years; however, overall revenue has increased. In 1985, 977
million pounds of coffee were sold by U.S. manufacturers, generating
nearly $2.8 billion. Coffee sales decreased to 890 million pounds in 1993
and to an estimated 845 million pounds in 1994 (generating $2.2 and $2.8
billion, respectively). Soluble coffee sales have dropped by 50% during the
years of 1979 to 1994, when sales were only 94 million pounds. Combined
coffee sales reached a peak in 1986 in absolute revenue from sales, at $4.9
billion. In 1995, roasting of green coffee beans in the U.S. declined by 7%
from 1991 levels.?

There are also dramatic differences in prices for coffee, according to
the New York market. Figures for 1995 indicate that Colombian mild
arabicas had the highest market price per pound ($1.58), followed by other
mild arabicas ($1.49) and Brazilian arabicas ($1.46).2° Robustas in general
were less than arabicas at $1.27 per pound. However, these prices can
fluctuate dramatically, mediated by factors that influence the international
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coffee market. Coffee has suffered from a combination of overproduction,
leaving extra crops that are unused, and overall underconsumption. Cof-
fee crops and commercial interests are also threatened by climatic condi-
tions and other environmental problems.

The latest reports of coffee prices and trends have predicted that coffee
prices will be increasing in 1997 due to several factors. Several of the larger
coffee producers are projected to have crops cut by 20% due to labor and
environmental factors: Brazil’s coffee exports would be kept down by a
strike and crops in Columbia have been damaged by rains. Mexico and
Nicaragua have also projected a reduction in crops due to freezing tem-
peratures and severe drought.?* Resulting prices reported on the Coffee
Sugar and Cocoa Exchange have shown a dramatic increase that is pro-
jected to affect consumers within the upcoming months.

1. TEA

Tea leaves have been grown and utilized as a crop for over 4000
years? and tea is the most popular beverage consumed in the world. Tea
leaves are harvested from the plant Thea sinensis, indigenous to many
regions in Asia. Tea is a crop which is more versatile in the geography of
production than coffee or cocoa beans. Tea leaves are harvested from trees
every few years and will be used as one of two principal types of tea: black
or green tea.® Warm climatic conditions and temperatures ranging from 50
to 90°F (10 to 32°C) are preferred for growth, with 90 to 200 in. of rain
annually. Tea crops are sensitive to weather conditions, which may be
extreme in the major producing nations. Drought and flooding in India
and parts of Asia have often taken an unfavorable toll on tea leaf crops.

By weight, tea leaves have double the caffeine as coffee beans;?* how-
ever, the caffeine content is greatly diluted during preparation. Caffeine in
tea has been reported to range from 2.7 to 4.1% in selected varieties of tea,’
comparable with an estimate of 4% caffeine content in tea.?® While tea is
the most commonly consumed caffeinated beverage, the caffeine content
is only one third to one half that of coffee, contributing less to overall
caffeine exposure than coffee.

A. Tea Production

As shown in Table 7, tea produced in Asia contributed to over 80% of
the worldwide crop in 1994.%6 China and India are the primary growers of
tea leaves and they not only export but retain much of the tea for domestic
consumption. African production is only 13% of the worldwide produc-
tion and South American production was 72,000 metric tons in 1994.
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TABLE 7

World Tea Production: 1980-1994 (1000 metric tons)

1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994
Africa 197 198 211 219 243 275 267 265 278 304 325 335 298 340 340
Kenya 90 91 96 119 116 147 140 156 164 181 197 204 188 211 209

Asia 1480 1482 1539 1604 1733 1810 1789 1938 2029 1930 2004 2049 2015 2142 2122
China 328 368 421 425 438 455 486 535 566 557 562 566 580 621 600
India 572 561 564 588 645 657 628 674 710 684 715 730 704 757 720
Sri Lanka 191 210 188 179 208 214 211 213 227 207 238 241 179 232 240
Indonesia 106 109 92 90 126 132 121 156 144 141 149 158 163 169 174

World 1866 1864 1951 2036 2192 2313 2296 2430 2487 2428 2533 2576 2439 2645 2623

Data from References 11 through 16.
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Overall tea production between 1990 and 1994 has increased only 4%,
which is down from the dramatic rise in production of 30% during the
years of 1980 to 1989.11-14 As a widely consumed beverage, the percentage
exported from all tea produced was 49% in 1990 and 46% in 1991.% This
pattern indicates that tea, compared to coffee and cocoa, is often domes-
tically produced and consumed. Most worldwide production (91.4%) in
1991 occurred in developing countries.®

B. Tea Trade

Great Britain imports more tea than any other nation. In 1993, imports
of tea to the U.K. were 193,837 metric tons (the equivalent of over $340,000),
which represents 56% of all imports to Europe.?? Most imports of tea to the
U.K. come from Malawi and India.?” Pakistan is the second largest im-
porter of tea, followed by the U.S.

China is the single largest exporter of tea, exporting 206,659 metric
tons in 1993.22 Exports of tea from Asia account for 65% of worldwide export
trade in this commodity. Approximately 170,000 metric tons of tea were
exported from India in 1993 and 188,390 tons from Kenya in the same year.

London auction prices for tea in 1995 reflect the lowest price per
pound since 1975 at 74.5 cents.?® Lower market prices of tea are primarily
due to the reduced quality of tea and record production; prices for tea
were 83.7 cents per pound in 1991, down 8.5 cents from the previous year.
The highest price was recorded in 1984 ($1.56 per pound), which has since
fallen to the recent levels. Trade in imports and exports of tea (bag and
instant) in the U.S. has been growing since 1990. While iced tea products
are increasingly popular in the U.S., they are in direct competition with
soft drinks which tend to dominate the cold beverage market.

IV. COCOA

Cocoa is produced in tropical environments; however, it is primarily
exported for consumption in industrialized regions.® Exports of cocoa may
be the cocoa beans as well as other semi-processed materials from cocoa
including cocoa paste, cocoa powder, chocolate, cocoa butter, and other
cocoa-containing products. Similar to coffee, cocoa production and trade
are sensitive to environmental and climatic changes in producing regions.
Factors may include drought, labor related issues, harvesting and crop
maintenance, stock prices, and monetary changes. The International Co-
coa Agreement in 19738 was designed to protect the cocoa market for
producing countries with respect to exports as well as consumer nations.
The International Cocoa Organization oversees much of the production,
trade, and stocks of cocoa on the international market.
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A. Cocoa Production

Cocoa production has dramatically increased since 1980, from world-
wide production of 1.6 million metric tons to 2.6 in 1994, a 60% increase
(Table 8).1-6There does appear to be somewhat of a leveling in production
since 1990 when 2.5 million metric tons of cocoa beans were produced.
Africa is the largest producer of cocoa, contributing over 50% of the total
worldwide production. The Ivory Coast is the single largest national
producer, with 809,000 metric tons in 1994 (32% worldwide production).

Figures for 1994 and forecasts for 1995 through 1996 show that the
Ivory Coast is by far the largest producer of cocoa beans,? accounting for
36% of the market in 1994-1995, and estimates are close to 40% in 1995-
1996. In 1994-1995, the largest producers of cocoa beans were: Ivory Coast
(873,000 metric tons), Ghana (315,000 metric tons), Indonesia (275,000
metric tons) and Brazil (234,000 metric tons). African production of cocoa
beans in that year accounted for 60% of worldwide production. Forecasts
of cocoa production are at record highs for 1995 and 1996, with an
estimated 2.7 million metric tons of cocoa beans being produced. Brazil,
one of the largest producers of cocoa, has recently been importing cocoa
to produce some of the cocoa products that contribute to their economy,
such as chocolate. The Ivory Coast is the major producer of cocoa beans,
and the largest supplier of imported cocoa beans to the U.S. Nearly all
cocoa produced worldwide originates in developing nations.6

B. Cocoa Trade

In 1990, 74% of all cocoa produced was exported.? This figure does
not include semi-processed cocoa products, including cocoa paste, cocoa
butter, cocoa powder, and chocolate. However, it demonstrates that cocoa
is not a crop of domestic consumption within the major producing na-
tions. Similarly to coffee, cocoa contributes to the economy of several large
producing nations.

Cocoa beans and related cocoa product imports (liquor, paste, pow-
der) to the U.S. all declined in 1995; however, cocoa butter and chocolate
rose in total imports. U.S. exports of cocoa have a large market in neigh-
boring countries of Canada and Mexico; together they account for 51% of
all cocoa products exported by the U.S., or $316.8 million in value.®

Cocoa bean prices have been relatively low during the past 10 years.?
Prices on the New York stock market peaked in 1977 at $1.72 per pound
and have fallen since then. The lowest market price was registered in 1993
at 46.7 cents per pound and has only risen slightly in recent years.
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TABLE 2
World Cocoa Production: 1980-1994 (1000 metric tons)

1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994

Africa 984 1016 979 808 1049 1070 1061 1181 1442 1378 1357 1275 1288 1324 136l
Cameroon 120 115 105 108 121 115 120 131 124 126 99 95 90 97 100
Ghana 250 230 203 160 173 212 240 184 289 300 295 295 312 240 270
Ivory Coast 400 445 465 360 550 580 520 664 820 725 750 710 697 804 809
Nigeria 155 160 153 123 150 110 125 150 160 160 150 115 145 135 135

South America 4565 445 512 489 440 613 626 464 539 560 588 570 513 513 523
Brazil 319 304 351 380 330 420 459 329 375 393 355 345 329 340 344
Ecuador 91 80 97 45 49 131 1000 50 85 83 147 136 94 83 84

Asia 50 59 84 97 134 146 176 258 298 355 409 459 416 485 531

World 1621 1640 1711 1524 1748 1963 2002 2044 2440 2460 2528 2455 2373 2493 2564

Data from References 11 through 16.
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V. CAFFEINE CONSUMPTION

Caffeine occurs naturally in coffee beans, tea leaves, and cocoa and is
added to many beverages, foods, and medications. The most prevalent
exposure to caffeine is from tea drinking; however, coffee drinking ac-
counts for the most caffeine that is consumed. Coffee is higher in caffeine
content than tea by approximately 60 to 70%. Alternative sources of caf-
feine include soft drinks, which are increasingly popular in the industri-
alized nations. While decaffeinated sodas are produced as a caffeine-free
alternative, these beverages account for a small percentage of all soft
drinks. Only about 5% of all sodas sold in 1994 were caffeine-free ver-
sions.? Caffeine is found not only in coffee, tea, and soda but also in an
estimated 2,000 other products that are consumed? including medications,
chocolate, chocolate-containing foods and confectioneries, and other foods.

Other dietary factors that may influence overall caffeine consumption
include foods that contain cocoa or chocolate, such as candies and sweets.
These products do not contribute as much caffeine as either coffee or tea;
however, their contribution to caffeine exposure should be recognized.
Caffeine may also be in foods and beverages as an additive, which the
Food and Drug Administration monitors and requires to be labeled on the
product.

As shown in Table 9, the caffeine content of coffee, tea, and other
products can vary dramatically.>2%-33 Caffeine content in a cup of coffee has
been reported as 74 mg for percolated coffee and 112 mg for automatic
drip coffee, showing substantial differences according to preparation.
Instant coffee is significantly less at 66 mg and caffeine from decaffeinated
coffee is negligible (1 to 3 mg caffeine).

One source of caffeine that is often overlooked is medications, both
prescription and nonprescription. It was estimated in 1980 that there were
several thousand over-the-counter and prescription medications contain-
ing caffeine.?® Selected medications that contain caffeine are listed in Table
10. The primary indications for caffeine-containing medications include
pain relief, drugs used for alertness, diet or weight loss, cough or cold, and
diuretics.>31.3.3.3 Some of the stronger medications may contain up to 200
mg of caffeine per tablet (approximately equal to two 5-0z cups of coffee).
However, overall use of these medications in the general population does
not approach coffee and tea drinking as the primary exposure to caffeine.

A. International Coffee Consumption

Recent analysis of 1989 coffee consumption® determined that annual
coffee drinking was the highest per kilogram per person in Scandinavia:
consumption, expressed as green coffee equivalents, in Finland was 12.6
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TABLE 9
Caffeine Content of Varous Beverages and Foods

Beverage Serving/volume  Caffeine (mg)

Coffee
Automatic drip/brewed 50z 115 (80-175
Percolated 50z 80 (40-170)
Instant 50z 60 (46-71)
Expresso 1.5-20z 100
Cappuccino 6 oz 60-120
Decaffeinated 6 oz <1

Tea 6 oz 30-80
Iced 12 oz 70
Brewed, imported 70z 60
Brewed, U.S. 70z 40

Chocolate
Chocolate milk 8 0z 2-8
Hot chocolate 8 0z 10
Milk chocolate candy loz 6
Dark chocolate loz 20
Chocolate cake 1 slice 20-30

Soft drinks
Jolt 12 100
Mountain Dew 12 54.0
Mello Yellow 12 52.8
Coca-cola 12 45.6
Dr. Pepper 12 39.6
Pepsi 12 384
RC Cola 12 36.0
Diet Rite 12 36.0

Data from References 5 and 29 through 33.

kg/pp/yr, followed by Sweden at 10.9 kg, Denmark at 10.7 kg, and
Norway at 10.2 kg. The 10 top consumers of coffee were all European
nations. Consumption in Costa Rica was 6 kg per year, 4.7 kg in the U.S,,
4.6 kg in the Dominican Republic, and 4.4 kg in Italy.

The U.S. is responsible for consuming the most coffee overall in the
world; in 1991, it was estimated that each person consumed nearly 27
gallons (101.4 liters) of coffee.l® Decaffeinated coffee is consumed less
frequently in the U.S,, at levels of 24% in 1987 to 15% in 1993.2 Table 11
shows that the U.S. by far consumed the most coffee in weight than any
other nation in the world, nearly double that of Germany as the second
highest consumer. % Estimates for the U.S. up to the early 1990s did not
show a great increase in total consumption, but rather a stabilization that
is consistent with coffee trade to and from the U.S.

In Scandinavian countries, it is primarily Arabica coffee that is im-
ported and consumed?® which is 1.1% caffeine; in other countries, the mix
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TABLE 10

Selected Prescription and Non-Prescription
Medications Containing Caffeine

Medications Dose Caffeine (mg)
Analgesics/pain relief
Excedrin 2 tablets 130
Anacin 2 tablets 64
Midol 2 tablets 64
Midol, Max Strength 1 tablet 60
Cafergot 1 tablet 100
Darvon 2 tablets 60
Fioricet with codeine 1 tablet 40
Fiorinal 1 tablet 40
Norgesic 1 tablet 30
Norgesic Forte 1 tablet 60
Vanquish 1 tablet 33
Decongestant
Dristan decongestant 2 tablets 32
Stimulant
NoDoz 1 dose 200
Vivarin 1 dose 200
Weight loss
Dexatrim 1 dose 200

Data from References 5, 31, 33, 35, and 36.

between Arabica and Robusta coffee, 2.2% caffeine, will amount to a
higher average caffeine exposure. In Italy, for example, where 52% of the
coffee consumed is Arabica and 48% is Robusta, the caffeine percentage is
intermediate at 1.63%. Brewing methods will also affect the caffeine expo-
sure (primarily espresso and mocha in Italy compared to filter and boiling
methods used in Scandinavia) as well as cup size (20 to 50 ml in Italy and
50 to 190 ml in Scandinavia). Brewing methods are especially important
due to the fact that extraction efficiency will vary dramatically depending
on the preparation method. Variation in cup size can be even greater; a
typical cup in Canada has been estimated to be 225 ml, ranging from 25 to
330 ml.%8

Total caffeine consumption will vary with a number of factors that are
often difficult to disentangle. For caffeine exposure attributable to coffee,
this includes brewing method and preparation; type of coffee (Arabica,
Robusta, instant), averaging to 1.3% caffeine for roasted beans;*® brand of
coffee; size of coffee cup; and the volume of added ingredients, such as
milk, cream sweeteners, and syrups. There are several different brewing
or preparation techniques by which coffee can be prepared. Most notably,
they differ in their final extraction of caffeine depending on the process.
Filter coffee or automatic drip coffee results in approximately 97 to 100%
caffeine extraction;®” however, regional differences in the volume of coffee

©1998 CRC Press LLC



TABLE 11
Coffee Consumption (in thousands of 60 kg): 1986-1992
1986 1987 1988 1989 1990  1991¢ 19922

U.S. 17572 18197 17889 18544 18974 19891 17909
Germany 8707 9572 9677 9881 9079 10477 10771
France 5067 5404 56384 5290 5203 5557 5614
Italy 4168 4308 4216 4314 4859 4228 4130
Japan 4506 4963 5087 5100 5236 6038 5272
Netherlands 2342 2560 2447 2244 2553 2486 2547
Spain 2224 2106 2312 2592 2713 2652 3044
U.K. 2282 2355 2331 2177 2348 2342 2516
Canada 1786 1800 1814 1822 1974 2068 NA
World 64530 70294 69474 72668 71241 72000 72000
a Estimates.

Data from Reference 38.

used in preparation will yield different concentrations of caffeine in the
cup. Percolated coffee recirculates water through ground coffee and
achieves 85% total caffeine extraction. Espresso uses a smaller total vol-
ume of water and coffee for preparation, and caffeine extraction is esti-
mated at 80%. Another type of coffee boils the ground coffee in water and
is consumed without filtering; this method achieves 75% caffeine extrac-
tion.%”

While percolators were long used and the most common method of
coffee preparation up to 1975 (51%), automatic drip machines have steadily
increased to be the method used for nearly half of all coffee prepared in
1981, as compared to only 7% automatic drip in 1975. This trend does
impact caffeine exposure, as the different preparation methods have dif-
ferential extraction of caffeine from the coffee that is used.

There are other ways to also describe coffee, including varietals (where
the coffee was cultivated), styles or types of roasting, and blends. One of
the primary distinctions for coffee is that of origin and type of bean,
specifically Arabica and Robusta. The main consideration is the difference
not only in taste and preference among consumers, but the caffeine con-
tent. Green coffee is roasted to bring out the aromatic compounds that
make it an attractive beverage for consumers, particularly the oil caffeol.?®
The roasting process may also affect the caffeine content of coffee beans.
Roasting tends to destroy caffeine, so that darker roasted beans will, in
effect, have less caffeine. If coffee is decaffeinated, only about 3% of the
caffeine remains after this process.!® In the U.S., methylene chloride is used
for direction extraction of caffeine from coffee. Steam extraction of caffeine
is also used in the decaffeination process of coffee beans.

While overall consumption of coffee may be highest in the U.S., per
capita caffeine intake is greater in several other industrialized nations,
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TABLE 12
Worldwide Consumption of Coffee?; 1990-1994 (kg per

person)

Average

1990-1994 1990 1991 1992 1993 1994
Finland 12.7 13.0 121 123 130 134
Sweden 114 11.8 112 113 112 115
Denmark 104 10.1 105 110 103 103
Norway 10.4 10.3 105 104 97 11.2
Netherlands 10.2 10.3 101 115 101 9.0
Iceland 9.7 9.1 101 102 102 91
Austria 9.5 111 9.6 9.1 9.6 7.8
Costa Rica 8.3 5.8 5.1 111 99 9.8
Germany 7.8 8.4 7.5 7.8 8.1 7.4
Switzerland 7.6 8.1 7.8 7.5 7.3 7.1
France 5.9 5.8 6.0 6.0 6.1 5.6
Lebanon 5.1 3.9 5.7 6.9 5.0 41
Italy 4.7 5.0 4.4 43 5.1 4.9
Dominica 4.5 4.5 5.0 4.2 4.2 43
Canada 4.4 4.2 4.2 4.4 47 4.7
us. 43 45 4.4 4.2 43 4.1
Slovenia 4.0 NA NA 33 4.4 4.4
Spain 3.8 3.8 3.8 4.0 3.7 3.7
Haiti 3.6 41 38 2.7 35 38
Bolivia 35 2.9 3.8 34 3.6 3.7
World 11 11 11 1.0 1.0 1.0

aGreen coffee and coffee products.

Data from Reference 40.

including Denmark?® and Sweden, where the primary source of caffeine is
coffee. Coffee is the most popular drink in several European countries,
including Finland and Switzerland.®” In the U.K., 95% of a surveyed
population consumed a caffeinated beverage over a period of one week 2
however, the primary beverage was tea (81%).

Table 12 shows the patterns of coffee consumption among selected
countries.® Finland was the country with the highest per capita coffee
consumption during the years of 1990 to 1994. In this country, individuals
consumed on average 12.7 kg of coffee, nearly 12 times the worldwide
average consumption of coffee. The highest consumption recorded in 1994
was 13.4 kg per person in Finland. Many of the Scandinavian countries
had heavy coffee consumption, most over 10 kg of coffee per person each
year. Nine of the ten heaviest coffee drinking nations are European, re-
flecting distinct regional patterns of coffee consumption. Trends of coffee
consumption in Canada and the U.S. are similar to one another, with
average per capita consumption of 4.4 and 4.3 kg, respectively. Over the
4-year period, there has been an increasing trend in coffee consumption in

©1998 CRC Press LLC



Canada, while consumption has declined in the U.S. Worldwide con-
sumption, 1.1 kg per person annually over the 4-year period, has shown
a slight decline as well.

B. Domestic Coffee Consumption: United States

The Winter Drinking Study has found in the past few years that the
population drinking coffee in the U.S. has decreased from 52% in 1990 to
51% in 1991, 47% in 1995, and 49% in 1996.42 Among the whole population,
this amounts to 1.7 cups per day in 1990, 1.8 cups per day in 1991, and 1.7
cups per day in 1995 and 1996. This is a reduction from an earlier survey*
in 1980, where the average daily coffee consumption was 2.0 cups per
person.

Long term trends show dramatic changes in coffee drinking in the U.S.
over the past 40 years.*! In 1955, over 75% of the population was drinking
coffee. A dramatic decline in coffee consumption occurred between 1960
and 1980. In 1962, 74.7% of the population was drinking coffee, yet in 1980,
56.6% were drinking coffee. During that time, the reduction in overall
coffee consumption was attributable primarily to the reduction in regular
(ground) coffee of 21%. Soluble coffee, although consumed less frequently,
showed a marginal reduction of 0.3% over the same time period. The
number of cups consumed decreased by 16%, from 4.2 cups per drinking
individual in 1962 to 3.4 cups in 1981.4

Decaffeinated coffee appears to be consumed less frequently, however
there are interesting trends over the past few decades. In the early 1960s,
4% of the U.S. population drank decaffeinated coffee, which increased
dramatically to 13.1% in 1980.4* More recently, 15% of all coffee consump-
tion in 1990 was from decaffeinated coffee, which fell to 11% in 1996.%
Women are more likely to be drinking decaffeinated coffee as compared
to men (12% vs. 9% in 1996) and older adults drink more decaffeinated
coffee (24% in ages 60 and over) compared to younger age groups: 11% in
ages 30 to 59 and 3% among ages 20 to 29 years. Decaffeinated coffee has
increased in popularity since 1981, when it accounted for 6% of coffee
consumption.

In the early 1960s, coffee was the primary beverage consumed in the
U.S.,* more common than the consumption of milk (54%), juice (41%), tea
(25%), or soft drinks (33%). The Winter Coffee Drinking Study found that
while coffee drinking decreased over the next 20 years, the proportion of
the population drinking tea increased to 33% and soft drinks became the
more popular beverage at 52%. Between the 1960s and 1980s, coffee drink-
ing declined by a large margin.*® Several factors have likely contributed to
the reduction in coffee drinking, including price sensitivity, economic
environments, and alternative beverages, both with and without caffeine.
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Health concerns about the effects of coffee are also an important consid-
eration in coffee drinking trends. While many health issues have not been
systematically and thoroughly evaluated, these concerns have undoubt-
edly contributed to consumption patterns. However, the most significant
changes in coffee consumption occurred prior to scientific research and
knowledge of health effects due to caffeine exposure.

Coffee is now sold and marketed from a wide variety of distributors
and vendors. These include delis, coffee stores and cafes, discount retail-
ers, mail order and catalog companies, gift stores, and markets. The Spe-
cialty Coffee Association of America has compiled statistics about the
retail value of coffee sales over the past 30 years.* In 1969, the value of
specialty coffee sales were $44 million. By 1979, this grew to $763 million
and nearly doubled to $1.5 billion by 1989.

As the trends have shown that coffee drinking has stabilized and even
declined in recent years, the specialty coffee market has replaced much of
the standard coffee typically consumed. Currently, it has been estimated
that there are 8,000 outlets selling coffee in the U.S. today.* One of the
largest chains is Starbuck’s, which may grow to 2,000 outlets by the turn
of the century. It has been predicted that there will be a significant increase
in the continuing popularity of specialty coffee outlets (coffee houses,
coffee bars, shops brewing and selling coffee beverages and items) over
the next few years. According to the Specialty Coffee Association of
America, the number of coffee shops in the country had grown from 200
in 1989 to 4,500 in 1994,% with projections running to 10,000 coffee shops
and outlets by the turn of the century. As an alternative providing more
varieties of blends and coffee bean types, the specialty beverages and their
revenues have been estimated at $1.9 billion in 1993 and may reach $3
billion by the year 2000.

C. Tea Consumption

Table 13 shows that the highest tea-consuming nations have a wide
geographical distribution.“ Uruguay has the highest per capita tea con-
sumption at 6.3 kg per year on average during 1990 to 1994. Sudan (5.9 kg),
Argentina (5.4 kg), Seychelles (4.0 kg), and Ireland (3.2 kg) are also among
the highest tea drinking nations. In the U.K., tea drinking is at 2.5 kg per
person. Certain nations that consume a high volume of tea have reduced
per capita consumption during recent years, including Libya, Mongolia,
and Gambia. Both Canada and the U.S. consume less tea than the world-
wide average, 0.5 kg and 0.3 kg per person compared to 0.6 kg, respec-
tively.

Caffeine content varies not only with the type of tea but with the
brewing time (steeping time) as well. In general, more caffeine is extracted
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TABLE 13
Worldwide Consumption of Tea: 1990-1994 (kg per

person)

Average

1990-1994 1990 1991 1992 1993 1994
Uruguay 6.3 4.8 5.0 7.8 6.3 7.4
Sudan 5.9 43 5.5 6.2 6.0 7.4
Argentina 5.4 4.6 4.7 4.9 6.3 6.6
Seychelles 4.0 3.6 43 3.7 43 4.1
Ireland 3.2 33 3.1 3.2 3.2 3.2
Libya 2.9 3.8 3.7 2.9 2.0 2.1
U.K. 2.5 2.5 2.5 25 25 2.6
Mongolia 2.2 3.2 1.8 1.6 25 1.7
Kuwait 2.2 1.9 2.2 1.9 2.4 2.6
Gambia 2.1 2.0 2.2 2.7 2.2 1.2
Syria 2.0 1.7 2.3 2.2 1.6 2.2
Canada 0.5 0.5 0.5 0.5 0.5 0.5
uU.s. 0.3 0.3 0.3 0.3 0.3 0.4
World 0.6 0.6 0.6 0.5 0.5 0.6

Data from Reference 40.

the longer the tea is brewed. Black tea tends to have a higher caffeine
content than Oolong tea, depending on preparation method. Variability in
a single serving of tea can range from 18 mg/180 ml to 107 mg caffeine/
180 ml liquid.*” Other research found that tea had the same large range of
variability** and a median caffeine content of 27 mg.

D. Cocoa Consumption

The consumption of cocoa, similarly to coffee, is highest among the
European nations (Table 14).4° Cocoa consumption per capita is highest in
Dominica at 4.7 kg per year on average during 1990 to 1994. Consumption
in Iceland (4.0 kg per person), Belgium-Luxembourg (3.8 kg per person),
Denmark (3.3 kg per person), and Germany (3.2 kg per person) are all far
above the world average consumption of cocoa and cocoa products (0.5 kg
per person). Consumption in the U.S. is 2.4 kg per person, while it is
slightly lower in Canada, at 2.1 kg per person. Similar to coffee, cocoa
consumption shows the same patterns as coffee, with higher rates of
consumption in industrialized nations in Europe and North America.

VI. SUMMARY

Table 15 shows the trends in consumption of various beverages in the
U.S. during the period of 1980 to 199238 The patterns that are most appar-
ent include the reduction in per capita coffee consumption, a slight in-

©1998 CRC Press LLC



TABLE 14

Worldwide Consumption of Cocoa: 1990-1994 (kg per

person)?

Average

1990-1994 1990 1991 1992 1993 1994
Dominica 4.7 5.7 5.6 4.8 48 2.9
Iceland 4.0 3.9 4.2 4.2 3.8 3.9
Belgium-Lux 3.8 3.0 34 3.1 3.2 6.2
Denmark 33 2.7 3.2 3.4 35 35
Germany 3.2 3.0 3.3 2.9 35 3.3
France 2.9 2.7 2.9 3.0 2.8 2.9
Austria 2.9 31 31 2.9 2.8 2.7
U.K. 2.7 2.6 31 2.9 2.4 2.5
Norway 25 2.6 2.8 2.5 2.1 25
U.S. 2.4 2.4 2.4 2.3 2.4 2.4
Grenada 2.4 1.2 1.8 2.4 3.0 2.3
Malta 2.3 0.9 25 2.7 3.0 2.3
Canada 2.1 1.7 1.8 2.4 2.2 2.2
Spain 2.1 2.1 2.1 2.1 2.3 2.1
World 0.5 0.5 0.5 0.4 0.4 0.5

2 |Includes cocoa and cocoa products.

Data from Reference 40.

TABLE 15

Per Capita Consumption of Various Beverages in the

U.S.: 1980-1991 (gallons)

1970 1980 1985 1990 1991 1992
Coffee 35.7 27.2 268 264 265 261
Tea 52 7.3 7.3 7.0 6.7 6.8
Soft drinks ~ 22.7 34.2 408 477 478  48.0

Data from Reference 38

crease in tea consumption, and a dramatic increase in the consumption of
soft drinks. Estimates of dail caffeine exposure have been made at ap-
proximately 3 mg/kg for all U.S. adults and 4 mg/kg for adults consum-
ing products with caffeine, equaling 177 mg for a 120-pound female and
231 mg for a 170-pound male. However, this is not just an issue for adults;
many children consume high levels of caffeine from soda, iced tea, and
chocolate-containing foods and candy, which can easily climb to levels
above 200 mg caffeine per day.? In fact, one can of caffeinated soda,
approximately 50 mg of caffeine, for a child may have the same biologic
and physiologic effects as 2 cups of coffee (200 milligrams or more) in a

grown adult.*®
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TABLE 16
Coffee Consumption in the U.S.: 1980-1993

(cups per person/day)

Year Regular Soluble Decaffeinated Total
1980 1.39 0.62 0.34 2.02
1981 1.38 0.54 0.33 1.92
1982 1.33 0.56 0.38 1.90
1983 1.31 0.53 0.39 1.85
1984 1.44 0.54 0.44 1.99
1985 1.39 0.42 0.42 1.83
1986 1.37 0.36 0.41 1.74
1987 1.37 0.37 043 1.76
1988 1.31 0.34 0.38 1.67
1989 143 0.32 0.40 1.75
1990 1.42 0.29 0.36 1.73
1991 1.46 0.27 0.32 1.75
1993 1.61 0.25 0.28 1.87

Data from Reference 38.

It is also important to recognize the trends in caffeine consumption,
and the various contributing sources. The primary source of caffeine in the
U.S. and many other industrialized nations is coffee. Table 16 shows the
reduction in coffee consumption over the past two decades, with an
apparent decline in all three forms of coffee: regular, soluble, and
decaffeinated coffee.® Recent declines in coffee consumption may perhaps
be explained by a number of factors. There is currently more concern
about the health effects of caffeine, reflected in the increasing number of
scientific investigations and epidemiological studies. Increasing competi-
tion from other beverages also affects the coffee market. More beverages
are available, particularly soft drinks and iced tea in the U.S., and are
consumed at increasing rates. All of these factors will affect the overall
exposure to caffeine, which has shown variation across different geo-
graphical regions and over time.
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I. INTRODUCTION

This chapter is intended as a brief overview of the basic metabolism
and physiological effects of caffeine and other methylxanthines. It is de-
signed in a form to make possible easy access to key points on each topic,
rather than as an in-depth discussion and review. In the spirit of a book
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intended to cover caffeine and related compounds in human nutrition, the
focus will be on absorption, disposition, gastrointestinal, cardiovascular,
renal, and endocrinological and neurophysiological effects as an introduc-
tion to other chapters in this book where specific points are discussed in
detail such as the effect of coffee on serum cholesterol or performance. The
aim of this chapter is to offer a quick, easily accessible guide to key points
as they may be useful to the nutritionist, physician, or other health profes-
sional rather than to the research biochemist or physiologist.

Il. BASIC METABOLISM?3

1. Caffeine increases the metabolic rate. This is a very early finding dating
back to 1917. This calorigenic effect is probably the reason for the desire
for caffeine beverages in cold climates. This effect is true in lean as well
as obese subjects.

2. Caffeine and other methylxanthines are essentially non-ionized under
physiological conditions.

3. Caffeine and other methylxanthines easily cross biological membranes;
pH affects the rate of absorption.

4. After 20 min the percentage absorbed is 9% at pH 2.1, 14% at pH 3.5, and
22% at pH 7.0. These values refer to the pH of the caffeine solution as
it enters the stomach of subjects.

5. The percentage of binding to plasma protein is low for caffeine (35%)
and theobromine (15 to 25%), but fairly high for theophylline (55 to
67%). This higher binding of theophylline should be considered when
it is used as a prescription drug.

6. The key metabolites of caffeine (a trimethylxanthine) found in plasma,
are the dimethylxanthines paraxanthine, theophylline, and theobro-
mine; the monomethylxanthine 1-methylxanthine; the C-8 oxidized
monomethylxanthine 1-methyluric acid; and the ring oxidized uracil: 5-
acetyl-amino-6-amino-3-methyluracil.

7. The catabolism and the amount remaining in the body of males and
females is given in Table 1. Females on oral contraceptives have more
caffeine left in the body than females not on contraceptives in all peri-
ods, but this is especially noticeable in the 12- to 24-h period.

8. Free fatty acids and glycerol rise in the plasma following caffeine and
methylxanthine administration, showing a major effect on adipose tis-
sues.

9. Caffeine can mobilize calcium from cells.
10. Various factors affect the pharmacokinetics of caffeine:
a. Cigarette smoking increases clearance.
b. Liver failure slows clearance.
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TABLE 1
Catablism of Caffeine by Humans Administered 5 mg/kg per os

Cumulative Amount Cumulative
Observation Rate of Amount amount remaining  amount
period catabolism catabolized catabolized in body excreted
(h) (Hg/min/kg)  (Hg/kg) (Hg/kg) (Hg/kg) (Hg/kg)
Males
0-1 111 645 645 4,294 18
1-3 7.2 867 1,512 3,427 45
3-5 6.9 829 2,341 2,598 57
5-8 4.8 860 3,201 1,738 63
8-12 3.8 922 4,123 816 70
12-24 11 744 4,867 42 82
Females
0-1 17.3 1,021 1,021 3,979 19
1-3 6.7 806 1,827 3,173 44
3-5 6.1 727 2,554 2,446 54
5-8 4.6 828 3,382 1,618 58
8-12 3.1 732 4,114 886 63
12-24 1.0 736 4,850 150 66
Females on oral contraceptives
0-1 7.2 434 434 4,497 28
1-3 3.4 391 825 4,106 50
3-5 4.6 541 1,366 3,687 65
5-8 35 611 1,977 3,076 81
8-12 35 812 2,789 2,264 99
12-24 1.6 1,144 3,933 1,120 116

From Yesair, S.W., Branfman, A.R., and Callahan, M.M., Human disposition and some
biochemical aspects of methylxanthines, in The Methylxanthine Beverages and Foods:
Chemistry, Consumption and Health Effects, Spiller, G.A., Ed., Alan R. Liss, New York,
1984, 215. With permission.

c. Premature and full-term newborns have slow elimination.

d. In the second and third trimester of pregnancy clearance is de-
creased.

e. Genetic factors seem to contribute, probably due to variation in the
acetylation of N-acetyltransferase, and there seems to be a bimodal
distribution: some people are fast and others are slow acetylators.

1. BASIC PHYSIOLOGICAL EFFECTS

A. Neuro- and Endocrine Physiology3>

1. The primary use of caffeine is that of a central nervous system (CNS)
stimulation.
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2. There is overwhelming evidence that the methylxanthines at average
consumption levels act by blocking the effects of the neuromodulator
adenosine. Thus, the primary mechanism of action of caffeine taken at
food or beverage levels (rather than pharmacological levels) is that of
adenosine receptor antagonism. This is probably a main reason for the
stimulating effect of caffeine on the CNS.

3. The body responds to chronic presence of caffeine by increasing the
number of adenosine receptor sites. This may be one of the reasons for
the increased tolerance (and decreased efficacy as a stimulant) to caf-
feine in heavy coffee and tea drinkers.

4. Caffeine stimulates secretion of serotonin in the cerebral cortex and
cerebellum.

5. Caffeine in high doses induces stress-like effects in the pituitary-adrenal
axis.

6. Caffeine and theophylline affect cerebral circulation, most likely through
their effect as adenosine antagonists.

7. The often severe headaches, common in caffeine withdrawal, appear to
be caused by vasodilation of cerebral blood vessels. This action is prob-
ably mediated by the action of the methylxanthines on adenosine recep-
tors.

B. Cardiovascular System?3+68

1. Caffeine and other methylxanthines affect cardiovascular function by
directly modifying contractility of the heart and blood vessels and,
indirectly, by influencing neurotransmission in the CNS and peripheral
nervous system.

2. In nonhabitual coffee users, caffeine may cause a small rise in blood
pressure that usually returns to pre-ingestion levels after 3to 4 h.

3. Caffeine causes a rise in plasma epinephrine and norepinephrine in
subjects unused to caffeine beverages.

4. This blood pressure and the plasma epinephrine and norepinephrine (2
and 3 above) effect of caffeine disappear after a few days, even if heavy
coffee consumption continues.

5. Extremely heavy coffee drinkers often have tachycardia and extrasysto-
les.

6. Some effects of caffeine on the cardiovascular system may be related to
modification of the Ca* content of the cells or its distribution within the
cell.

7. Electrophysiological changes take place in the human heart even under
the influence of limited doses of caffeine.

8. Caffeine and theophylline increase the conduction velocity in the heart.
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9. Heavy coffee drinking raises the levels of plasma homocysteine, a risk
for heart disease. The dose response of plasma homocysteine to coffee
appears stronger than the association to serum cholesterol levels. Heavy
coffee consumption was found to cause an increase of about 2 mmol/
L.

10. Possible effects of coffee on blood coagulation factors need further
study, even though possible links may exist.

Chapter 14 covers the effects of coffee and caffeine on serum choles-
terol.

C. Gastrointestinal System?3?°

1. Individual sensitivity to coffee drinking may or may not be related to its
caffeine content. Other compounds found in coffee are probably re-
sponsible, as the same individuals can often drink tea without adverse
gastrointestinal effect.

2. In some studies, over 60% of participants reported adverse gastrointes-
tinal effects of coffee, such as acid indigestion, heartburn, abdominal
pain, and symptoms due to gas or constipation.

3. Heartburn is probably the major reason for people discontinuing the
use of coffee.

4. Caffeine stimulates gastric secretion. Other factors in coffee besides
caffeine also cause increase gastric secretion. This is probably the most
striking effect of coffee on the gastrointestinal tract.

5. Coffee can produce emesis.

Methylxanthines affect gastric and intestinal motility, but probably not
the mouth-to-cecum transit time.

7. Coffee stimulates gall bladder contraction.

8. Caffeine and theophylline stimulate pancreatic hormone secretions even
in normal doses.

9. Liver metabolism is affected by methylxanthines. In high doses, theo-
phylline and caffeine increase the level of cyclic AMP. Very high levels
of methylxanthines decrease the level of branched chain and aromatic
amino acids in plasma. Coffee appears to have little effect on ethanol
metabolism.

D. Respiratory System And Skeletal Muscle31°

1. Caffeine stimulates respiration and has been used in apneic spells in
premature infants.

2. The neurotransmitters dopamine and serotonin are the likely mediators
of this effect.
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3. Theophylline causes relaxation of tracheal smooth muscle.

3. Theophylline is used pharmacologically to manage asthma. Therapeu-
tic effect is seen at concentrations in plasma above 10 mg/L. At 20 mg/
L, adverse effects limit the usefulness of theophylline.

5. Methylxanthines, especially caffeine, affect skeletal muscle contractil-
ity.

6. Tremor is a frequent side effect of caffeine or theophylline consumption
and tremulousness is often attributed to caffeine by the public.

7. Caffeine increases the effect of acetylcholine or cholinesterase inhibi-
tors.

E. Renal System3#6

1. The diuretic effect of the methylxanthines is well known. Theophylline
is the most potent diuretic, followed by caffeine and theobromine.

2. The major cause of the diuretic effect is an increase in renal blood flow
and glomerular filtration rate.

3. Theophylline and caffeine enhance renin release from the kidneys.

Most likely the major action of methylxanthines as adenosine antago-
nist is the reason for these effects on the renal system.
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The arrival of the Centennial Olympic games in Atlanta, Georgia,
during the summer of 1996, marked the convergence of a great athletic
competition with the home of perhaps the world’s favorite soft drink,
Coca Cola. This soft drink company, a leading sponsor of the games,
provides a legal product that supplies a significant amount of a psychoactive
and a purported ergogenic drug, caffeine. This chapter will explore the
evidence surrounding the topic of caffeine as an ergogenic aid.

Caffeine may have been first used by athletes in strength related
competitions prompting the International Olympic Committee (I0C) to
list caffeine as a restricted substance until the 1972 Munich games by
which time research had suggested caffeine’s lack of efficacy as an ergogenic
aid in competition requiring strength.! Caffeine’s absence from the 10C
restricted list was short-lived when subsequent research provided strong
evidence that it may significantly enhance endurance performance.??

I. METHODOLOGICAL WEAKNESSES IN CAFFEINE RESEARCH

The literature regarding caffeine’s potential ergogenicity offers a num-
ber of inconsistent findings and some that are clearly contradictory. A lack
of standardization of research protocols probably contributes to some of
the confusion. Problems encountered include the extrapolation of research
findings from caffeine naive test animals to caffeine tolerant humans; lack
of standardized experimental protocols including variations in the inten-
sity and duration of work performed; differences in caffeine dosages and
in time of administration; physiological and somatic differences in test
subjects, including athletic conditioning and ratio of muscle fiber types;
subjects’ habituation to caffeine; and variations in the test environments
employed for the research.*5

II. MECHANISMS OF ACTION

Ideally, to establish a causal relationship between caffeine and im-
proved athletic performance, evidence would be obtained from epidemio-
logical population studies, followed by careful, double-blind, placebo
controlled experimental protocols isolating the purported etiological agent
(caffeine), and eventually culminating with strong laboratory findings
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explaining the previously identified ergogenic effects in humans in terms
of physiological mechanisms of action.

Caffeine’s ergogenicity has been suggested by a number of sometimes
controversial laboratory experiments which will be examined later in this
chapter. In a somewhat peculiar situation, research on caffeine as an
ergogenic agent is unusually abundant; however, the picture that has
emerged is anything but clear.

Three major mechanisms of action have dominated as possible expla-
nations for the ergogenic potential of caffeine in the enhancement of
exercise performance. These three mechanisms involve (1) the mobiliza-
tion of intracellular calcium from the sarcoplasmic reticulum of skeletal
muscle, (2) the increase of cyclic-3’,5’-adenosine monophosphate (CAMP)
by the inhibition of phosphodiesterases in muscles and adipocytes, and (3)
the competitive antagonism of adenosine receptors, primarily in the cen-
tral nervous system (CNS).5-

A. Mobilization Of Intracellular Calcium

For over three decades, laboratory research has shown caffeine to be
effective at mobilizing calcium in skeletal muscle. In vitro experiments
have amply demonstrated that caffeine lowers the excitability threshold
and extends the length of muscular contractions via calcium release from
the sarcoplasmic reticulum.-12 Caffeine also inhibits calcium reuptake by
the sarcoplasmic reticulum, perpetuating calcium availability for muscle
work.?316 Also, caffeine promotes increased twitch tension development
in muscles.”18

Despite the apparent promise for this line of research to explain
caffeine’s potential ergogenicity, the doses of caffeine necessary to pro-
duce significant calcium shifts are midway between toxic and lethal levels
when transposed to in vitro situations.® These dosage requirements sug-
gest that the mobilization of intracellular calcium is not a viable explana-
tion for caffeine’s potential ergogenic effects in live human subjects.

B. Increased Cellular cAMP Levels

cAMP has been identified as significant in the control of glycogen
metabolism and peripheral lipolysis.!*? Caffeine inhibits cyclic nucleotide
phosphodiesterase’s activity blocking the enzymatic breakdown of cAMP.
This action increases lipolysis via increased cAMP levels leading to in-
creased levels of free fatty acids (FFAS) during exercise and yielding a
glycogen sparing effect during prolonged endurance activity.®

Once again, however, an attractive mechanism identified in the labo-
ratory encounters problems of external validity when transposed into an
in vivo setting. The dosages of caffeine needed to inhibit phosphodi-
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esterases are at toxic levels for living subjects suggesting a lack of prag-
matic utility for this particular explanation.?-23

C. Adenosine Receptor Inhibition

The most promising mechanism of action, which may account for
some of caffeine’s potential ergogenic effects, involves its demonstrated
ability as a competitive antagonist of the depressant effects of adenosine
analogs in the central nervous system. Adenosine and its derivatives have
been shown to inhibit neuronal electrical activity, the release of neu-
rotransmitters, and to interfere with synaptic transmission.19.24-27

Caffeine is also effective in the antagonism of peripheral adenosine
(type I) receptors, which are known to inhibit lipolysis by subduing ade-
nylate cyclase activity.?® The appeal of this mechanism of action is that the
majority of the pharmacological effects of adenosine on the central ner-
vous system can be inhibited by doses of caffeine that are well within
physiologically non-toxic levels comparable to only a couple of cups of
coffee.®

I11. STRENGTH/ANAEROBIC POWER

The absorption pattern of caffeine throughout the body parallels the
distribution of water in the body, leading to its heaviest concentrations in
muscle tissue yet most research suggests no ergogenic effects on strength
performance under anaerobic conditions.?®3° Ergogenic effects attribut-
able to caffeine have been absent in examinations of the magnitude of
endurance during high intensity exercise and in the ability of the body to
generate peak power.3!

Although research has been suggestive of caffeine modulated in-
creases in muscular contractions leading to hand tremor, it is more likely
that the hand tremor response is the result of caffeine’s effects on the
central nervous system.® There is even evidence that moderate doses of
caffeine may actually diminish muscle tone.??

A. Laboratory Studies

Somewhat of a dichotomy exists in the research literature pertaining
to caffeine’s ergogenic potential to enhance short-term, intense exercise. In
general, laboratory research (in vitro/in situ) has consistently demonstrated
positive results related to caffeine’s ability to generate increased muscular
force. Human studies have consistently been suggestive of no significant
effects on short-term, high intensity performance. There have been a
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number of studies, some dating as far back as 1942, indicating that caffeine
could enhance power output in fatigued human subjects.®® Caffeine has
been shown to enhance neural transmission, which could be instrumental
in elevating motor neuron recruitment.®* Caffeine has been associated
with increased muscle contractility.®® Some studies have indicated that
caffeine potentiates twitch tension in muscle in vitro and in situ,%-%" and
increases muscle contractility in situ.3®

Caffeine was found to significantly increase muscular force output at
low frequencies of electrical stimulation (10 to 50 Hz), but at high frequen-
cies (100 Hz) there was no significant increase in maximal voluntary
contractions or endurance.®® Such results may suggest that at high inten-
sity, the sympathetic response may negate the effects noted at low inten-
sity.®®

B. Human Studies

Collomp and colleagues* found significant increases in swimming
velocity in highly trained swimmers compared to untrained occasional
swimmers following ingestion of 250 mg of caffeine. Anselme and co-
workers* also noted positive effects on maximal anaerobic power in a 6-
s cycle sprint, following ingestion of 250 mg of caffeine by a group of
recreational athletes.

Wiles and associates# found that caffeine decreased the time needed
to complete a 1500-m run and that it increased the velocity of the “finish-
ing burst” among well-trained, middle distance runners. Jacobson and
colleagues® examined 20 elite, strength-trained athletes to determine the
effects of caffeine on knee extensors and flexors. They found increases in
voluntary strength and power output in this group of well-trained ath-
letes.

Numerous studies have suggested that caffeine produces no signifi-
cant effects on power or fatigue during cycle ergometry,3 no significant
differences in grip strength,® no significant improvement in isokinetic
strength of untrained subjects,**%¢ no significant effect on power output,*’
and no effect on work capacity.*84°

Perkins and Williams*® found no significant effects of caffeine on time
to exhaustion during high intensity exercise on a bicycle ergometer. Wil-
liams and colleagues®! also failed to detect significant effects on maximal
handgrip strength using untrained subjects. In a subsequent study?! of
short term, high intensity exercise on a cycle ergometer, they found that
caffeine induced no significant improvements in delayed fatigue, peak
power, and total work.

Collomp and associates,*? using a Wingate Anaerobic Test, found that
caffeine did not affect maximal anaerobic capacity or power in six un-
trained subjects. Bond et al.?® found no differences in peak anaerobic
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power among 12 trained athletes, while other researchers have detected
no ergogenic effects associated with the use of caffeine on performance in
the shot put, long jump, or 100-m dash.®

IV. SUMMARY OF CAFFEINE’S EFFECTS ON STRENGTH

Jacobson et al.®® suggested that some of the disagreement in results
among studies of caffeine’s effects on strength may be related to (1) greater
dosages used for in vitro research, (2) differences in experimental proto-
cols, (3) nutritional variations among subjects (i.e., high carbohydrate diets
may inhibit the ergogenic effects of caffeine),’ (4) delay of muscular
fatigue, (5) differences in fiber type ratios of subjects, (6) the use of highly
conditioned vs. untrained subjects, and (7) altered perceived exertion
levels and improved attitude towards exercise.

Some researchers reject the explanation that caffeine inhibits glycogen
depletion during short term exercise® but there is an increasing abun-
dance of research supporting the notion of variable sensitivity to caffeine
by muscle type. Muscles with higher ratios of type | fibers appear more
sensitive than type Il fibers, both in animal®> and human models.%’

In their study of untrained vs. trained swimmers, Collomp et al.®
suggested that specific training may be the catalyst that stimulates caffeine’s
ergogenic effects during high intensity, anaerobic activity. The results of
many studies have also suggested that only well-trained athletes derive
significant benefits from caffeine due to the athletes’ previously stimu-
lated lipolytic activity and the increased size and density of their mito-
Chondria.4°v52'58v59

There is no consensus in the literature concerning caffeine’s ergogenic
potential to enhance anaerobic power but the most recent work is sugges-
tive of little or no anaerobic benefits. Williams® concludes that the “effects
of caffeine on muscular endurance and fatigue are at present equivocal”,
while Conlee® surmises “it appears that caffeine does not increase...maximal
force output” and provides “little benefit to power activities”. Conlee also
makes the excellent point that the reality of caffeine’s ineffectiveness as an
anaerobic ergogenic aid contrasts vividly with many athletes’ perceptions
of its ergogenicity. Purported benefits could be related to previous train-
ing, muscle fiber type ratios, or to a placebo effect.

V. ENDURANCE PERFORMANCE

A series of studies conducted in the late 1970s at Ball State University’s
Human Performance Laboratory by Costill and associates®!-62 has estab-
lished caffeine as an effective ergogenic aid for the enhancement of endur-
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ance in “prolonged exhaustive exercise”. Many studies have attempted to
replicate the outcomes of these early investigations with mixed results. As
the research has become more sophisticated, the results have indicated a
complex relationship between caffeine and endurance performance, a
relationship that is possibly mediated by a variety of intevening variables.

A. Endurance Research Caveats

1. Subject Variables

Some of the more likely candidates to serve as moderating variables
include the level of prior physical training of the subjects. Well-condi-
tioned athletes exhibit different physiological responses to exercise proto-
cols than do their less fit counterparts.> Athletes in particular sports are
known to possess differing muscle fiber type ratios and caffeine has been
demonstrated to have varying effects related to muscle fiber type.®® An-
other experimental subject variable is nutritional status, especially whether
subjects have been maintaining a high carbohydrate diet, since research
has indicated that carbohydrate loading may negate caffeine’s ergogenic
effects.>3

An extremely important subject variable is whether subjects are ha-
bituated to caffeine and to what extent, if any, they may be caffeine
tolerant. To test the influence of caffeine habituation on exercise perfor-
mance, Fisher et al.® recruited six habituated (>600 mg/d) caffeine users
for a 1-h treadmill running protocol in both caffeine and placebo trials. In
one set of trials, caffeine tolerant subjects continued their normal caffeine
ingestion, while in another set they were tested after a 4-d withdrawal
from caffeine. A caffeine dosage of 5 mg/kg of body weight was admin-
istered 1 h prior to the experimental trials. The researchers failed to detect
significant differences between placebo and caffeine trials before the 4-d
withdrawal from caffeine suggesting that the subjects had developed a
tolerance to the ergogenic effects of caffeine. After the 4-d abstinence,
however, significant improvements were noted including a near doubling
of pre-exercise plasma FFA levels.

Finally, there is virtually no mention of the fact that the majority of test
subjects in the caffeine research literature are reported to be males, so that
hormonal differences in respect to caffeine’s ergogenic effects may be a
topic that requires further examination.

2. Dosing Variables

Another category of potential confounding variables includes dosing
issues. Caffeine researchers have administered a wide variety of experi-
mental dosages, an issue related obviously to physiological effects but also
of interest to those concerned with caffeine doping. The timing of the
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administration of the caffeine may also be an important factor.5® The
majority of the studies administer caffeine 60 min before testing, ostensi-
bly because plasma caffeine levels peak 30 to 60 min after administration,
yet research also indicates that plasma FFA levels peak 3 to 4 h after the
consumption of caffeine.!

Problems may also be associated with the difficulty of separating
caffeine’s potential ergogenic effects from its psychostimulant effects. Many
studies suggest caffeine decreases subjects’ rate of perceived exertion
(RPE),®1838567 providing a psychological advantage facilitating greater ef-
fort during exercise. Closely related is the notion that in placebo controlled
studies, it is virtually impossible to blind subjects to the experimental
treatment, since caffeine produces an easily detectable psychostimulant
effect.®

3. Exercise Regimen Variables

A final category of potential confounders includes the variety of exer-
cise regimens and environments utilized in the research, everything from
laboratory cycle ergometers (most common) to cross-country skiing at
high altitude in adverse weather conditions.

Even this brief survey suggests the complexity of attempting to deter-
mine the efficacy of caffeine as an ergogenic aid for endurance activity in
view of so many serious potential limitations to the research. With this in
mind, the next section reviews some of the more significant research
findings.

Since the focus of this chapter is on caffeine as an ergogenic aid for
humans, the major emphasis will be on human studies but it should be
noted that most of the animal research has produced no effects or, in some
cases, negative results associated with endurance performance.® It has
been suggested that variability in muscle glycogen storage capabilities
between rodents and humans may be a significant variable for explaining
why caffeine seems ineffective at improving metabolic performance or
endurance in rodents.® These findings may have some bearing on the
notion that caffeine produces some of its ergogenic effects in humans and
not in animals as a result of its psychostimulant properties, since attitude
and motivation may be of lesser importance in less cerebral animal spe-
cies.

4. Research Producing Positive Findings

Perhaps the most influential and most cited work on the topic of
caffeine and endurance is the original study by Costill et al.®* in which nine
competitive cyclists (including two women) exercised to exhaustion on a
bicycle ergometer. In the experiemental protocol, subjects received 330 mg
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caffeine 1-h prior to exercise. Results unequivocably demonstated that
caffeine allowed subjects to cycle significantly longer, to perceive their
efforts as significantly easier, and to exhibit significantly higher rates of fat
oxidation.

The next major study, in this series, was conducted by Ivy and col-
leagues® and it apparently employed many of the same nine cyclists from
the first study. This experiment measured work production during 2 h on
a cycle ergometer. One hour prior to testing, subjects received half of a 500-
mg dose of caffeine, the rest of which was administered periodically
throughout the session. Again the results were clear cut. RPEs were the
same for experimental and placebo trials but significantly more work was
accomplished during the caffeine trials.

The last in this series of studies was lead by Essig® and it investigated
the glycogen sparing effects of caffeine on seven male subjects using leg
ergometer cycling, after the administration of 5 ml/kg body weight of
caffeine, 1 h prior to testing. Again the results were unequivocal and
showed a 42% decrease in use of muscle glycogen during the caffeine
trials.

A decade later, in a published interview, Costill reflected on the
diversity of subsequent research findings following this intial spate of
positive results and he speculated that they may be related to subject
selection variables. He felt that some people may be positive responders
to caffeine, since in the first two studies his group conducted, several of
the same subjects were employed.®

Many other studies have subsequently produced positive results.
Berglund and Hemmingsson® examined the effects of 6 mg/kg caffeine
on 14 competitive cross-country skiers in a 20-km ski run at both high
(2900 m) and low (300 m) altitude. Subjects were administered caffeine 1
h prior to testing. There were significant decreases in time needed to
complete the run at low altitude and even greater improvements at high
altitude. It should be noted that dramatic differences in weather condi-
tions during the different trials may have contaminated results. Also of
interest, the authors observed that when the double blind code was bro-
ken, approximately 80% of the subjects had been able to distinguish
between placebo and caffeine.

Cadarette et al.%8 found significant improvement associated with the
administration of 2 to 9 mg/kg caffeine 60 min prior to conducting a
treadmill endurance protocol. Sasaki and co-workers® also reported simi-
lar results. Sasaki used five male distance runners and in both of these last
two studies, caffeine was administered 1 h prior to testing. Interestingly,
Sasaki’s group also examined the effects of sucrose and sucrose with
caffeine and found that all three treatments yielded significant improve-
ment in endurance running but fat utilization was highest in the caffeine
trials.
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McNaughton™ used a bicycle ergometer to examine caffeine’s effects
on high intensity, short duration (approximately 7 min) activity using
relatively caffeine naive subjects who received a high dose (10 to 15 mg/
kg) of caffeine one hour before testing. This study showed significant
enhancement of work performance and increases in FFA associated with
caffeine use by caffeine naive subjects.

Flinn et al.% conducted an interesting study using nine recreational
athletes who were caffeine naive. A 10 mg/kg dose was administered 3 h
prior to testing on a cycle ergometer. These researchers attributed their
positive results to (1) the use of caffeine naive subjects, (2) high doses of
caffeine, (3) the timing of the dose, 3 h prior to exercise allowing FFA levels
to peak, and (4) the use of recreational rather than elite athletes.

In another well-designed study, Graham and Spriet’ used seven com-
petitive runners, who were tested both in cycling and running to exhaus-
tion protocols using 9 mg/kg doses of caffeine administered 1 h prior to
testing. Their results, dramatic increases in endurance times following
administration of caffeine, provided some useful insights. Mode of exer-
cise (running vs. cycling) did not seem to affect the outcomes; well-trained
athletes on high carbohydrate diets clearly derived ergogenic effects in
contradiction to previous research results. This study also demonstrated
that there was no effect related to subjects’ history of caffeine use.

In another study, Spriet et al.”? examined the glycogen sparing effects
of caffeine on eight recreational cyclists following the administration of 9
mg/kg of caffeine 1 h prior to testing. This research also showed a signifi-
cant glycogen sparing effect.

In an interesting twist, Fulco et al.”® examined caffeine’s effects on
endurance both at sea level and at altitude (4300 m). Eight healthy, male
soldiers, who were not elite athletes but who were regular joggers, were
instructed to cycle to exhaustion. Caffeine (4 mg/kg) was administered 1
h prior to testing. Results were surprising in that no ergogenic effects were
detected at sea level but a 54% improvement in time to exhaustion was
observed at altitude. Decreased RPE was noted for the caffeine trials but
the researchers attributed the ergogenic effects to either a caffeine-induced
increase in tidal volume or diminished altitude-induced impairment in
muscular force production during exercise.

In yet another interesting protocol, Passman and colleagues™ focused
on dose-response effects. Nine well-trained cyclists received either 0, 5, 9,
or 13 mg/kg caffeine 1 h prior to cycling to exhaustion. All subjects were
habituated to caffeine (minimum use 100 mg/d). Significant increases in
both endurance and FFA production were associated with caffeine but no
significant dose-response effects were noted.

Similar results were obtained by Graham and Spriet™ using eight well
trained, male endurance athletes who received either 0, 3, 6, or 9 mg/kg
caffeine 1 h before testing. Subjects ran to exhaustion and showed signifi-
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cant improvements in endurance for the 3- and 6-mg doses but not for the
9-mg dose. The authors suggested the lack of significant results at the
higher dose may have been related to the large number of caffeine naive
subjects in the study.

Cole and co-workers®” examined perceived exertion and work output
using a cycle ergometer with 10 healthy males, 8 of whom were classified
as caffeine naive. In the experimental trials, subjects consumed 6 mg/kg
caffeine 1 h before testing. Caffeine significantly improved work perfor-
mance, even though the perception of effort was held constant for each
trial. Subjects did more work on caffeine even while they were instructed
to work at a predetermined RPE during both experimental and placebo
trials.

V1. RESEARCH INDICATING NO EFFECTS ON ENDURANCE

Despite the impressive number of studies suggesting an ergogenic
effect related to caffeine use prior to engagement in endurance activities,
there are also many studies that have failed to demonstrate significant
effects. Powers et al.?° examined time to exhaustion on a cycle ergometer
for seven trained, male runners who were also recreational cyclists. Sub-
jects received 5 mg/kg caffeine 1 h prior to testing. No significant effects
were noted in time to exhaustion despite significant increases in FFA.

Butts and Crowell,% in an attempt to replicate the early work of
Costill, recruited 28 untrained subjects (15 males) to participate in a cycle
ergometer test. Subjects were administered 300-mg caffeine 1 h prior to
testing. No significant effects were detected in time to exhaustion but a
wide variation in subject response to caffeine was observed by the re-
searchers.

Bond et al.,”® using a similar protocol, administered 5 mg/kg caffeine
1 h prior to testing to six healthy, male volunteers. No significant improve-
ments in performance on a cycle ergometer were noted. Sasaki and col-
leagues’ also failed to demonstrate any ergogenic effects for treadmill
running among seven male subjects who ingested 800-mg caffeine over 2
h of running.

Falk et al.>* examined time to exhaustion on a cycle ergometer follow-
ing a 40-km march. Subjects consisted of 23 caffeine naive males who were
administered 5-mg/kg caffeine. Despite significant decreases in RPE for
the experimental group, there were no significant differences in time to
exhaustion between experimental and control groups.

Tarnopolsky and colleagues’ studied six trained, male runners using
a 90-min treadmill run. Subjects, who were habituated to caffeine (200
mg/day) were administerd 6-mg/kg caffeine 1 h prior to testing. No
significant differences in metabolic or neuromuscular effects were de-
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tected, although plasma FFA was significantly elevated following admin-
istration of caffeine.

Dodd et al*® tested 17 moderately trained males for VO, max and time
to exhaustion on a bicycle ergometer. Experimental trials involved the
administration of 3- or 5-mg/kg caffeine 1 h prior to testing. Caffeine had
no effect on exercise performance. Since nearly half of the subjects were
caffeine naive (<25 mg/d), while the other half were caffeine tolerant
(>310 mg/d), the researchers were able to conclude that even though
caffeine had no significant effects on performance, it did produce a variety
of physiologically significant effects (heart rate and expired ventilation
volume) in the caffeine naive group.

Fulco et al.,” in a study described earlier, noted significant caffeine
moderated effects on endurance at altitude but failed to detect significant
effects in the same untrained subjects when cycling at sea level.

VIlI. SUMMARY OF CAFFEINE’S EFFECTS AS
AN ERGOGENIC AID

A. Muscular Strength

In vitro and in situ laboratory results have consistently indicated that
caffeine may be useful for improving the production of muscular force.3*
87 Human studies, though producing mixed results, have consistently been
suggestive of no significant effects of caffeine on anaerobic power.2%:31.37:44-
52 A variety of explanations have been proposed to reconcile the differ-
ences between laboratory and human studies including the possibilities
that larger, potentially toxic doses used in the laboratory may elicit differ-
ent physiological responses than those available to living human subjects
using much lower and safer doses.> 192123 Of greater concern are the
handful of studies that used human subjects and also produced positive
results, such as increased swimming velocity,*° increased maximal anaero-
bic power,* improved leg strength,* and faster running times.*> Most of
the positive results in strength tests have involved trained subjects.

Such results suggest a need for further research comparing trained
with untrained subjects, along with an examination of muscle fiber type
ratios of experimental subjects. Also, the question of subjects’ habituation
to caffeine needs to be explored more fully. For the present, the reported
ergogenic effects of caffeine on muscular strength must be viewed with
skepticism and perhaps be attributed to the psychostimulant properties of
caffeine.

B. Endurance Activities

In the case of caffeine’s ergogenic effects on endurance during ex-
tended exercise of submaximal intensity (70 to 85% VO, max), animal
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studies do not offer much support.® A large number of human studies,
however, are clearly suggestive of significant ergogenic effects on endur-
ance.

Since there are also a large number of studies indicating no effects, it
is apparent that caffeine’s ergogenic properties are mediated by one or
more intervening variables that have not been fully elucidated. There are
a number of intriguing candidates to serve as mediating variables. Some
researchers believe that untrained persons are better candidates to re-
spond positively to caffeine as an endurance enhancing agent but lack of
training may simply be a marker for dietary differences. Some research
has suggested that a high carbohydrate diet negates caffeine’s ergogenic
effects and trained athletes often include a high carbohydrate diet as part
of their training program. Unfortunately for this line of thought, not all
studies have shown that a high carbohydrate diet negates caffeine’s
ergogenicity.”

Type of exercise has been suggested as an intervening variable but at
least one well-designed study has contradicted this hypothesis.”* Caffeine
dose would seem like a logical candidate as a moderating variable, yet
research suggests that relatively low doses equivalent to one or two cups
of coffee may be sufficient to elicit an ergogenic response in some subjects
and that high doses may not elicit such a response.? A major consideration
concerns the subjects’ prior use of caffeine and, in the case of aerobic
activity, there is strong evidence that caffeine naive subjects are more
responsive to its ergogenic effects.® Caffeine tolerant individuals would
benefit from a 4-d withdrawal period prior to competition.

Perhaps the most intriguing perspective is that caffeine’s major effects
have little to do with muscles and fat metabolism but result from its
psychostimulant effects, enhancing mood, improving attitude towards
exercise, and thus motivating athletes to work harder and longer. This
would account for its purported inability to alter strength, which may be
a less psychologically malleable variable, while endurance performance is
sometimes believed to be more amenable to force of will.

VIIIl. ETHICAL CONSIDERATIONS

Athletes have been trying to get an edge on their competitors probably
even before the ancient Greek Olympians and Macedonian athletes were
purported to have eaten ground donkey hooves to improve their running
abilities. Today, a variety of ergogenically effective anabolic steroids are
used by internationally renowned athletes. A few years ago, a successful
Olympic track star confided to this writer that he did not want to use
anabolic steroids but he was forced to do so because all of his competitors
used them and he needed the extra edge just to stay even.
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Caffeine occupies a special place among ergogenic aids. First, it is a
widely used and readily available legal drug. It is safer than most other
ergogenic agents. The research in this chapter leaves little doubt as to its
effectiveness in endurance activities. Historically, caffeine has been em-
ployed by athletes at least since the 1920s but its popularity has peaked in
recent decades following more convincing research as to its ergogenicity.?

The idea of regulating caffeine use in connection with athletic compe-
tition is not new but it has gained an impetus from the recent widespread
abuse by athletes at all levels of competition. Currently, the 10C bans the
use of high doses of caffeine, equivalent to approximately eight cups of
coffee,® an amount that would not be reached by a casual coffee drinker.

Graham et al.” noted that more than a quarter of Canadian youth
surveyed reported use of caffeine during the last year to improve their
athletic performance. The current allowable levels of caffeine permitted by
the 10C are well above the minimum dose needed to elicit an ergogenic
effect. If the IOC and other regulatory bodies are serious about controlling
the use of performance enhancing drugs, then it may be necessary to ban
caffeine entirely from competition.
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I. INTRODUCTION

Caffeine is undoubtedly the most widely consumed of all psychotro-
pic drugs.'* Its popularity is typically attributed to its stimulant effects,*
though its role in slowing and smoothing habituation®¢ and in enhancing
and sustaining attentional focus”® may also be factors. The focus of this
paper is on psychological functioning and performance. As we address
the effects of caffeine in these areas, we will necessarily also review
literature concerned with underlying physiological effects and attempt to
integrate current knowledge under a biobehavioral model.

The increasing scientific attention devoted to caffeine in recent years®
reflects not only its popularity and widespread use, but also concern that
it may have detrimental physiological effects and interest in its impact on
psychological functioning and behavior. Health concerns have focused
primarily on cardiovascular function.*° Early studies suggested that caf-
feine consumption may increase the risk of some cardiovascular prob-
lems.1t12 However, more recent studies provide little support for this
concern, with the possible exception of blood pressure.’® Lipid profiles
appear to be unaffected by habitual caffeine consumption.'*!” Moreover,
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there is little or no elevated risk of myocardial infarction,® ischemic heart
disease,'® arrhythmia,?°2! or other disorders.?? As to coronary heart disease
(CHD), which was a primary concern following earlier studies, mounting
evidence clearly suggests no increased risk.’>% Most recently, a major
prospective cohort study followed 85,747 women aged 34 to 59 for 10
years. After adjustment for other risk factors, there was no positive asso-
ciation of coffee consumption with CHD.? However, there is still a possi-
bility that when coffee is boiled, there may be adverse effects on lipid
profiles and elevated cardiovascular risk,? so caution is still in order.?

The effects of caffeine on mental performance and emotional function-
ing have only begun to receive scientific attention in recent years,? despite
the fact that its popularity presumably stems primarily from these effects.
Moreover, some of these consequences have very likely been noted by
users for centuries. In an interesting history of caffeine consumption,
Roberts and Barone? note that the recorded history of tea consumption
dates at least to the Tang Dynasty in China (AD 618-907), where it was
widely consumed. The Chinese, perhaps observing the alerting and other
psychological effects of the drug, were convinced that tea improved health
and prolonged life. Coffee, by far the most common source of caffeine! first
appeared in written records in the tenth century A.D., but had probably
been in use in Ethiopia since the sixth century. By the 12th century,
coffeehouses were common in the Middle East, and by the 17th century
they had spread throughout Germany, France, Holland, Austria, and
England. Histories of these centuries clearly suggest that the reason for the
widespread use of this popular drink was its effect on mental states. One
early writer summed it up well:

Coffee is the common man’s gold, and like gold, it brings to every
man the feeling of luxury and nobility.

Abd-al-Kadir, In Praise of Coffee, 1587

Many since the 16th century have also experienced that “feeling of
luxury and nobility”, but we knew little more than did Abd-al-Kadir
about the exact nature of or basis for the psychological effects of caffeine
until a relatively few years ago — nearly the end of the 20th century.

A. Caffeine: Consumption And Major Sources

Caffeine is so pervasive that about 80% of U.S. adults drink coffee or
tea daily, in addition to consuming other caffeinated foods. The average
adult in the U.S. and Canada consumes 4 mg/kg/day,?® and many exceed
15 mg/kg.>® While coffee is the most popular drink in the U.S., most
drinkers in Asian countries prefer tea. Coffee (5 0z) averages 85 mg for
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ground roasted and 60 mg for instant, while leaf tea (5 0z) averages 30 mg
and instant tea averages 20.%°

In addition to coffee and tea, the psychological effects of caffeine can
be obtained from a number of other food sources. Chocolate is a popular
and widely consumed source, but the drug is also found in considerable
quantities in a number of medications, both prescription and over-the-
counter (OTC). Caffeine tablets (e.g., No-Doz) are sold for those who use
the drug to study, drive, or engage in other activities. Less obvious is the
caffeine content in analgesics, cold preparations, and anorectants.

The multi-source availability of caffeine means that investigators study-
ing total consumption must be exceptionally careful to query subjects
concerning all possible sources in their dietary and drug intakes. It also
means that in experimental studies where the desire is to dose caffeine
relative to the subject’s typical intake or to population averages, those
consumption levels should be calculated taking all common sources into
account. In some kinds of studies, where the concern is not only with
caffeine per se but with arousal drugs more generally, other pharmaco-
logical sources of arousal must also be assessed. Ginseng, for example, has
been widely advertised in recent years. It is available OTC and does act to
increase arousal. Similarly, theobromine (2,7-dimethylxanthine) is found
in cocoa and some other foods and may affect arousal.3* And theophylline
(1,3-dimethylxanthine) is found in some medications, in small amounts in
tea, and in trace quantities in cocoa and coffee.3!

II. HUMAN FUNCTIONING: A BIOBEHAVIORAL MODEL

To approach an integrative understanding of the psychological, be-
havioral, and underlying physiological consequences of caffeine consump-
tion, a theoretical model is essential. The biobehavioral theory of arousal
proposed by the present author®® provides one such model. It is con-
tained within a broader dual-interaction model of psychological, behav-
ioral, and physiological functioning (Figure 1). The advantage of this
approach for understanding caffeine is that it predicts the effects of the
drug in the broader context of a theory that recognizes it as one of a
number of arousal agents.

A. The Dual-Interaction Model

Briefly, the dual-interaction approach postulates that two interactions
— that between biology and environment and that between person and
situation — work together to determine behavior. The Person and the
Situational context interact to determine behavior in the short term. The
Person, in turn, is a product of developmental factors that are both Biologi-
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FIGURE 1

Human functioning: the dual-interaction model. (From Smith, B.D., Effects of acute
and habitual caffeine ingestion in physiology and behavior: Tests of a biobehavioral
arousal theory. Special issue: Caffeine Research, Pharmacopsychoecologia, 7(2), 151-167,
1994. With permission.)

cal (e.g., genetic) and Environmental (e.g., learning, long-term caffeine
exposure), and the interaction of the two forms a separate source of
variance. The Person comprises both long-term (trait) and short-term
(state) dimensions and has two important functional components termed
arousal and cognition.

Arousal and cognition cross with the state-trait distinction in the
Region-of-Intrapersonal Interaction to permit both state and trait forms of
both arousal and cognition. The model places the Person in a Situational
context, and both the Person and the Situation contribute separately and
interactively to both physiological functioning and behavior.

B. The Arousal Model

The arousal component of the dual-interaction model, which governs
the effects of caffeine, can be split out and amplified to provide a multi-
dimensional model of arousal (Figure 2). Biological and Environmental
background factors contribute separately and interactively to both chronic
and acute arousal. The individual can be exposed either chronically or
acutely or both to such environmental arousal agents as caffeine and
stress. Chronic exposure contributes to arousal traits and thereby affects
arousal states, while acute exposure contributes directly to the current
arousal state. The multi-dimensional nature of both traits and states can be
seen in Figure 2. The trait arousal dimensions are intensity, type (emo-
tional or general), and individual differences. The latter include extraver-
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Arousal: a biobehavioral model. (From Smith, B.D., Effects of acute and habitual
caffeine ingestion in physiology and behavior: Tests of a biobehavioral arousal theory.
Special issue: Caffeine Research, Pharmacopsychoecologia, 7(2), 151-167, 1994. With per-
mission.)

sion, impulsivity, neuroticism, sensation-seeking, hostility, and poten-
tially others. Intensity and type are also dimensions of state arousal, and
the third dimension is valence (positive or negative). There are both
separate and interactive contributions of both arousal traits and arousal
states to current physiological functioning and behavior.

C. Principles Applied To Caffeine

Four general theoretical principles derived from the arousal model are
especially relevant to the effects of caffeine.

1. Moderate levels of chronic use of caffeine and other arousal agents tend
to reduce the effects of acute exposure. However, higher chronic levels
can exacerbate the impact of acute exposure.

2. Arousal output is an inverted U-shaped function of arousal input (Fig-
ure 3). That is, the effect of arousal input on mental performance and
such physiological indicators as electrodermal activity (EDA) initially
rises. With further arousal input from trait and state sources, it asymp-
totes, then decreases as arousal input increases.

3. Individual differences in arousal or arousability (susceptibility) interact
with strength of exposure to affect mental performance, psychological
functioning, and physiology.
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FIGURE 3
Arousal input and arousal output: the invert-U function.

4. The arousal effects of multiple agents are additive: Exposure to several
agents produces higher overall arousal and stronger effects than expo-
sure to any one. It is for this reason that the possibility of several agents
must be taken into account in experimental work. The arousal level
resulting from multiple agents is subject to the inverted-U principle.

D. Hypotheses Relating to Caffeine

Given the general principles of the arousal model, we can derive
several more specific hypotheses that are particularly relevant to caffeine
effects. These hypotheses have been tested to varying degrees in the
caffeine literature.

1. The individual’s average habitual exposure to caffeine moderates the
effect of acute exposure on both physiological and psychological func-
tioning.

2. Only those areas of functioning that are directly relevant to arousal are
affected by caffeine. Included would be certain aspects of emotion,
performance affected by focused attention, and behavior relating to
certain personality dimensions.

3. Acute exposure to caffeine raises arousal levels, subject to the inverted-
U principle.
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4. Acute exposure to caffeine reduces the rate of habituation of physiologi-
cal responses, subject to the inverted-U principle.

5. Acute exposure smooths and stabilizes the habituation function.

I1l. EFFECTS OF CAFFEINE ON COGNITIVE PERFORMANCE

Beginning with Wilhelm Wundt’s research on vigilance, the effects of
caffeine on cognitive functioning and related mental performance have
been studied fairly extensively. Researchers have investigated cognitive-
motor performance,® memory functions in both adults® and children,®
reaction times, % and decision making,®” among other areas.

A. Information Processing

Information-processing theory® has served, at least loosely, as the
basis for a number of studies of the effects of caffeine on cognitive func-
tioning. Several studies have shown beneficial effects of the drug in rapid
information processing (RIP) tasks.?®4! Other work demonstrates that caf-
feine enhances problem-solving* and improves logical reasoning,*** as
well as increasing performance on mental arithmetic tasks.*>#6 Some stud-
ies have even shown that caffeine counteracts sleep deprivation effects in
spatial capacity tasks*” and partially reverses age-related deficits in cogni-
tive functioning.®

Using a rapid information-processing task, Hasenfratz and Battig*
had a subject look for a 3-digit odd or even target on a computer screen
that also presented other, non-target digits. When the subject saw the
target number, he or she was to press a response key as quickly as
possible. The investigators found that a low dose (150 mg) of caffeine
improved performance on the RIP task, while a higher dose (600 mg)
impaired performance.

Other studies have also shown that high doses of caffeine can interfere
with performance on complex tasks,* including the processing of ambigu-
ous information.> They can also negatively affect scores on such cognitive
tasks as spatial abilities in refreshed subjects.*” In other work, however,
caffeine has not affected the search/detection domain of information pro-
cessing® or reading comprehension.53

One factor in the differential cognitive results may be baseline or
prestimulation arousal level. When baseline arousal is already elevated,
highly arousing tasks, such as those that are complex or involve intense
stimuli, can result in overstimulation. As Hasenfratz and Battig* note, it
may be such excessive levels of stimulation that account for the commis-
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sion errors seen in the RIP paradigm. Baseline arousal levels therefore
need to be taken into account in estimating or calculating overall levels of
stimulation and resultant activation.

One influence on prestimulation arousal level appears to be gender.
When gender differences in arousal or activation have been specifically
examined, female subjects have been quite consistently shown to exhibit
higher levels of arousal or greater arousability than males. Physiologi-
cally, this arousal differential has been reported for both EEG%+% and
EDAS5"% measures. In studies involving mixed-gender groups with no
analysis of the gender factor, it is possible that caffeine-induced increases
in information processing in males would be counteracted by decrements
in females. Depending on the gender balances of the groups, results could
be considerably distorted. Stimulation that is highly arousing for males
could lead to overarousal in females, whose responses would be damp-
ened as suggested by the inverted U-shaped principle.

Interestingly enough, most of the studies reporting positive effects of
caffeine in information-processing tasks have used primarily or exclu-
sively male subjects.394243454659 |n fact the only study that found positive
cognitive effects of caffeine on females employed fatigued females, whose
baseline arousal levels may have been lower.*

Conversely, most studies that have shown either detrimental effects*’>
or no effects®5 of caffeine on information processing have used both
males and females in the same study. In fact, the only study with this
result that used exclusively male subjects also used moderate (250 mg)
doses of caffeine with a difficult (visual Stroop) task. The combined effect
of the drug and the task probably produced a degree of arousal high
enough to interfere with cognitive performance. Caffeine, in this case,
therefore contributed to an overall detrimental effect of arousal.5* A differ-
ent type of study showing detrimental effects used the same caffeine dose
on both tired and refreshed subjects.*” The tired subjects were aroused to
the point of showing beneficial effects from the drugs. Therefore, the same
dose should be expected to overarouse the refreshed subjects and decrease
their information processing abilities, as was the case.

In addition to gender, task difficulty or complexity appears to be a
substantial factor in arousal. Information processing tasks, particularly
complex ones, have been shown to increase arousal levels in otherwise
unstimulated subjects.5 The more complex the task, the higher the arousal
level and the greater the chance that a given caffeine dosage would con-
tribute to overstimulation. The additive nature of arousal sources — in this
case caffeine and complexity — means that arousal is high when caffeine
is present and complexity or difficulty level is substantial. The result is
that caffeine impairs performance on complex tasks,*5 particularly in
female subjects.
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B. Memory

A major focus of cognitive psychology, memory has been studied
intensively, and a number of investigations have addressed the effects of
caffeine. Unfortunately, results in this important area of mental perfor-
mance are quite mixed. A number of studies have found that caffeine
enhances memory performance in several paradigms. It has been shown
to improve delayed recall,*? recognition memory,5152 semantic memory,
and verbal memory in general.% Other studies have shown significant
increases in memory performance on both easy® and difficult’®® memory
tasks. And females (but not males) in one study showed positive effects of
caffeine on word list retention, though only when the words were pre-
sented at a slow rate.®

Some studies have gotten opposite or equivocal results for memory
tasks. Caffeine can actually decrease immediate word list recall, at least
under some circumstances.58% It has even been shown to amplify the
detrimental effects of alcohol on memory.” Complicating the picture fur-
ther, other studies have shown that caffeine has no effect on recall.”537

Both short- and long-term verbal memory have been assessed. There
is no effect on short-term memory with 64 mg of caffeine’ or with 100,7
and no effect on long-term memory with 64 or 128 mg.”? Verbal learning
and memory were also unaffected by doses of 125 to 500 mg.” In addition,
no effect was seen on implicit or incidental memory,™ as was also true for
delayed recall with 3 and 6 mg/kg’ or with 200, 400, or 600 mg.% This
latter result is somewhat offset by a study in which delayed recall was
improved by caffeine, even though immediate recall was not.*? Finally,
Linde’ tested both fatigued and non-fatigued subjects on an auditory
attention task requiring immediate recall. She found no effects of 150 or
200 mg doses of caffeine.

Given the mixed results in the literature, it is difficult to know just
how caffeine does affect memory. To some extent, the differential effects
may depend on the memory assessment method (recall or recognition)
and the time frame (immediate or delayed). Gender differences may also
cloud the picture, as discussed above. Even when these differences are
taken into account, however, unexplained discrepancies remain. One par-
tial explanation may be that the differential effects of caffeine are a func-
tion of the subject’s memory load. For example, Anderson® found that
caffeine enhanced low load memory tasks but was detrimental in high
load tasks. This could be due to the increased arousal induced by the high
load task, which, in the presence of caffeine, could produce overarousal.
The drop in arousal output as the subject crossed the peak of the inverted
U-shaped function could cause the memory deficits observed in some
studies.

Since many studies do not control for memory load, it is difficult to
determine the impact of this factor. If load is important, investigators
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might find no caffeine effects when the memory load is too low to elicit
differentials. At the same time, a very difficult task that carries a high
memory load may push arousal near the peak of the inverted-U. Caffeine
could then produce overarousal, leading to a decrement in memory per-
formance. Further work is clearly needed to determine the extent to which
the memory load factor has affected results to date.

An alternative or additional explanation for the mixed results may lie
in the differentially arousing effects of other factors present in the experi-
mental situation. One study in our laboratories involved a backward recall
task. Each subject received three blocks of four recall trials each. In a
repetitive condition, each block involved one particular stimulus type
(letters, digits, or color names). In a novel condition, each block contained
one trial of each of the three stimulus types. Using a double-blind proce-
dure, each subject was randomly assigned to receive either 300 mg caffeine
or a placebo prior to performing the memory task. Half of each drug group
was randomly assigned to a noise condition, involving a constant 80-dB
white noise stimulus and half to a no noise control condition.

Results showed that both novelty and white noise improved recall
performance under placebo and decreased it under caffeine.b It appears
that the additional arousal generated by novelty and white noise served to
push caffeine subjects over the top of the inverted-U curve and hence
decrease their recall performance. Thus, it may be that caffeine does
improve memory performance under conditions that otherwise produce
low arousal. However, any condition causing overarousal, whether or not
it is a part of the memory task itself, can yield performance decrements.

C. Vigilance Performance

One aspect of cognitive performance in which there is considerable
consistency in the literature as to the effects of caffeine is vigilance. One
example is a study conducted by Lieberman and his colleagues,” who
used the Wilkenson Vigilance Test.8° Above a white noise background,
subjects were presented with a 400-ms tone every 2 s for 1 h. Targets were
70-ms tones that were randomly interspersed among the longer tones, and
subjects responded by pressing a key on a keyboard. Hits, misses, and
false alarms were recorded. They found that low (32 mg) to moderate (256
mg) doses of caffeine increased the number of correct hits without affect-
ing the error rate.

A number of other studies have also shown that caffeine improves
vigilance performance*’# on both auditory’”#2-8 and visualf*® tasks. Con-
versely, decrements in performance have been attributed to low levels of
arousal,® while higher levels improve performance on sustained attention
tasks.”8878 Although some earlier work suggested negative effects on
cognitive functioning in children, a recent meta-analysis found no sup-
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portive evidence.® In fact, children exhibit improved functioning on both
auditory vigilance® and sustained attention®* tasks when caffeine is given.
In addition, moderate doses (200 mg) decrease self-reported feelings of
boredom, possibly providing a partial explanation for the positive effect of
caffeine in vigilance and sustained attention tasks.®® More generally, a
recent review showed that caffeine improved vigilance performance in 14
of 17 studies.”

Despite the apparent overall positive effect of caffeine on vigilance,
there is evidence to suggest that there may be a limitation on the size of
the arousal increment (induced by caffeine, intense stimulation, or both)
that will produce improvement in vigilance studies. If that limit is ex-
ceeded, performance may asymptote or deteriorate. Frewer and Laden®
found that low doses of caffeine improved vigilance performance, while
high doses initially impaired it. After 2 h, however, these high doses also
improved vigilance.

In another study, the senior author and colleagues preselected sub-
jects high and low in habitual caffeine ingestion. Using double-blind
controls, they were given either caffeine (4.0 mg/kg) or a placebo and
exposed to 93-dB background white noise or no noise. A visual vigilance
task consisted of three blocks of ten 1-min trials with targets appearing on
trials 1, 3, 4, 7, and 10 of each block. Stimuli were angled lines appearing
on a computer screen; targets were vertical lines. Results showed that
caffeine decreased target response times (improved performance) when
there was no white noise, but increased response times when the 93-dB
noise was present.® In addition, subjects with histories of habitually high
levels of caffeine use exhibited relative decrements in vigilance perfor-
mance.

The results of these two studies and others provide further support for
the theoretical inverted U-shaped arousal function. In the first case,* high
doses of caffeine pushed subjects over the top of the curve and hence
impaired vigilance performance. As time passed and the subject became
more accustomed to the experimental situation, arousal returned to more
optimal levels and performance improved. In the second study,* caffeine
combined with moderately high intensity situational stimulation (white
noise) to drive arousal up beyond the point of transmarginal inhibition
and, again, decrease performance.

D. Distraction

Caffeine affects not only information processing, memory, and vigi-
lance performance, but also other aspects of cognitive functioning. One of
those is distractibility and, therefore, the effects of situational distractors
on differential functioning during cognitive tasks.® The TUIT (Task Unre-
lated Image and Thought) questionnaire assesses distractibility by deter-
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mining the extent to which the subject tends to respond to distractors and
hence to deviate attention from the focal task at hand. It appears to
provide a measure of cognitive arousal or arousability. In one study, for
example, normal control subjects had moderate TUIT scores. Depressive
(less aroused) patients had lower TUIT scores and anxiety (more aroused)
patients higher TUIT scores than did these controls.% In effect, higher
levels of arousal were associated with higher distractibility scores on the
TUIT. Accordingly, we might predict that caffeine, by raising arousal,
would also increase distractibility and raise TUIT scores. In a test of that
hypothesis, Giambra and colleagues®” gave subjects caffeine and used the
TUIT to determine its effect on distractibility. Results showed that TUIT
scores increased with caffeine, supporting the theory that caffeine in-
creases cognitive arousal.

E. Complex Cognitive Functioning

Real-life settings, including work settings, often require more complex
and varied cognitive functioning than is the case for many laboratory
tasks. One case in point is decision-making, in which multiple types and
sources of information are logically combined to yield an informed deci-
sion.® What effect does caffeine have on such complex reasoning pro-
cesses as those involved in arriving at decisions? While little work has
been done in this area, it thus far appears that the drug has a positive
effect, at least in reducing the amount of time required to arrive at a
decision.’"%

Research on the effects of caffeine in the work place is also rather
sparse. However, there have been some studies. The use of caffeine at
work, primarily through coffee consumption in the U.S., Canada, and
some other countries and through tea consumption in some Asian coun-
tries, has a long history. Indeed, much of the substantial daily intake of the
average adult, whether of coffee or tea, occurs in job settings. Moreover,
it does appear to have positive effects on mental performance. In one
study, for example, managerial effectiveness was reduced when employ-
ees abstained from caffeine.l® Whether the withdrawal from caffeine or
the lack of the drug caused this outcome is not entirely clear, but the job-
enhancing effect of the drug is.

It is commonly assumed that the ubiquitous office coffee pot is heavily
used by workers in order to increase their levels of wakefulness, alertness,
and, more generally, arousal.* There may, however, be a number of addi-
tional perceived or actual benefits of work-related caffeine intake. Head-
aches, for example, are often reported in work settings, and one study
showed that workers sometimes consume caffeine primarily to relieve
them.2%* This finding is consistent with the widespread medical use of
caffeine to treat headache.102103
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A more common and salient, though more subtle, basis for on-the-job
consumption may be boredom. For some people, work is perceived as
boring, and boredom is, in part, a function of habituation. The habituation
process takes place when there are multiple repetitions of the same stimu-
lus complex or a continuation of that complex over time.1* Habituation is
basically a process of physiological and psychological adaptation to stimuli
that cease to yield new information.% While it is an adaptive mechanism
in that it moves noninformative stimuli into the background and permits
active attention to focus on new information, it can also have negative
effects. In particular, subjects who become highly habituated or
overhabituated experience psychological discomfort, fatigue, and bore-
dom.5 Caffeine can partially offset these detrimental effects of repeated
stimulation (e.g., in the work place) by slowing the rate at which habitu-
ation occurs and smoothing the process.® Thus, workers may consume the
drug not only to increase alertness, but also to slow and smooth habitua-
tion.

There are also documented negative effects of the amounts of caffeine
often consumed at work.1% Most of these revolve around the stresses
commonly perceived to be present in job settings. Caffeine has been
shown to exacerbate the effects of stress on neuroendocrine responses®’
and cardiovascular functioning, particularly blood pressure?:108-110 |t js no
surprise, then, that it has these same effects in work settings, predisposing
the individual toward strong physiological and psychological responses
to work stressors.!!! The blood-pressure response to work stress appears
to be particularly prone to caffeine enhancement.?’. 112 In addition, a study
of telemarketers showed that employees became more psychologically
sensitive to job stressors after consuming caffeine.'t?

F. Cognitive Aspects of Psychomotor Functioning

From a cognitive perspective,®®14 psychomotor performance follows
from or is influenced by the cognitive processing of both incoming sen-
sory-perceptual information and available memory stores. The role of
memory as a cognitive process in psychomotor performance has been
increasingly studied in recent years as work on procedural or nondeclarative
memory has progressed.!* From this cognitive perspective, whenever
motor performance occurs, it is potentially influenced by related prior
practice and skill development, which have been stored in memory. Reflex
activity is, of course, often involved, but it can be readily modified by
procedural memory for motor skills. Thus, even such basic responses as
reaction time to a simple stimulus are, in part, a function of cognitive
processes. In effect, a physical response is secondary to mental (cognitive)
performance.
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Some studies of the influence of cognition on motor performance in
adults have found that acute doses of caffeine improve psychomotor
performance®* 115 in such areas as simple visual selection!'® and fine motor
control.¥” However, others show no effect of the drug on performance!®
or an impact only on initial learning and not on later performance,!*®
especially at low dosage levels.” Studies of children and adolescents are
even more inconsistent. Some report caffeine-related improvement on
manual dexterity tasks®® and even a dose-response relationship in some
cases.'?? One study, for example, found that both 2.5 and 5.0 mg/kg of
caffeine improved the manual dexterity of the dominant hand in 8- to 12-
year-olds.®* Other work shows decrements in overall psychomotor accu-
racy, speed, or both.'?*-128 For example, one investigation showed that 200
mg of caffeine decreased performance on a recently learned tactile dis-
crimination task in 10-year-olds.'?® A third group of studies suggests that
caffeine has no effect at all, at least on gross motor performance.312

The inconsistent effects of caffeine in cognitively mediated perfor-
mance tasks may result from differences in age groups, dosage levels, and
environmental factors.'?#125 The latter have been shown to substantially
affect arousal?61?” in both adults!?12 and children.’3°13! Office noise is
effective in increasing self-reported arousal,'® as are white noise in the
laboratory,* exercise,'® and stress.! Such environmental factors are sources
of arousal and can interact with stimulants like caffeine.!®

External conditions can also cause a decrease in arousal that may also
affect cognitive/psychomotor performance. An interesting stimulation
study conducted by Suedfield and Eich*3® showed how arousal can be
reduced. They used Restricted Environmental Stimulation Technique
(REST), in which a subject floats in a dense solution of skin temperature
water and Epsom salts. This technique was shown to decrease subjective
reports of arousal. Similar reports come from studies of meditation?37138
and systematic relaxation.*®

Experimental demonstrations of the increments and decrements in
arousal that can be produced by environmental conditions suggest a need
to carefully examine this aspect of the literature concerned with the effects
of caffeine on psychomotor performance. Variability in the environmental
conditions and extraneous stimuli that differentiate experiments may have
contributed substantially to the mixed results in that literature. Consider-
ably more research, systematically varying environmental factors, and
caffeine dosage levels will be needed before firm conclusions can be
drawn in this area.

G. Cognitive Aspects of Reaction-Time Performance

One of the most fundamental measurements of cognitive activity and
efficiency is reaction time (RT).% Rapid response to a stimulus is based on
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the cognitive processing of sensory information to yield motor output.
Although what we observe is a motor response, the underlying process is
clearly cognitive. Studies show that caffeine can either speed or slow
reaction times, depending on drug dosage and task complexity. On rela-
tively simple tasks, such as rapid information processing* and the nu-
meric Stroop,*14 caffeine typically decreases reaction times,116117.135 though
not all studies are consistent.!*! This effect may be even more pronounced
in elderly people, who show greater RT improvement than younger sub-
jects under the influence of the drug.'#?

To some degree, the association between caffeine and RT forms a
dose-response relationship, higher acute doses producing faster reaction
times than lower doses.®*# The drug has also been shown to counteract the
negative effects of alcohol”™ and sleep deprivation on reaction time.*
These findings apply to both high and low habitual users. Both groups
show the positive effect of caffeine on simple RT.53

There does, however, appear to be a ceiling on the acute dosage of
caffeine that will enhance reaction time. At relatively low doses given
prior to simple tasks or highly practiced complex tasks, the drug does
enhance RT 4104117143144 However, these results may not apply to more
complex tasks that have not been extensively practiced. For example,
Lieberman’ found that 64 mg of caffeine decreased RT on a simple visual
task in which the subject had to identify an object. However, the same dose
of caffeine had no effect on RT when the subject had to choose objects in
a more complex task. In fact, caffeine has been found to have detrimental
effects on reaction times in some complex tasks.51104145 Again, there ap-
pears to be an inverted-U relationship between overall arousal — induced
by the combination of caffeine and other arousal factors — and perfor-
mance on reaction time tasks.

IV. CAFFEINE AND EMOTIONAL FUNCTIONING

The other side of the psychological coin from cognition is emotion,
and caffeine has also been shown to have important effects on this aspect
of functioning as well. Depending on dosage level and concurrent factors,
caffeine can result in either positive or negative mood changes.

A. Mood State Effects

Several studies have shown that caffeine can improve mood states,
increasing the frequency of positive mood self-reports’t3115147 in both
regular caffeine users and non-users.'® In fact, some evidence suggests
that long-term use of the drug may improve overall mood.!#? Caffeine has
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also been shown to improve the negative moods often seen early in the
morning™® and after lunch*® and can even counteract the mood deficits
found after up to 48 h of sleep deprivation.!®! In fact, the increases seen in
cognitive tasks have been attributed to the positive mood effects of caf-
feine.® In drug interaction studies, caffeine has been shown to amplify the
positive mood changes induced by other stimulants. In one study, for
example, the drug enhanced positive mood states induced by nicotine.'%?
In another, relatively low doses of caffeine enhanced mood states and
increased the desire for cocaine in drug abusers.!5® At higher doses, it had
a slight negative effect on mood.

While caffeine consumption has resulted in improved mood, absti-
nence has resulted in negative moods.'*’ Both acute withdrawal'>* and
overnight abstinence4® appear to cause dysphoric mood states.

The mood effects of caffeine appear to be dose dependent.®* Although
some work does show a positive, linear dose-response relationship,*
most studies show mood decrements at high doses. Low doses seem to
improve mood, while higher doses have negative mood effects.*® Caffeine
doses of 100 mg have been shown to increase vigor'*® and feelings of well-
being.' Even doses as high as 300 mg have been shown to create positive
mood states of “mental sedation” in some studies.” However, doses over
300 mg tend to increase tension and anxiety.% High caffeine doses, for
example, caused inmates in one study to experience anxiety, frustration,
and irritability,*® and the drug has been shown to increase tenseness and
nervousness as well.®® Complicating matters further, there are individual
differences in sensitivity to the mood state effects of varied doses of
caffeine.’® As with cognitive performance, the inverted-U function may
best explain the mood effect of the drug.

Another factor that influences the effects of caffeine on mood is the
expectation of the person consuming it. In one study, for example, subjects
showed no mood effects until they reached caffeine dosage levels that they
could detect.’ Similarly, Evans and Griffiths'®* found that people who
knew they were consuming caffeine reported positive mood effects. On
the other hand, if they unknowingly consumed the same amount of caf-
feine, they reported negative mood changes. Totten and France® found
that caffeine combines with anticipatory anxiety to increase self-reports of
anxiety. A final study showed that subjects who chose to take caffeine felt
no increase in anxiety, while those who had no choice did self-report
increased anxiety with the same levels of caffeine.6?

B. Anxiety

Anxiety is related to higher physiological and behavioral arousal
levels, 164 especially levels of affective arousal.1651% Similarly, caffeine has
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long been shown to increase arousal .58 109167, 188 This parallel may suggest
both underlying causal relationships and interactions.

A number of studies document an increase in anxiety with caffeine
ingestion,’169.170 3 phenomenon seen in both users and non-users.* In
addition, caffeine has been found to increase anxiety levels in smokers,
alcoholics,'? and ECT patients.t”® Elevations of anxiety have also been
observed in children as young as 8 years old,** and males appear to be
more sensitive to this anxiety-producing effect of caffeine 8113 Taking this
finding a step further, some investigators have reported a dose-response
relationship: higher doses of caffeine produce greater elevations in anxi-
ety #9174 Doses of 400 mg increase anxiety more than doses of 200 mg,%6:17
and 600 mg increases anxiety more than 400 mg.%° It is not clear, however,
whether or not this relationship is linear. Although some work does
suggest linearity,% other studies have shown that any dose over 300 mg
may push anxiety to asymptotic levels, with no further increase at higher
doses_27,174,176

To the extent that caffeine increases anxiety and tracks its effects, it is
worth considering the possibility of some underlying physiological rela-
tionship between the drug and the emotion. Some work suggests that
feelings of anxiety and anxiety symptoms such as sweating, palpitations,
nausea, irritability, loss of appetite, tension, and lack of concentration,'®
may be associated with adenosine receptors in the brain.'’” Caffeine acts
as an antagonist for these same adenosine receptors,'’® possibly suggest-
ing a neural association between the emotion and the drug.

It may also be no coincidence that both habitual levels of anxiety and
the preference for and consumption of caffeine have been shown to be
subject to genetic predispositions. Increasing evidence in recent years
suggests the presence of a substantial genetic factor in anxiety.”® This
predisposition may be expressed in the serotonin system of the braint-182
and possibly also the norepinephrine system.'® Evidence indicates that
levels of habitual caffeine consumption and the intensity of responses to
single doses may also be subject to a hereditary predisposition.18418 |t
appears to involve the bimodally distributed ability to acetylate molecules
possessing an amino functional group. The genetic predisposition very
likely has a direct effect on the extent to which caffeine acts as an adenos-
ine receptor antagonist in a given individual and may also influence
caffeine-relevant taste preferences. Depending on the percentage of vari-
ance accounted for by the genetic predisposition, early exposure to and
experience with caffeinated substances interacts with heredity to shape
both the preference for caffeine and the reaction to ingestion. The potential
for a genetically based neurophysiological relationship between anxiety
and caffeine is clear, but a considerable amount of research will be re-
quired to further confirm it.
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Despite the well-documented association of caffeine with anxiety and
the possibility that there is a neural association between the two, the
literature has not been entirely consistent. In fact, a survey of over 9,000
people in England found no relationship between caffeine and anxiety.8
In addition, even though panic disorder patients are hypersensitive to
anxiety-producing stimuli and situations,¥7-18° doses of caffeine under 100
mg do not increase their anxiety levels.

C. Stress

One of the major contributing factors in anxiety and anxiety disorders
is stress, and it is reasonable to hypothesize that this is an area of psycho-
logical functioning in which caffeine may be implicated.® Ongoing re-
search has clearly demonstrated the destructive psychological and physi-
ological effects of stress. One of the most serious reactions is post-traumatic
stress disorder (PTSD), which was reported at least as far back as 1755
when a peasant family was trapped by an avalanche in the Italian Alps.1%°
It has been widely studied in Vietnam veterans®*'% and in veterans of
World War Il and the Korean War.® In civilians, PTSD is seen in 38% of
burn victims*** and 46% of those involved in motor vehicle accidents.*®
More generally, a study of college students revealed that any of a wide
variety of prior traumatic experiences could produce the symptoms of
PTSD.1% There is now some evidence that caffeine may be a contributing
factor in this disorder.”

Other psychological consequences of stress include its role in reduc-
ing college performance!®® and in suicide, which takes 30,000 lives in the
U.S. each year — about one every 18 minutes.'*®® Interestingly enough,
however, caffeine consumption appears to have precisely the opposite
effect in this regard. In a large-scale 10-year follow-up study of women,
caffeine consumption was inversely related to suicide.’® It is likely that
this effect is due to the mood-enhancing properties of moderate amounts
of the drug.1#®

Stress also has destructive physiological effects. Stressors significantly
modify the number of NK cells and the number of T-cells, thereby reduc-
ing the immune response and becoming a contributing factor in infectious
and other disorders%020! Stress is also a factor in cardiovascular disorders,
where it contributes to the gradual development of coronary artery dis-
ease and hypertension?? and is a precipitating factor in heart attacks.?® In
addition, stress contributes to the development of a number of other
physical disease processes, such as asthma?* and rheumatoid arthritis.?%

The role of caffeine in stress and stress reactions has been well docu-
mented.? It affects the neuroendocrine!®” and heart rate?72% responses to
stress, as well as the skin conductance response to stressful anagram
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tasks.* Best documented, however, are the additive effects of stress and
caffeine on blood pressure and related cardiovascular indicators.*1% In
one investigation, subjects were exposed to stressful mental arithmetic,
cold pressor, and static exercise tasks after taking caffeine (250 mg) or a
placebo. The drug enhanced the impact of the stressors, yielding an addi-
tive effect on blood pressure.l® Confirming studies show interactive ef-
fects of caffeine and stress on both resting pressures* and the blood
pressure response.2210 For example, as little as 250 mg of caffeine exacer-
bates the cold pressor stress response.**1% The interaction is seen not only
in adults, but also in teenagers!® and even prepubertal boys.?1t

One widely employed experimental paradigm is the Rapid Informa-
tion Processing (RIP) task. In a recent RIP study, Lovallo and colleagues??
had subjects respond to random light presentations of 3 ms duration. They
pressed a response key with each light onset and were given 50 cents for
“very rapid” responses. Using 3.3 mg/kg of caffeine (an average of 264 mg
per subject), they found that the drug produced a significantly greater
increase in the blood pressure response than did a placebo. Many other
studies confirm the exacerbating effect of caffeine on the blood pressure
response to stress.43:107.213-216

D. Anger, Aggression and Violence

Caffeine may also be a factor in anger and its expression in aggressive
behavior. One of the most rampant problems in U.S. society today is
violence, an extreme form of aggressive behavior often precipitated by
anger. Between 1960 and 1991, mortality from all causes decreased, but
deaths from murder more than doubled from 7.7 to 16.6 per 100,000
population.?” A 4-year longitudinal study of violent injury and death in
the urban African-American population of western Philadelphia, totaling
68,000 people, confirmed the high levels of aggression in society. Of the
men in the sample between ages 20 and 29, 94% visited the emergency
department of an area hospital at least once during the four years. Overall,
violence-induced injuries accounted for 31% of all hospital admissions
and 42% of deaths, both representing substantial increases from earlier
years.?18

Violence has also expanded into the public schools to a degree never
before observed. Metropolitan areas are seeing almost daily reports of
students bringing knives and guns into the schools. In fact, a recent survey
showed that 11% of teachers and 23% of students nationwide have been
victims of violence in school?*° In addition to the suffering and loss of life,
the monetary cost to society of every murder is calculated at $2.4 mil-
lion.?0

Is caffeine a contributing factor in anger and violence? Preliminary
indications are that it may well be. It has been clearly demonstrated that
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elevations in affective arousal are associated with increases in aggres-
sion.??-24 Higher arousal states are also seen with anger?® and with ag-
gression in children as young as 8 years of age.?? Since caffeine contributes
to affective arousal,1% it may also contribute to anger and aggression. In
fact, however, very few studies have addressed this issue directly. In-
creases in caffeine have been shown to increase aggression in both normal
subjects!®8227.228 gand psychiatric patients.??° In addition, studies show that
caffeine increases hostility'’# and that abstinence from the drug decreases
it.2%0 However, these effects have not been entirely consistent, with some
studies finding no effects of caffeine on aggression.?** Considerably more
research in this important area will be required.

These inconsistencies can perhaps best be explained by examining the
perception of arousal. Both physiological arousal and cognitive assess-
ment of that arousal are necessary to produce aggression.??3224 In one
study, individuated people reacted more aggressively when they were
informed that their heightened arousal came from the previously un-
known consumption of caffeine. De-individuated people showed decreases
in aggression levels when they were told that they consumed caffeine.?%
The individuated person would theoretically attribute arousal to some
internal factor before knowing about the caffeine. With the emergence of
an external object, attention is focused on the deception, and aggression
therefore increases. The de-individuated person, on the other hand, would
already assume that the experimenters had caused the arousal, and spe-
cific knowledge of caffeine consumption would only confirm that suspi-
cion.

Attribution of the arousal source more generally has been shown to
influence the level of resultant aggressiveness in a subject.?® In addition,
when subjects think they have no control over their stimulation, they
become more aggressive,?* and that effect may also be exacerbated by
caffeine.

E. Happiness

On the more positive side, caffeine has been shown not only to have
positive mood effects under some circumstances, as discussed above, but
more specifically to increase self-reported happiness and feelings of plea-
sure. This hedonic effect may, however, occur only at relatively low doses.*?
More generally, any dose under 300 mg may, depending on other condi-
tions contributing to arousal, promote happiness? and can even cause
euphoria-like symptoms in animals.?® As the dosage increases above 300
mg, levels of contentedness decrease.'’

Confirming the pleasurable effects of arousal, Russell® used the Af-
fect Grid to assess happiness. It was found that reports of pleasure in-
creased with increasing arousal up to a point. Beyond this point, further
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arousal led to decreases in pleasure. This finding, like many others, sup-
ports the theoretical inverted U-shaped function. What remains in this
area is to further assess the effects of caffeine and its interaction with other
arousal and perceptual factors to better understand the optimal arousal
function.

V. THE CAFFEINE RESPONSE: INDIVIDUAL DIFFERENCES

The biobehavioral arousal model® holds that arousal is multidimen-
sional and hence affected by a number of interacting factors. Caffeine is
thus clearly not the only agent that influences psychological and physi-
ological functioning through its impact on arousal, and it is important to
determine just how the drug interacts with other elements to affect arousal
and its psychological sequelae. Other situational factors, such as stimulus
intensity and multiple arousal sources, as well as individual difference
dimensions, are among the important considerations.?” Individual differ-
ences in the response to caffeine, and to arousal and arousability more
generally, must, in particular, be taken into account. Some subjects have
strong reactions to arousal agents, others considerably weaker responses.
While this general arousal-responsiveness dimension may cut across a
number of arousal agents, there may also be arousability differences in
reactions to specific agents, such as caffeine.

We have already noted evidence for genetic factors that underlie the
preference for and response to caffeine. These factors create a biologically
based set of individual difference dimensions that may be modified by
experience with the drug. In addition, there is evidence for a number of
broader individual difference dimensions that appear to be relevant. These
bipolar continua differentiate between subjects who are habitually high in
arousal or arousability and those who are habitually low. The factors in
guestion are personality dimensions that theoretically reflect underlying
biological continua of arousal or arousability.?®® Included among these
dimensions are extraversion,’® impulsivity,?®? and sensation-seek-
ing.%+241242 \We will take up the first two of these.

A. Extraversion

Eysenck hypothesizes that extraversion reflects an underlying con-
tinuum of activation or arousal.?*-2% Many studies have been conducted
to test this assumption, and caffeine is sometimes employed in order to
determine how its effects vary as a function of the individual differences
in arousability reflected by the Eysenck dimension. Interactions involving
EEG,246247 EDA,248249 mood,*® and task performance'“24” have been exam-
ined.
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The validity of Eysenck’s arousal hypothesis and the differential ef-
fects of caffeine on introverts and extraverts are generally well docu-
mented, primarily in studies involving various EDA measures. Investiga-
tions of the arousal hypothesis quite consistently confirm that introverts
are more aroused or arousable than extraverts.®%2% As compared with
extraverts, introverts show larger phasic skin conductance responses,?38:241.248
higher skin conductance levels,?*! slower electrodermal habituation,?
higher heart rate reactivity,?! and shorter Wave V latencies.?*” Since EDA
has been shown to be a reliable measure of arousal,®%2492%2 these results
support Eysenck’s hypothesis. They also support the present arousal theory,
which postulates the existence of individual difference dimensions reflect-
ing an underlying arousal continuum.

Studies of the interaction of extraversion and caffeine test the hypoth-
esis that the effects of caffeine on psychological and physiological func-
tioning are subject to variability as a function of individual difference
dimensions. An earlier series of double-blinded, placebo-controlled stud-
ies in our laboratories addressed this issue. In each study, a large group of
subjects completed the Eysenck Personality Inventory (EPI1)?% as a mea-
sure of extraversion. Scores were used to establish extreme groups of
introverts and extraverts, and subjects in each of these groups were ran-
domly assigned to receive one of several doses of caffeine or a placebo.
Subijects were then exposed to a series of auditory stimuli of varied inten-
sity.

Results showed a clear interaction between extraversion and caffeine.
Introverts, who have been shown to exhibit higher baseline arousal levels
and greater arousability,%* exhibited larger phasic electrodermal responses
under placebo and low caffeine doses than did extraverts. However, the
reverse was true under high doses of caffeine.%52% |n addition, when a
preparatory signal preceded intense auditory stimulation, it reversed
dosage-related response patterns in introverts, but had little effect on
extraverts.?s

These group reversals clearly show that the arousal effects of caffeine
are mediated by individual differences. The generally expected linear
increment in response amplitude exhibited by extraverts under increasing
levels of caffeine-induced arousal was sharply contrasted with the decre-
ment exhibited by introverts. The best explanation for this differential
effect of caffeine is the presence of an inverted U-shaped arousal function:
the augmentation of arousal input as caffeine dosage increases produces
a corresponding elevation of arousal output up to a point. Further input
increments then produce a decrease in output in introverts, who are more
highly aroused at baseline. The introverts are essentially pushed over the
top of the inverted-U by the caffeine.

The finding of an inverted-U function is consistent with the
biobehavioral theory, which predicts this biologically protective effect of
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multiple sources of arousal.®?% Two alternative, though compatible, theo-
retical explanations are Pavlov’s concept of transmarginal inhibition?56257
and Wilder’s law of initial values.?® Pavlov suggested that there is a
protective physiological mechanism designed to avert damage to the cor-
tex due to excessive stimulation and resultant arousal. This transmarginal
inhibitory mechanism goes into action when arousal from multiple sources
— such as caffeine and personality predispositions — summates to push
overall arousal to dangerously high levels. The result, as with the in-
verted-U function of the biobehavioral theory, is a decrement in arousal
output as measured psychophysiologically and a corresponding decrease
in psychologically perceived arousal.

Wilder?® hypothesized that there are protective biological limits on a
variety of organs and systems, such that the extent to which caffeine or any
other agent will increase measured arousal is dependent on the starting or
baseline value of the physiological parameter. For example, a high inten-
sity auditory stimulus may raise heart rate by 60 bpm to a total of 125 bpm
if the prestimulation HR is only 65 bpm. However, if the resting baseline
is 130 bpm, the same stimulus may raise it only 40 bpm to 170 bpm. In
effect, Wilder is proposing the same inverted-U function, though it is less
clear whether there will be an arousal output decrement when the margin
is crossed or whether the function will simply reach a stable asymptote.

B. Impulsivity

Further confirmation of the inverted U-shaped arousal function relat-
ing caffeine to personality is seen in studies of impulsivity. Impulsives
typically exhibit lower levels of arousal than nonimpulsives under baseline
experimental conditions.?%%20 However, caffeine can modify* and even
reverse the relative positions of the two groups. In one study, impulsives
and nonimpulsives were tested on easy (letter cancellation) and difficult
(verbal ability) tasks under each of five different caffeine dosages. Increas-
ing drug doses improved the performance of both groups on the easy (less
arousing) task. However, on the difficult task only the impulsives showed
the positive dose-response relationship. Nonimpulsives improved with
increasing caffeine dose up to a point, then deteriorated, supporting the
inverted-U theory.?%!

Other research has typically confirmed the interactive effect of caf-
feine and impulsivity on mental task performance. The more highly aroused
nonimpulsive group performs better than the impulsive group under
placebo conditions. However, impulsives show greater improvement when
given caffeine.* This same interaction is seen in studies of recognition
memory®! and visual search 8 Exceptions to this common finding are seen
in studies of recall memory for supraspan word lists, where no caffeine-
impulsivity interaction has been observed.5”7
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IV. CAFFEINE AND PSYCHOPATHOLOGY:
ADDICTION AND CAFFEINISM

The DSM |V notes the potential for caffeine to be abused and includes
Caffeine Intoxication under the category of Substance Abuse Disorders.?%2
Despite this official classification, there continues to be controversy as to
whether or not caffeine is actually a drug of abuse. Some researchers
maintain that caffeine has very low, if any, potential for abuse,?®® while
others believe that it can be addictive and has characteristics similar to
those of other addictive drugs.?®

A. The Potential For Abuse

In 1988, the Surgeon General established three criteria for addiction
liability.?%* These general areas are Psychoactivity, Compulsive Use (Sub-
stance Dependence), and Drug-Reinforced Behavior (Reinforcing Effects).

1. Psychoactivity

As we have seen, low doses of caffeine (75 to 300 mg) have been
shown to increase positive mood states,>® with higher doses leading to
more and more positive mood states, at least up to a point.155265 At the very
high levels of consumption (greater than 500 mg) seen in heavy caffeine
users,'® the drug can elevate anxiety and depress affect.®* Our more
general review of the mood state literature above leaves little doubt that
caffeine is a psychoactive drug.

2. Substance Dependence

A formal diagnosis of substance dependence requires a maladaptive
pattern of abuse that leads to clinically significant impairment or distress.
More detailed criteria revolve around the development of tolerance, the
experience of withdrawal when abstinence is required, the inability to
stop using the drug, and continued use over a protracted period of time.
The question is whether or not these criteria, clearly applicable to cocaine,
heroin, and other drugs, are met by caffeine.

Some research suggests that there is a group of coffee drinkers who
are dependent on caffeine,* and liking for coffee has been shown to in-
crease as dependency increases.?® Moreover, in one study, regular caf-
feine consumers preferred drinks with 100 mg of caffeine over placebo
drinks, while non-users had an opposite preference.?s” Dependency on
caffeine results from repeated exposure to the drug®® in either acute high
doses or repetitive lower doses?® and can produce considerable behav-
ioral disruption 22 Using DSM-1V criteria, one team of investigators found,
in fact, that 16 out of 27 self-assessed caffeine-dependent people fulfilled
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clinical requirements for dependency.?® Animal studies have also con-
firmed the dependence potential of caffeine.?> For example, self-adminis-
tration trials in rats provide an animal model for the development of
dependence on the drug.?”®

Consistent with these observations, there is some evidence that caf-
feine may act, in part, on dopaminergic fibers that project into the medial
forebrain bundle. Other psychostimulants also appear to act on this sys-
tem, which may be at least one of the neural mechanisms involved in the
development of dependence.?”* Further work has suggested a parallel
between caffeine and another highly addictive drug, alcohol. Many of the
same factors that enter into the development of alcoholism may also
influence the development of dependence on caffeine.?”?

3. Tolerance

Tolerance is generally taken as one of the hallmarks of addiction
liability. Moreover, to the extent that tolerance develops in a habitual
caffeine consumer, any positive effects on mental performance may be
eradicated. Addressing the tolerance literature in their earlier review,
Gilliland and Bullock3* concluded that there was little evidence for toler-
ance at that time. Since then, there have been several other tolerance
studies, some confirming that earlier conclusion.?%” One study, for ex-
ample, showed that relatively low doses (250 mg) of caffeine have similar
effects on cerebral blood flow in non-users and heavy users,?”® evidence
against substantial tolerance in heavy users. Moreover, habitual caffeine
use does not eliminate its acute effects?™ or its enhancement of the stress
response?* in some studies.

There are, however, opposing findings suggesting that tolerance to
caffeine does develop,155167.275.276 perhaps in as little as five days.?”” One
team of investigators examined adults who consumed caffeine on a regu-
lar daily schedule and found evidence for significant tolerance.?”” Simi-
larly, Evans and Griffiths!! demonstrated the development of tolerance
with a high dose of caffeine. In addition, the reticular formation in male
rats has been shown to develop complete tolerance to caffeine within 2
weeks.?®

A variety of factors differentiating tolerance studies could have con-
tributed to the observed discrepancy. Lower doses are less likely to lead
to tolerance than higher doses or will do so less rapidly. The habitual
coffee drinkers in some studies may have had different levels or durations
of consumption. In the cases of acute dosing, caffeine consumed by sub-
jects outside the laboratory on the day of the experiment may have varied.
This is particularly true when some investigators request in advance that
subjects abstain from caffeine prior to the experiment, while others do not.
Differences in age, gender, and arousal-relevant personality dimensions,
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such as extraversion and impulsivity, may have affected results. Finally,
in the population at large, underlying genetic factors may make some
people more susceptible to the development of caffeine tolerance. Unfor-
tunately, there is no clear pattern in the studies to date that would specifi-
cally target one or more of these explanations. As a result, the tolerance
issue remains unresolved.

4. Withdrawal

Guellot?® first reported caffeine withdrawal symptoms that included
insomnia and psychomotor impairment. Other studies confirm the psy-
chomotor impairment,?! and the list of withdrawal symptoms has grown
to include headaches,®?24 tension,?®® and fatigue.?®®> There is also de-
creased attention,?!increased anxiety,?8 irritability, disturbed concentra-
tion,?% nausea/vomiting,?® depression, dysphoric mood,* and symp-
toms of stress,!#” such as increased heart rates.?®” These symptoms, similar
to nicotine withdrawal effects,?®® can substantially impair the functioning
of the individual during the withdrawal period.?°2% However, it appears
that very low doses of caffeine do not lead to withdrawal symptoms when
stopped,*® and some investigators have found that withdrawal symptoms
occur only with total abstinence.?! Fatigue is usually the first symptom to
appear, followed by headaches,?*? which constitute 35 to 49% of all with-
drawal complaints.?®® Withdrawal symptoms usually appear 12 to 24 h
after abstinence and peak 8 to 16 h later.#22029%42% The headaches disappear
after a few days,%! and the other symptoms also weaken over time.'*8

Confirming that the observed withdrawal is physiological are studies
in which a placebo is substituted for caffeine in dependent users. With-
drawal symptoms appear even under these conditions.?® In addition, the
placebo substitution results in higher scores on depression scales.69.2%

5. Reinforcing Effects

Psychological aspects of caffeine dependency, to the extent that they
occur, may be due to the reinforcing effects of the drug 2% In fact, doses
as low as 25 mg have been shown to have reinforcing properties.?8 Al-
though caffeine may not be as reinforcing as other psychostimulants,63
animal studies have shown that it does have the properties of a positive
reinforcer.2%

These reinforcing effects are especially prevalent in coffee drinking,
where the two major reasons for consumption appear to be the stimulation
and relief given by the caffeine.?® One study showed that, while non-
dependent heavy coffee drinkers consumed the same amount of coffee
regardless of the presence of caffeine, those who were caffeine dependent
consumed significantly more coffee when it was caffeinated.?° In addi-
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tion, recent caffeine use has been shown to cause people to choose
caffeinated over decaffeinated coffee?® even though de-caffeinated coffee
and caffeinated coffee have been shown to taste the same.3

6. Caffeine Addiction in Perspective

Is caffeine an addictive drug? It is clearly psychoactive, and both
withdrawal and reinforcement data document its addiction liability. Tol-
erance data are much less consistent, and this phenomenon will require
further investigation. Although there is support for its addictive proper-
ties, caffeine obviously cannot be equated in this regard with such pow-
erfully addictive substances as nicotine, cocaine, alcohol, or the narcotics.
Caffeine withdrawal symptoms are nowhere nearly as severe as those for
these other drugs, and the drug itself is much less psychologically, physi-
ologically, or socially destructive.

B. Caffeinism

The first published report of caffeinism appeared in 1967 and de-
scribed the case of a woman thought to have an anxiety disorder until it
was determined that she was consuming 15 to 18 cups of brewed coffee
per day. She showed rapid improvement when her caffeine intake was
drastically reduced.® In 1974, John Greden3® alerted clinicians to this
newly identified disorder, which can produce symptoms indistinguish-
able from those of the anxiety disorders. He highlighted the diagnostic
dilemma this situation can present and noted the need for care in making
a differential diagnosis. Most of the research on caffeinism followed his
article and was conducted primarily in the 1970s and 1980s. While there
has been little recent research, the problem remains a potentially impor-
tant one that may require further empirical attention.

Wilfrid Pilette3® defined caffeinism as “...a pharmacological state of
acute or chronic toxicity that results from the ingestion of high doses of
caffeine...”. As Greden®®2 had suggested, the symptoms are highly corre-
lated with those of the anxiety disorders. Commonly included among
observed psychological manifestations are excessive anxiety, sleep distur-
bances,®® irritability, and agitation.3** Accompanying physical symptoms
can include tremulousness, muscle twitches, diuresis, arrhythmias, flush-
ing, tachypnea, palpitations, gastrointestinal disturbances,?? psychophysi-
ological complaints, sensory disturbances,*** tachycardia,®® and respira-
tory distress.2% At extreme doses, the drug can be severely toxic or even
fatal. In one case, a 27-year-old male patient experienced epileptoid con-
vulsions, shallow respiration, and unconsciousness, as well as hyperpyrexia,
tachycardia, and hypertension. He had ingested 500 g of ground coffee to
obtain a “high”.%% In another case, a 20-year-old bulimic woman con-
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sumed 20 g of caffeine in a suicide attempt. In addition to severe manifes-
tations of the more common symptoms of caffeine intoxication, she suf-
fered a subendocardial infarction.3%®

The existence of caffeinism and its major symptom patterns were
repeatedly confirmed in the early studies,** and it may be fairly common.
Behar,’® for example, diagnosed it in 16% of veterans referred to an
outpatient clinic for PTSD. However, the more general prevalence of the
disorder is unknown, definitive differential diagnostic signs have not been
identified, and contributing causal factors are not well understood. Since
many people who consume large amounts of caffeine apparently do not
develop caffeinism,>® while others manifest the symptoms on lower
(though substantial) doses,** there are clearly factors other than dosage.

Gender and tobacco use both appear to be among the factors that
contribute to caffeinism liability. Women and non-smokers are at higher
risk.’% Body weight, pattern of consumption, and exposure to other
psychostimulants are other obvious possibilities. Somewhat more subtle is
the likelihood that a predisposing factor may be present, and the genetic
factor discussed above may provide this missing link. It may affect the
adenosine receptor antagonism potency of caffeine!® and may involve the
serotonin'® or norepinephrine!® system or both.

Supporting this possibility is an interesting study in which patients
with generalized anxiety disorder (GAD) were given 250 or 500 mg of
caffeine prior to the recording of psychophysiological measures. They
showed greater increases in EEG, skin conductance level, and blood pres-
sure indicators of arousal than did normal controls.'”® The authors con-
cluded that GAD patients appear to be abnormally sensitive to caffeine, an
observation that both supports the likelihood of a genetic factor and helps
to further understand the relationship between caffeine and GAD. Sup-
portive studies show a similar caffeine hypersensitivity in patients with
panic disorder. 75810311

VIIl. CAFFEINE, AROUSAL, AND PSYCHOLOGICAL
FUNCTIONING

Two decades ago we had very little scientific evidence concerning the
effects of caffeine on psychological functioning. However, both scientific
and public interest in the effects of this widely used psychostimulant
increased dramatically when the Framingham heart study?®? and other
early reportstt12 pointed to its cardiopathogenic potential. With reports of
caffeinism also entering the literature,®.3% interest in studying the psy-
chological, as well as physical, effects of the drug grew. The resulting
pursuit of scientific research on caffeine has addressed a wide variety of
areas of psychological functioning and performance. Among these, we
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have reviewed here literature on cognitive performance, emotional func-
tioning, and psychopathological potential. We turn now to an attempt at
achieving a further theoretical understanding of the factors that interact
with and enter into the impact of caffeine.

A. The Biobehavioral Model Revisited

While conflicting results and unresolved issues remain, there are also
increasing consistencies concerning the impact of caffeine on psychologi-
cal and underlying physiological functioning. These consistencies become
more apparent in the context of the biobehavioral model and the inverted-
U arousal function that it includes. This model holds that arousal level is
only one of several elements entering into the dual-interaction model that
determines behavior and that caffeine is only one of a number of common
contributors to arousal. Its effects in any given individual or situation thus
depend on other relevant factors. Among these are arousal traits and
arousal states. Biological and environmental backgrounds contribute to
current traits, and both habitual and acute exposure to caffeine and other
arousal agents contribute to current states. We have also postulated for
some time a genetic factor that differentially predisposes individuals to
have stronger or weaker physiological, and therefore psychological, reac-
tions to caffeine. As we have seen, there is now evidence for such a factor
and additional evidence that caffeine sensitivity and anxiety proneness
may be genetically related. The several factors in the arousal model and
their interactions combine to determine current physiological and psycho-
logical responses.

To reach a full understanding of caffeine effects, the biobehavioral
model clearly suggests that we must learn how this psychostimulant
interacts with other arousal-relevant factors. While not all studies are
consistent, it now appears that the inverted U-shaped function provides
the best available integration of both arousal-performance and arousal-
arousal (arousal input-arousal output) data. The cognitive literature shows
that this curvilinear relationship applies to information-processing,
memory, vigilance, reaction time, and other cognitive-psychomotor data,
among others.

Most findings for emotional functioning are also consistent with this
theory. Mood states become more positive until arousal, including the
caffeine component, crosses threshold, then deteriorate with further arousal
increments. Happiness similarly increases, then decreases as arousal rises.
Data on such arousal-relevant personality dimensions as extraversion and
impulsivity clearly support the inverted-U hypothesis. What this sug-
gests, then, is that many of the effects of caffeine are mediated by its effect
on arousal and its interaction with other arousal agents. Such a finding
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supports most aspects of the biobehavioral model and also requires that
we achieve the fullest possible understanding of the arousal properties of
caffeine.

B. Effects On Arousal And Alertness

In the context of the biobehavioral theory, the relationship between
caffeine and psychological functioning appears to be quite straightfor-
ward. It revolves around the well-documented impact of the drug on
arousal and alertness. The vast literature in this area is quite consistent in
demonstrating that caffeine increases both physiological arousal®® and
self-reported wakefulness and alertness.148202314.315 Most of the effects on
physiological arousal that serve to modify psychological performance are
straightforward. Caffeine elevates skin conductance level (SCL), a reliable
measure of tonic arousal®1%.254316 and also slows and stabilizes its habitu-
ation.® Skin conductance response (SCR) amplitude is also increased by
caffeine,%® and again habituation rate is reduced and the rate function
smoothed by the drug.53Y

Electroencephalographic (EEG) changes following acute caffeine ad-
ministration also support the observed effects of the drug on arousal level,
though the exact nature of the changes depends on the subject population
and the experimental situation. Studies have documented relative EEG
activation®!® and decreased alpha activity,61%8 with a demonstrable dose-
response relationship,* under caffeine. In fact, the arousing effect of caf-
feine is so substantial that a 200-mg dose taken in the morning affects sleep
EEG during the subsequent night.?!° The drug also produces changes in
auditory evoked potentials recorded during a visual vigilance task, in-
cluding a significant decrease in P2-N2 amplitude.’? Other work has
shown decreases in beta®3° and delta® amplitudes.

Cardiovascular studies show typically small but quite consistent in-
creases in blood pressure,108153.167.212321 |n fact, normal dietary amounts of
the drug elevate both systolic and diastolic pressures,?2322323 and there is
some evidence that it may be a contributing factor in hypertension.’*
Studies using nuclear ventriculography and impedance cardiography
suggest that this elevation may be based on increased systemic vascular
resistance.®?®> The blood-pressure elevation effect may be subject to toler-
ance with regular consumption, 7267 though it may not be complete.®? In
addition, expectancy regarding the effect of caffeine on blood pressure
may play a role.’?” Heart rate effects are much less consistent. Some studies
show a decrease,%3328-3%2 gthers an increase,?°274326.33 gnd still others no
Change_167,209,334-337

Overall, there is strong support for the hypothesis that caffeine el-
evates physiological arousal. It may be of particular behavioral signifi-
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cance that it also slows and smooths the process of habituation.® However,
the mixed results for some measures, particularly heart rate, suggest the
need to examine other mechanisms and effects.®

Self-report measures confirm the arousing effects of caffeine. It quite
consistently produces an increase in alertness,?¢333% and this remains true
even when nightly sleep has been restricted to five hours in subjects who
normally sleep eight.}* In fact, caffeine increases sleep latency®?4° and,
when given at night, elevates alertness to daytime levels.3* It is no won-
der, then, that the benefits of sleep on performance are reduced when
caffeine is consumed prior to sleeping.3¥° Even caffeine consumed during
the morning hours disturbs the quality of sleep that night.31° Other studies
show that the drug substantially counteracts even 48 hours of sleep dep-
rivation'® and that the substitution of decaffeinated coffee in regular
coffee drinkers decreases wakefulness.?’

Further indication of the powerful effects of caffeine on psychological
functioning comes from studies comparing the effects of the drug with
other methods of elevating mental alertness. One such method is the
prophylactic nap, which has been shown to maintain or increase alert-
ness.? One recent investigation accordingly compared the effects of caf-
feine with those of prophylactic naps. Subjects were assigned to one of
four nap conditions (0, 2, 4, or 8 h) and to one of four caffeine dosage
groups (a single 400 mg dose, repeated doses of 150 or 300 mg every 6 h,
or placebo). All then underwent two nights and days of sleep loss, during
which they completed mood scales and performance tests. Results showed
a dose-response elevation of alertness for both caffeine and prophylactic
sleep. The authors concluded that the alertness increment produced by
150 to 300 mg of caffeine was approximately equivalent to that seen after
2 to 4 h of prophylactic nap time.34

A second study compared morning caffeine with eating breakfast.
Interestingly enough — and contrary to popular advice — morning caf-
feine was more effective in increasing alertness, as well as performance on
certain tasks, than was breakfast.” These self-report and observational
measures of alertness are consistent with the bulk of the physiological
literature in confirming the activating effects of caffeine.

C. Conclusion

As we noted earlier, caffeine affects not only arousal, but also other
behavioral influences such as attentional focus. However, it now appears
that these other effects may be secondary to the impact of the drug on
arousal and that a multi-factorial model incorporating the inverted-U
function may best describe that relationship. Most results in the literature
to date are supportive of the biobehavioral model proposed here. How-
ever, research on the psychological effects of acute and habitual caffeine
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consumption is still in its infancy — or at best early childhood — and it is
hoped that the biobehavioral model will help to guide further research in
this important area.
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INTRODUCTION

Daily caffeine consumption is common in many different populations
worldwide, thus associations between caffeine and health can have impor-
tant public health implications. Coffee is one of the two largest sources of
caffeine throughout most of the world, the other being tea,! and many
investigations of caffeine and serum cholesterol have used coffee as a
source for caffeine. The relationship between coffee, caffeine, and serum
cholesterol has been studied extensively over the past two decades. Re-
ports from both observational and experimental investigations have shown
associations between coffee and serum cholesterol which have ranged
from being strong and significant to having little or no effect.? These
conflicting results are likely attributable to confounding associations be-
tween coffee consumption, its preparation methods, variability in the
chemical composition of different types of coffee beans, the degree of
coffee bean roasting, and potential interactions with other dietary factors
such as increased saturated fat intake from the addition of dairy products
to coffee. The amount of daily coffee consumed and the duration of
investigational periods are also important factors that vary among studies.
Also, it may be that coffee drinking exerts a differential effect on serum
cholesterol levels among diverse population subgroups, e.g., hyper- vs.
normolipidemic individuals. When these various factors are taken into
consideration, many of the discrepancies between coffee and serum cho-
lesterol studies can be explained, and a consistent pattern emerges. The
purpose of this chapter is to provide a current and comprehensive under-
standing of the relationship between coffee, caffeine, and serum choles-
terol levels.

A. Types of Coffee Beans, Chemical Composition, and Methods of
Preparation

The world’s coffee supply comes primarily from two major types of
coffee beans, Arabica (Coffea arabica) and Robusta (Coffea canephora), which
differ in several characteristics as well as caffeine content. Arabica is
favored for its finer aroma, flavor, and body, and contains 1% caffeine.
Robusta is neutral and contains twice as much caffeine.! The ratio of
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Arabica/Robusta beans used in different countries ranges from 1.5:1 in
Italy, 4:1 to 3:1 in the U.S., and 20:1 in Sweden and Norway.? As described
in Chapter 6, coffee contains a number of physiologically active compo-
nents, including caffeine, diterpene alcohols, sterols, hydrocarbons,
squalene, and others.

Traditionally, methods of preparing coffee differ distinctively between
countries and cultures. Common ways to prepare it include boiling, filter-
ing (sometimes called drip), and espresso. Many of the best publicized
studies of coffee and cholesterol emanate from Scandinavian countries
where historically boiling has been the conventional method of prepara-
tion. Boiled coffee is prepared by boiling coarsely ground coffee in water,
which is then consumed without filtering off the grounds. In the U.S. and
some European countries, filtered coffee is common. Filtered coffee is
prepared by pouring hot, but ideally not boiling, water through a filter
(made of paper or other metal, such as gold-mesh) over medium-ground
coffee. In countries such as Italy, Spain, and France, and growing in
popularity in the U.S., espresso coffee is a preferred choice. Espresso is
prepared by forcing water through a metal filter containing finely ground
coffee. Italian mocha coffee is also prepared by forcing water through
finely ground coffee, but brewing time is slightly longer.

Other methods of preparation include French press coffee (also known
as plunger or cafetiere coffee), which is similar to boiled coffee in that it is
not filtered. French press is prepared in a special unit where boiling water
is poured over ground coffee. Then a metal screen strainer (plunger) is
used to move the majority of the grounds to the bottom of the unit.
Traditional Greek/Turkish or “mud” coffee is prepared in a special pot
called an ibrik by combining very finely ground coffee with water and
boiling until foam is produced. It also is an unfiltered coffee.

II. FINDINGS FROM OBSERVATIONAL STUDIES

In one of the earliest key studies, the Tromso Heart study, Thelle et al.?
cross-sectionally examined the association between coffee consumption
and serum cholesterol in 14,581 Norwegian women and men who typi-
cally consumed boiled coffee. They found that coffee was a major con-
tributor to variations in levels of serum cholesterol independent of age,
body mass index, physical activity, smoking, and alcohol intake; although
either weak or no associations were reported for coffee consumption and
HDL-cholesterol (HDL-C) and triglycerides (TG). However, in 1987 Thelle
et al.* reviewed 23 cross-sectional investigations of coffee and serum cho-
lesterol involving 130,000 subjects from eight countries and found incon-
sistencies in findings among the studies, which they suggested could be
largely explained by differences in brewing methods. This led them to
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conclude that there was insufficient evidence at that juncture to warrant
public health concern, although there may be clinical significance for some
hyperlipidemic individuals.

A. Relationships Between Caffeine and Serum Cholesterol

Since the Thelle et al.* review, several large population studies have
investigated the relationship between caffeine intake and serum choles-
terol by examining intake of both caffeinated and decaffeinated coffee, tea,
and cola beverages.>® In one of the first follow-up studies, Wei et al .5
evaluated the association between changes in serum cholesterol levels and
coffee consumption in 333 women and 1,776 men between 1987 and 1991
(16.7 £ 7.3, mean + SD, months between visits). They failed to find a
relationship between changes in serum cholesterol and decaffeinated cof-
fee, regular tea, decaffeinated tea, or cola, but did find a significant asso-
ciation with coffee intake. Results from the United States Hypertension
Detection and Follow-up Study® with 9,043 hypertensive women and men
showed that coffee intake was significantly associated with serum choles-
terol independent of demographic, lifestyle, and physiological factors.
However, there were no significant associations between serum choles-
terol and caffeinated tea, caffeinated cola beverages, or total caffeine in-
take. Further, a Finnish study of 4,495 women and 4,744 men also con-
cluded that caffeine was not associated with serum cholesterol levels;
however, the reliability of their estimates of caffeine intake was limited.’
Finally, Curb et al.® showed that coffee consumption was associated sig-
nificantly with serum cholesterol levels among 5,585 Japanese men living
in Hawaii, but tea and cola consumption, the other major caffeine con-
tributors, was not.

B. Relationships Between Preparation Methods and Serum
Cholesterol

Several epidemiological investigations have examined relationships
between serum cholesterol levels and different methods of preparing
coffee. Stensvold et al.® examined coffee intake and serum cholesterol in
14,859 women and 14,168 men. Intake of boiled coffee was typical in 11 to
49% of the population; filtered coffee was typical in 49 to 87%. After
adjusting for several demographic and lifestyle factors, a significant linear
increase in serum cholesterol for both men and women was found relative
to the amount of boiled coffee consumed. A modest linear increase in
serum cholesterol was found among women drinking filtered coffee, but
not in men. In a study of 5,704 Finnish women and men,° where 24%
consumed boiled coffee and 69% consumed paper-filtered coffee, serum
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cholesterol levels were significantly higher among the group of boiled
coffee drinkers in both women (6.22 vs. 5.84 mmol/L [241 vs. 226 mg/dL])
and men (6.37 vs. 6.02 mmol/L [246 vs. 233 mg/dL]). These differences
persisted after adjusting for demographic and lifestyle factors including
saturated fat intake. Similarly, Lindahl et al.!! examined serum cholesterol
levels in 1,574 middle-aged Swedish women and men, 52% of whom were
boiled coffee drinkers, 44.9% were paper-filtered drip-brewed coffee drink-
ers, and the remaining 3.3% did not drink coffee. Serum cholesterol levels
were significantly higher among boiled vs. filtered coffee drinkers and
were significant for both moderate coffee drinkers consuming £4 cups/
day (6.3 vs. 5.8 mmol/L [242 vs. 225 mg/dL]) and for heavy coffee drink-
ers consuming 35 cups/day (6.5 vs. 5.9 mmol/L [252 vs. 227 mg/dL]).
Differences persisted after adjusting for the higher fat consumption of the
boiled coffee drinkers.

Although boiled coffee has been associated most consistently with
elevated serum cholesterol levels, similar associations have been found for
other methods of coffee preparation. In a study of 319 Serbian men be-
tween the ages of 65 to 84 years,*? the serum cholesterol levels of subjects
who consumed two cups per day of Turkish coffee were 8.2% higher than
abstainers. This difference persisted after adjusting for age, smoking, body
mass index, and alcohol intake. Salvaggio et al.2also reported a significant
trend of higher serum cholesterol levels among Italian mocha coffee drink-
ers who drank either no coffee, 1 to 3, 4 to 5, or >5 cups per day. Among
women the corresponding mean levels of serum cholesterol were 5,5. 5,6,
5.7, and 5.7 mmol/L (213, 217, 219, and 221 mg/dL), and among men these
levels were 5.7, 5.8, 5.9, and 6.0 mmol/L (221, 225, 227, and 231 mg/dL),
respectively. These significant differences persisted after statistically ad-
justing for demographic and lifestyle factors. However, neither the Serbian
nor the Italian study had corresponding dietary intake data to control for
confounders such as saturated fat.

Several large observational studies conducted among predominantly
paper-filtered or instant coffee drinkers have also reported significant
associations between coffee intake and serum cholesterol levels. These
findings are in contrast to studies cited above which found a significant
association for boiled but not filtered coffee.*!! One study in the U.S.
investigated the association between changes in serum cholesterol and
changes in coffee consumption among 333 women and 1,776 men who
were examined at a preventive medical center on two separate occasions
between 1987 and 1991.° Of the study participants (n=664), 31% reported
some change in habitual coffee intake between the first and second clinical
exam. It was estimated that for every change of one cup of coffee per day,
there was a concomitant change in serum cholesterol levels of 0.05 mmol/
L (2 mg/dL).
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In another investigation, Davis et al.® examined coffee consumption
and serum cholesterol levels among 9,043 hypertensive adults from the
United States Hypertension Detection and Follow-up Study. The mean
serum cholesterol levels among adults consuming 0, 1 to 2, 3to 4, 5 to 6,
7 to 8 and 39 cups of caffeinated coffee per day were significantly higher
for those who consumed more coffee, 5.9, 5.9, 6.0, 6.0, 6.1, and 6.1 mmol/
L (228, 229, 231, 231, 236, and 235 mg/dL), respectively. The significant
association persisted after statistically adjusting for age, race, sex, diuretic
status, blood pressure, smoking, relative weight, physical activity, stress,
and education level. Neither of the two American studies cited above had
any specific information on preparation methods, but it was assumed that
the predominant kinds of coffee were paper-filtered and instant coffee.
Also, neither of the studies had detailed dietary data, and therefore poten-
tial dietary confounders such as saturated fat intake were not adjusted for
in the analyses. These observational studies suggest that preparation
method may be an important factor in determining whether or not coffee
influences serum cholesterol levels. A limitation in many of these studies,
though, was lack of control or adjustment for confounding factors such as
diet.

I1l. FINDINGS FROM EXPERIMENTAL STUDIES

The experimental studies cited below have isolated and tested the
impact of caffeine, different methods of preparation, and different chemi-
cal fractions of coffee beans on serum cholesterol levels over a varied
range of time periods.

A. Effect of Caffeine on Serum Lipids

Superko et al.’® conducted one of the largest clinical investigations
which examined the effect of caffeine on serum cholesterol levels using
paper-filtered coffee. One hundred eighty-one American men consumed
either caffeinated coffee (538 mg caffeine/cup), decaffeinated coffee, or no
coffee ("60 men/group). During the study, subjects maintained their ha-
bitual levels of coffee consumption, which ranged from 3 to 6 cups/day
(average 4.5 cups/day. All subjects first drank caffeinated coffee for two
months, at which point mean serum cholesterol was 5.5 mmol/L (213 mg/
dL). For the next two months they consumed either caffeinated,
decaffeinated, or no coffee. The only result considered to be statistically
significant was a slight decrease in LDL-cholesterol (LDL-C) of -0.1 mmol/
L (-4 mg/dL) in the caffeinated-coffee group relative to a slight increase in
LDL-C of +0.1 mmol/L (5 mg/dL) in the decaffeinated-coffee group.
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The failure to find an effect in the American trial above was confirmed
in a study conducted in the Netherlands, which also used paper-filtered,
drip-brewed coffee.!* In that 12-week experiment, 23 women and 22 men
who habitually drank 4 to 6 cups of coffee per day were assigned to
consume 5 cups/day of either caffeinated (417.5 mg caffeine/day) or
decaffeinated coffee (15.5 mg caffeine/day) for six weeks, and then switch
for another six weeks. The blend of coffee beans was 71% Arabica and 29%
Robusta for the caffeinated coffee, and 58% Arabica and 42% Robusta for
the decaffeinated coffee. Lipid values at the end of both six-week study
periods were almost identical. Total cholesterol was 5.47 vs. 5.48 mmol/
L (212 vs. 212 mg/dL), LDL-C was 3.41 vs. 3.40 mmol/L (132 vs. 131 mg/
dL), HDL-C was 1.52 vs. 1.52 mmol/L (59 vs. 59 mg/dL), and TG were
1.17 vs. 1.20 mmol/L (104 vs. 106 mg/dL) for the caffeinated vs
decaffeinated coffee periods, respectively. Further, a small study of 12
Finnish men also failed to find an effect of caffeinated coffee on serum
cholesterol levels.’> However, the study period was only three weeks
which may have been insufficient.

In contrast, the study by Fried et al.,’* again using paper-filtered
coffee, found a modest effect of caffeine on serum cholesterol levels with
100 healthy American men who were assigned randomly to one of four
groups. They consumed either 4 cups/day of caffeinated coffee (330 mg
caffeine/day), 2 cups/day of caffeinated coffee (165 mg caffeine/day), 4
cups/day of decaffeinated coffee (6 mg caffeine/day), or no coffee for 8
weeks. At the end of the 8-week period, subjects drinking 4 cups/day of
caffeinated coffee experienced the most substantial increases in choles-
terol levels. Total cholesterol increased by 0.24 mmol/L (9 mg/dL). How-
ever, this was attributed to elevations in both LDL-C 0.17 mmol/L (+7
mg/dL) and HDL-C 0.08 mmol/L (+3 mg/dL). Various smaller changes
were also observed in the other three groups. When the four groups were
compared directly to one another, none of the LDL-C or HDL-C changes
was statistically significant.

The results of these studies, when considered together and with the
observational studies reviewed above, suggest that any significant effect
of coffee on serum cholesterol levels is likely due to something other than
caffeine content.

B. Effects of Preparation Methods on Serum Lipids

1. Boiled vs Paper-Filtered Preparation Methods

Several European investigations have compared the effects of boiled
vs. filtered coffee on serum cholesterol. In a study with 101 Dutch men and
woment’who typically consumed an average of 5.6 cups/day of filtered
coffee, investigators assigned subjects randomly to drink 4 to 6 cups/day
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for nine weeks of either boiled coffee or filtered coffee, or to abstain from
coffee. Results showed that total cholesterol increased significantly in the
boiled coffee group (0.52 mmol/L, [20.1 mg/dL]), while there was essen-
tially no change in the other two groups. A similar, although not statisti-
cally significant, increase was observed in the boiled coffee group for LDL-
C (0.36 mmol/L, [13.9 mg/dL]) when compared to the other two groups.
There were no group differences in HDL-C or TG levels. Aro and col-
leagues®®!® reported the findings of two separate randomized crossover
studies that tested the effects of boiled and paper-filtered coffee in
hyperlipidemic adults. In the first investigation,® 21 women and 21 men,
ages 31 to 60 years, with baseline total cholesterol levels ranging from 6.5
to 10.0 mmol/L (250 to 385 mg/dL) were assignhed randomly to consume
8 cups/day for 4 weeks of either boiled coffee, paper-filtered coffee, or tea,
which were described only as being of similar blend and degree of roast-
ing. After consuming the boiled coffee, total-cholesterol (8.56 mmol/L,
[331 mg/dL]) and LDL-C (6.42 mmol/L [248 mg/dL]) levels were signifi-
cantly higher than during the periods of paper-filtered coffee consump-
tion (total cholesterol 7.77 mmol/L, [300 mg/dL]; LDL-C 5.75 mmol/L,
[222 mg/dL]), and tea consumption (total-C 7.46 mmol/L, [288 mg/dL]));
LDL-C 5.52 mmol/L, [213 mg/dL]). There were no significant differences
in HDL-C or TG levels.

Their second study*® examined differences between boiled coffee and
paper-filtered coffee for four weeks each with a two-week washout period
in between treatment periods in 28 women and 13 men, 23 to 61 years old,
with an average baseline total cholesterol of 5.5 mmol/L (210 mg/dL).
Subjects were instructed to continue to drink their habitual amount of
daily coffee, which ranged from 2 to 14 cups, with either boiled or drip
coffee. With boiled coffee, both total cholesterol and LDL-C levels were
significantly higher (0.32 mmol/L [12 mg/dL]) while HDL-C levels were
modestly lower (0.07 mmol/L [3 mg/dL]).

Forde et al.?° used a more complex study design to examine the effect
of boiled coffee vs. paper-filtered coffee vs. coffee abstinence. The inves-
tigation involved 33 men with elevated baseline serum cholesterol levels
(average 8.7 mmol/L [335 mg/dL]) who apparently were habitual boiled
coffee drinkers (implied but not stated). The 10-week study was divided
into two 5-week periods. Subjects were assigned to one of four groups: (1)
continuation of habitual consumption (control), (2) abstinence from coffee
for the full 10 weeks, (3) abstinence from coffee for the first 5-weeks,
followed by 5 weeks of paper-filtered coffee consumption, and (4) absti-
nence from coffee for the first 5 weeks, followed by 5 weeks of boiled
coffee consumption.

Among the nine men who continued their habitual coffee intake for
the 10 weeks, serum cholesterol levels increased from 8.48 mmol/L (329
mg/dL) to 8.83 mmol/L (341 mg/dL). For the eight men in the second
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group, after 2.5, 5, 7.5, and 10 weeks, serum cholesterol levels dropped
from 8.72 mmol/L (337 mg/dL) to 8.36 mmol/L (323 mg/dL), 7.82 mmol/
L (302 mg/dL), 7.71 mmol/L (298 mg/dL) and finally 7.56 mmol/L (292
mg/dL), respectively. After abstaining from coffee consumption for 5
weeks, the eight men in the third group experienced an average decline of
0.91 mmol/L (35 mg/dL) in serum cholesterol, comparable to the five-
week drop observed in Group two. This improvement was maintained
over the second 5 weeks of the study when the men in Group three drank
an average of 7 cups/day of paper-filtered coffee. Among the eight men
in Group four, the first 5 weeks of coffee abstention led to an average
decrease of 0.88 mmol/L (34 mg/dL), which was strikingly similar to
Groups two and three. However, when Group four switched back to 7
cups/day of boiled coffee consumption for the second 5 weeks, the aver-
age serum cholesterol level increased by 0.52 mmol/L (20 mg/dL), leav-
ing them close to their baseline levels.

2. Boiled vs. Boiled and Paper-Filtered Preparation Methods

In a Norwegian study, Van Dusseldorp et al.?* randomly assigned 64
women and men to consume either 6 cups/day of boiled coffee, 6 cups/
day of boiled coffee that was subsequently also paper-filtered, or to ab-
stain from coffee for 79 days. Boiled coffee intake increased cholesterol
levels significantly by 0.55 mmol/L (21 mg/dL), compared to non-signifi-
cant changes in both of the other groups. Examination of the paper filters
used in this study indicated that 88% of the fatty-material present in the
boiled coffee was trapped by the paper filter.

Additionally, in a crossover study over two 4-week periods that simi-
larly compared boiled coffee with boiled coffee that was paper-filtered, 20
Finnish women and men consumed an average of 8.3 cups of coffee per
day. Total cholesterol, LDL-C, and TG levels were all significantly higher
during the boiled coffee period (0.36, 0.33, and 0.26 mmol/L [14,13, and 23
mg/dL], respectively). Examination of the paper filters indicated that 80%
of the fatty material present in the boiled coffee was trapped by the paper
filter.?2

3. Espresso and Mocha Preparation Methods

To test the effect of espresso and mocha preparation methods on
serum cholesterol levels, D’ Amicis et al.? randomly assigned 84 men to
consume 3 cups/day of espresso, mocha, or tea for 6 weeks. Although the
amount of a typical espresso (20 to 35 ml) or mocha (40 to 50 ml) serving
was considerably less than a typical serving of boiled or paper-filtered
coffee used in other studies (100 to 250 ml), the amount of ground coffee
per serving (6 g/day) was comparable. After 6 weeks of drinking either
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espresso or mocha, there were no significant changes from baseline or
differences between groups for serum cholesterol or TG levels. The au-
thors concluded that espresso or mocha coffee did not alter serum choles-
terol levels. However, it is possible that the dose of 3 cups/day in this
study was insufficient to elicit a detectable response in serum cholesterol
levels.

IV. LIPID ALTERING FRACTION OF COFFEE

Evidence from the studies above suggest that boiled (i.e., non-filtered)
coffee contains a factor that raises serum cholesterol levels, whereas fil-
tered coffee does not appear to induce a significant change in serum
cholesterol. There are numerous chemical compounds in coffee that may
help explain the effect of boiled coffee on serum cholesterol. Weusten-Van
der Wouw et al.?* attempted to isolate such potential factors through a
series of experiments. The first in this series, described above, showed that
boiled coffee compared to boiled coffee that was subsequently also paper-
filtered had an adverse effect on serum cholesterol levels.??

Next, to study further the material that was trapped in the coffee
filters,? they randomly assigned subjects to consume one of four sub-
stances: (1) placebo oil, (2) coffee oil, (3) the non-triglyceride enriched
fraction of the coffee oil, and (4) the non-triglyceride depleted fraction of
the coffee oil. The amount fed to each group was comparable to that found
in 3 g of coffee oil per day. Compared to the placebo oil, the coffee oil
significantly raised total cholesterol (1.28 mmol/L [49 mg/dL]) and TG
(0.82 mmol/L [73 mg/dL) . The non-triglyceride enriched fraction of the
coffee oil also had an effect comparable to the coffee oil (total cholesterol
+1.24 mmol/L [+48 mg/dL] and TG +0.75 mmol/dL [+66 mg/dL]), while
the non-triglyceride depleted fraction of the coffee oil raised total choles-
terol and triglycerides only about half as much as the other substances
(total cholesterol [total cholesterol +0.85 mmol/dL {+33 mg/dL}] and TG
+0.33 mmol/L [29 mg/dL]) .

Weusten-Van der Wouw et al.?* then elaborated on these results by
manipulating the coffee oil used above, so that the two primary constitu-
ents of the non-triglyceride fraction, the diterpenoids cafestol and kahweol,
were stripped away. Subjects in this study were assigned randomly to one
of three groups: coffee oil, placebo oil, or stripped coffee oil. After four
weeks, the original coffee oil again induced increases in serum cholesterol
and triglyceride levels in 12 subjects relative to the 15 subjects who re-
ceived placebo oil, while the stripped coffee oil failed to show any effect.

Their fourth study?* was conducted with a select group of three sub-
jects. A highly purified mixture of cafestol and kahweol was dissolved in
placebo oil (sunflower oil and palm oil, 3:2 ratio) to a concentration equiva-
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lent to that in the coffee oil. Three particularly well-informed subjects
(including two of the scientists themselves) then received three weeks of
placebo oil, followed by six weeks of the purified mixture, followed by
another five weeks of the placebo oil. The cafestol and kahweol mixture
significantly increased total cholesterol by 1.7 mmol/L (66 mg/dL) and
TG by 1.8 mmol/L (159 mg/dL), while decreasing HDL-C by 0.3 mmol/
L (12 mg/dL).

To identify further which substance, cafestol or kahweol, or both, was
inducing changes in serum cholesterol, the investigators attempted, but
failed due to technical limitations, to separate the two chemical com-
pounds. Alternatively, they compared coffee oil from Arabica vs. Robusta
coffee beans. Arabica beans contain both cafestol and kahweol, while
Robusta beans contain cafestol, but almost no kahweol. The investigators
found that Arabica and Robusta oils both increased serum cholesterol and
triglyceride levels comparably. They thus concluded that cafestol is, and
kahweol might be, a serum cholesterol raising factor.

Coffee oil lipid extracts from Arabica vs. Robusta beans were also
compared in a Norwegian study conducted by van Rooij et al.?® In this
experiment, 36 adults were assigned randomly to three groups of six
women and six men each. For six weeks they took two daily supplements
that contained either peanut oil (control), Arabica coffee oil, or Robusta
coffee oil. The amount of coffee oil was comparable to that of drinking 1.0
to 2.9 L of coffee per day. Compared to the control group, total cholesterol
levels increased in the Arabica group by 1.07 mmol/L (41 mg/dL), and in
the Robusta group by 0.45 mmol/L, (17 mg/dL), although the differences
were not statistically significant. Also, there were no statistically signifi-
cant differences between the two coffee oil groups in levels of LDL-C or
HDL-C. However, relative to the control group, TG levels increased in the
Arabica group (by 0.75 mmol/L [66 mg/dL]), and in the Robusta group
(by 0.08 mmol/L [7 mg/dL]), with the differences between the two groups
being significant. Similarly, in a small crossover study with six women
and five men, assigned randomly to either 2 g/day of Arabica oil or
Robusta oil (equivalent to 1 to 2 L coffee day) for three weeks, Mensink et
al.?% failed to find statistically significant differences between the two oils.

Finally, a recently published crossover study of coffee oil lipid extracts
by Urgert et al.?” compared the effects of "60 mg/day of cafestol with a
mixture of 60 mg/day of cafestol plus 50 mg/day of kahweol. These
doses were comparable to consuming 10 to 20 cups of boiled Turkish or
French-press coffee. In 10 healthy men, 18 days of cafestol alone resulted
in significant increases in total cholesterol (0.79 mmol/L [31 mg/dL])),
LDL-C (0.57 mmol/L [22 mg/dL]), and TG (0.65 mmol/L [58 mg/dL]),
relative to baseline. Compared to cafestol alone, the cafestol/kahweol
mixture resulted in additional increases in total cholesterol (0.23 mmol/L
[9 mg/dL), LDL-C (0.23 mmol/L [9 mg/dL]), and TG (0.09 mmol/L [8

©1998 CRC Press LLC



mg/dL]), but none was significant. The authors concluded that cafestol,
not kahweol, is the primary cholesterol raising factor found in boiled
coffee. However, the findings of these latter two studies?*?” should be
interpreted cautiously because they were both conducted over short time
periods and involved small numbers of subjects. Urgert et al.?® also stud-
ied the amounts of cafestol and kahweol present in both the oil droplets
and the floating fines (the very small particles of coffee grounds) by
measuring the amount of coffee ground fines in 11 types of coffee. Turkish
coffee (made from finely ground coffee beans) had the highest content of
fines, 5 g/L of coffee, while paper-filtered drip-brewed coffee (made
typically from medium ground coffee beans) had the lowest content, 0.1
g/L of coffee. These investigators then randomly assigned eight women
and six men to consume either 8 g of coffee ground fines per day or to a
control group. After 21 days, total cholesterol and TG levels were signifi-
cantly higher among the group that received the coffee fines, 0.65 mmol/
L, (25 mg/dL) and 0.30 mmol/L (27 mg/dL), respectively. Neither LDL-
C nor HDL-C were reported in this study.

In summary, these investigations suggest that the diterpenoid alcohol
content of coffee, primarily cafestol and kahweol, is the cholesterol raising
fraction. It can be present in either oil droplets or floating fines found
predominantly in boiled coffee. Studies have shown that the use of a filter
in coffee preparation can trap most of the diterpenoid material and the
fines, thereby producing coffee without these cholesterol raising factors.

V. INFLUENCE OF CAFFEINE/COFFEE DOSE

Whether or not the magnitude of coffee’s effects (boiled coffee, in
particular) on serum cholesterol levels is proportional to the amount
consumed (dose) is an important question that has not yet been addressed
adequately by current published reports. It remains unclear if there are
any threshold or plateau effects. With few exceptions, existing studies
have used doses of four or more cups of coffee per day, with little variabil-
ity within each investigation. Subjects in one study had maintained their
habitual levels of coffee intake, which varied from 2 to 14 cups/day, rather
than any specific amount.?® Across their range of intake, it appeared that
there was a proportional relationship between the amount of coffee con-
sumed and the magnitude of the increase in serum cholesterol. However,
closer examination revealed that there was no clear “dose response” among
the majority of subjects who consumed 2 to 8 cups/day. One subject,
though, who consumed 14 cups/day did experience the most dramatic
increase in cholesterol levels of the entire group, but an additional con-
founder in this study was the lack of control or assessment for cream
added to coffee by subjects. Further, when this subject was excluded from

©1998 CRC Press LLC



the analysis, there was little remaining evidence to support a dose re-
sponse. More study is needed to determine if any dose-response effects
exist.

VI. TIME INTERVAL FOR EFFECTS ON SERUM CHOLESTEROL

The full effect of changes in coffee consumption on serum cholesterol
does not occur as quickly as it does to changes in dietary fat intake.
Typically, when a stable high-saturated fat diet is replaced with a stable
low-saturated fat diet, the maximum changes in serum lipid levels are
achieved in two to four weeks.?*% The serum lipid response to changes in
coffee consumption does not appear to reach its full effect until after four
weeks or more.

In a study described above, subjects consumed either boiled or filtered
coffee for 79 days, and serum levels of cholesterol were measured eight
times.?! The maximum increase of "0.5 mmol/L (20 mg/dL) observed in
the boiled coffee group was not reached until approximately four weeks
into the study, after which the higher cholesterol level was maintained for
the remainder of the study. Also described previously, another investiga-
tion with men who were apparently boiled coffee drinkers was conducted
over a 10-week period with cholesterol measured every 2.5 weeks.? In the
group that abstained from coffee for the entire 10-week period, serum
cholesterol levels continued to drop; there was no apparent plateau reached.
Since the study ended at 10 weeks, it is not certain what the ultimate extent
of change would have been if it had continued beyond that time. One more
example comes from the four-week study of boiled vs. boiled and then
filtered coffee among 20 Finnish adults, predominantly women.?> Serum
cholesterol levels were measured at weeks three and four. At week three,
differences in serum cholesterol were not statistically significant between
the two groups, but at week four it was higher in the boiled coffee group.
Since the study ended at four weeks, it is unknown here too whether an
even greater difference would have been seen over a longer period of time.

These studies suggest that at least four weeks are needed before
maximum changes in serum cholesterol levels, resulting from coffee con-
sumption or cessation, are likely to be achieved.

VII. EFFECTS OF CAFFEINE/COFFEE IN POPULATION
SUBGROUPS

Serum cholesterol responses to coffee or caffeine consumption in
subgroups of the population may differ. For example, women may re-
spond differently than men. The majority of clinical studies reviewed here
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have included both women and men;41517-1921222526 however, inconsistent
gender differences have been reported.28%3 A few of the investigators
have commented that results were similar for both groups, but none has
presented findings separately by gender; although this was probably due
to insufficient sample sizes which did not allow for stratified analyses.
Thus, although it has been implied that women and men respond simi-
larly, direct evidence is lacking. Further, few investigators have conducted
studies with hypercholesterolemic populations,®?° although some have
included individuals with modestly elevated serum cholesterol levels.17:1922
Hypercholesterolemic individuals may respond to changes in coffee con-
sumption in a manner different than normocholesterolemics, and this
needs to be studied.

A striking observation among these clinical trials is that, prior to
participation, the vast majority of subjects had consumed paper-filtered
coffee. The only notable exceptions were the hypercholesterolemic Nor-
wegian men in the study by Forde et al.,?® who apparently had been
habitual boiled coffee drinkers, and the normocholesterolemic Italian men
in the study by D’Amicis et al.® who had typically consumed espresso and
mocha coffees. The study by Forde et al.?® provides evidence that abstain-
ing from boiled coffee or switching from boiled to paper-filtered coffee
will improve serum cholesterol levels in hypercholesterolemic men. At
least five other studies found that when habitual paper-filtered coffee
drinkers consumed boiled coffee, serum lipids were affected adversely.”
192122 However, none of the studies included populations of habitual
boiled coffee drinkers with normal serum cholesterol levels. Thus, it is
unknown whether this population subgroup would benefit from either
abstaining from boiled coffee or from switching to other types of coffee,
such as paper-filtered. In addition to these few examples, there may be
other groups including those of varying ages and ethnicities that have not
been represented adequately in studies of coffee, caffeine, and serum
cholesterol.

VIIl. SUMMARY

The accumulated scientific evidence of the relationships between cof-
fee, caffeine, and serum cholesterol allows for several conclusions to be
drawn, while some important issues remain either equivocal or unad-
dressed. The links involve a number of factors, including the chemical
composition of coffee beans, its preparation method, the amount of daily
consumption, and specific characteristics of coffee drinkers. Coffee con-
tains hundreds of chemical compounds, caffeine being perhaps the best
recognized and studied. Although caffeine has several well-established
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effects on the human body, numerous studies have shown that it has little
or no effect on serum cholesterol levels.

In recent studies, at least two coffee oil lipid extracts have been shown
to be cholesterol-raising factors: cafestol and kahweol. The content of
cafestol and kahweol in coffee differs depending on the method of coffee
preparation and the type of coffee bean. Current evidence indicates that
filtering removes the majority of the coffee oil lipid extracts, including the
currently recognized cholesterol raising factors, and that filtered coffee
does not induce significant changes in serum cholesterol. In contrast,
boiled (i.e., unfiltered) coffee retains these factors. Boiled coffee, a method
of preparation common in Scandinavian countries, has a well-demon-
strated adverse effect on serum cholesterol. Intakes of five or more cups
per day have been shown to increase cholesterol levels by 0.5 to 1.0 mmol/
L (20 to 40 mg/dL) in men and women as compared to a similar number
of cups per day of filtered coffee, tea, or to coffee abstinence. These strong
and reproducible findings are sufficient to warrant public health recom-
mendations for consumers of boiled coffee to switch to other types, such
as filtered coffee. In many Scandinavian countries, this transition has
already occurred for large segments of the population.©

Despite the large number of investigations that have been conducted,
several important questions remain unanswered. Presently, it is unknown
if there are threshold or plateau effects of coffee on serum cholesterol.
Most studies have examined the impact of drinking four cups or more per
day of boiled coffee. However, whether consuming less or considerably
more than that would induce changes in serum cholesterol proportional to
the amount of intake is unknown. Further, it is inconclusive whether
cafestol and/or kahweol act alone or together, or are the sole responsible
factors which elicit differential responses in serum cholesterol between
boiled and filtered coffee. The two major types of coffee beans, Arabica
and Robusta, both contain cafestol and kahweol, although in different
proportions, and either type of coffee bean has been shown to increase
serum cholesterol levels depending on the method of preparation.

Additional issues remain in question regarding methods of coffee
preparation other than boiling or filtering. French press, Turkish/Greek,
and espresso and mocha coffees are not filtered coffees, and therefore may
contain the cholesterol-raising factors, but there is insufficient evidence
currently to reach any solid conclusions. Finally, although it appears that
men and women with either normal or elevated cholesterol levels respond
similarly to coffee intake, this does not exclude the possibility that there
are individuals with specific characteristics that respond differently. Ad-
ditional studies into these areas will provide greater understanding of the
effects of coffee on serum cholesterol.
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TABLE 1

Summary of Clinical Trials on Coffee Consumption and Serum Cholesterol Levels

Subject # and

Author/ Coffee type/ Caffeine Cups or Study characteristics
year preparation type/ content Coffee bean/ amount/ design/ age (years)
nationality coffee chemical (mg/day) brand used day duration TC (mmo/L) Main results/conclusions Comments

Caffeine Studies

Superko®? 1: Caffeinated 1: 415-830 1: Arabica® 1:3-6 Parallel 181 M, healthy Only significant result
1991 2: Decaffeinated 2:na 2: Robusta* 2:3-6 2 months Age: 46+11 was higher LDL-C
us 3: Abstinence 3:0 3:0 Baseline TC: with decaf.
~5.5 3-6 cups/day of
caffeinated coffee have
no adverse effect on TC.
van Dusseldorp 1: Caffeinated 1:417.5 1: 71% Arabica 5 Crossover 22 F,23 M, No significant differences
1990 2: Decaffeinated 2:15.5 29% Robusta 6 wks/Rx healthy between caffeinated and
Netherlands 2:58% Arabica Ages: 25-45 decaffeinated group.
42% Robusta Baseline TC: In healthy adults,
~5.6 replacing regular coffee
with decaf has no effect
on TC.
Aro’s 1: Instant coffee 1:520 1: Nescafe Gold 8 Crossover 6F 6M, No differences between Small study, of short
1985 2: Instant tea 2:200 2: Nescafe/ Nestea 3 wks/Rx healthy groups in TC, HDL,-C, duration
Finnish 3: Rosehips “tea” 3: 0 3: Lipton Ltd. Ages: 33-35 HDL:-C, or TG.
(caffeine-free) Baseline TC: Caffeine does not exert
~5.5 an important effect on
serum lipids.
Fried® 1: Caffeinated, high 1:331 na 1: 4 Parallel 100 M, healthy The only significant The significant
1992 2: Caffeinated, low 2:166 2:2 8 weeks Ages: 20-60 difference was an increase in TC was
u.s. 3: Decaffeinated 3: 6 3:4 Baseline TC: increase of 0.25 mmol/L due to small changes
4: Abstinence 4: 0 4:0 5.2 in TC for the caffeinated in both LDL-C and
group (4 cups/day) HDL-C.
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Coffee Brewing/Preparation Studies

Bak!” 1:
1989 2:
Netherlands 3:
Arot® 1
1987 2
Finnish 3:
Aro?? 1
1990 2
Finland
Forde?® 1
1985 2
Norwegian 3
4

Paper-filtered
Boiled

Abstinence

: Boiled
: Paper-filtered

Tea

: Boiled
: Paper-filtered

: Habit./ Habit.

: Abstain/ Abstain
: Abstain/ Filter

: Abstain/Boiled
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1: 375-563 na

2:353-529

3: 0

na Similar
blend and
roasting

na na

na na

1: 4-6
2: 4-6
3:0

2-14
(habitual)

Not clear
(perhaps
1 L/day)

Parallel

9 weeks

Crossover
4 wks/Rx
(2-wk

run-in)

Crossover
4 wks/Rx
2-wk

washout)

Parallel

10-weeks

(2-phases)
I: 5-weeks
1I: 5-weeks

47 F, 54 M

Age: 2614 (SD)

Baseline TC:
~5.1

21F, 21 M, HC

Ages: 31-60

Baseline TC:
6.5-10.0

28 F, 13 M,
healthy

Ages: 23-61

Baseline TC:
~5.5

32 M, HC

Age:na

Baseline TC:
~8.7

relative to abstainers.
Conclusion: Modest effect
of 4 cups/ day, no effect
of 2 cups/day.

TC was 0.48 mmol/L
higher among boiled
coffee group vs. filtered.

Boiled, but not filtered
coffee, raises TC.

TC and LDL-C higher
with boiled coffee vs.
paper-filtered or tea.

Cholesterol raising
fraction found in boiled,
but not paper-filtered
coffee.

Boiled coffee had adverse
effect on TC (+0.32
mmol/L), LDL-C (+0.32
mmol/L), and HDL-C
(-0.07 mmol/L) Boiled
coffee adversely affects
serum lipids relative to
paper-filtered coffee.

At 10-weeks, TC was:
highest for habitual
drinkers (group 1),
lowest for continued
abstainers (group 2),
much improved for

abstainers who switched

There was a substantial
but not significant
increase in LDL-C,
but essentially no
change in HDL-C.

Changes not detectable
at 2-weeks.

Relatively short study.
Effect may have been
larger if study had

been longer.

Cholesterol levels
appeared to still

be dropping after

10 weeks in the
continued abstainers

(group 2)



TABLE 1 {continued)

Summary of Clinical Trials on Coffee Consumption and Serum Cholesterol Levels

Subject # and

Author/ Coffee type/ Caffeine Cups or Study characteristics
year preparation type/ content Coffee bean/ amount/ design/ age (years)
nationality coffee chemical (mg/day) brand used day duration TC (mmo/L) Main results/conclusions Comments
to paper-filtered for the
last 5-weeks (group 3),
and improved but then
got worse for the men
who abstained and then
switched to boiled coffee
for the last 5-weeks
(group 4)
van Dusseldorp? 1: Boiled 1: 860 Roodemerk 6 Parallel 31F 33 M TC & LDL-C higher with 88% of lipid
1991 2: Boiled & 2: 887 Douse Egberts 79 days Ages: 17-57 boiled coffee than with material found
Netherlands Paper-filtered 3:na Baseline TC: either boiled and filtered trapped by
3: Tea 5.2 or tea. No difference for paper filter.
HDL-C or TG.
Paper filters remove the
cholesterol raising factor
from boiled coffee.
Ahola® 1: Boiled na na 6 Crossover 18 F,2 M Serum lipids higher with Changes detectable
1991 2: Boiled & 4 wks/Rx Age: 4548 (SD) boiled coffee (TC +0.36, at 4 weeks, but
Finnish paper-filtered Baseline TC: LDL-C +0.33, HDL-C ns, not after 3 weeks.
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TG +0.26 mmol/L)
Filtering boiled coffee
removes the cholesterol

raising factors.

80% of lipid material
from boiled coffee
found trapped by
paper-filter.



D’Amicis® 1: Espresso
1996 2: Mocha
Italian 3: Tea

Coffee bean component studies
1: Placebo oil
2: Coffee oil

Weusten-

van der Wouw

enriched
4: Coffee oil,

non-TG

depleted

1994 3: Coffee oil,
Netherlands non-TG
same as 1: Placebo oil
above 2: Coffee oil

3: Coffee oil without

kahweol and cafestol

same as 1: Placebo oil

above 2: Kahweol and
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na

ha

ha

na

Arabica

Arabica:
Robusta
(88:12 w/w)

same as

above

1&3:

sunflower:palm

1:3g
2:3g
3:3g
4:075 g

2g/d
(all Rx)

2¢f
(all Rx)

Parallel 84 M, healthy
6-weeks Age: 27+2.1 (SD)
Baseline TC:
~4.7
Parallel 32F 31 M
4 weeks (~16/Rx)
Age: 222 +2.8
(SD)
Baseline TC:
4.5 +0.5
Parallel 23 F,20 M
4 weeks Age: 21.8+1.9
(SD)
Baseline TC:
4.6+0.7
Control- 3M

test-control Age: 49.3+7.6

No differences found in
TC, LDL-C, HDL-C or
TG between any of the
groups.

Italian coffee does not
adversely affect serum
lipids.

TC and TG significantly
elevated in all groups
relative to placebo/
control. Non-TG enriched
fraction similar to coffee
oil, with smaller response
to non-TG depleted
fraction.

Cholesterol elevating
fraction located primarily
.in non-TG enriched
fraction.

TC and TG significantly
elevated in coffee oil
group relative to
placebo/ control. Coffee
oil stripped of kahweol
and cafestol had virtually

no effect on lipids.

Cholesterol raising fraction

found in kahweol and/or

cafestol.

TC increased 1.4-2.3

mmol/L, and TG

Dose of coffee was
relatively small.
Instead of using end-
of-study serum
lipids, the ave. of
weekly measures

was used



TABLE 1 {continued)

Summary of Clinical Trials on Coffee Consumption and Serum Cholesterol Levels

Subject # and

Author/ Coffee type/ Caffeine Cups or Study characteristics
year preparation type/ content Coffee bean/ amount/ design/ age (years)
nationality coffee chemical (mg/day) brand used day duration TC (mmo/L) Main results/conclusions Comments
Cafestol oil (3:2) (5 cap- 3 wks- (SD) increased 1.2-3.0 mmol/L
3: Placebo oil 2: Kahweol:Cafestol ~ sules/d) 6 wks- Baseline TC: during test period with
(45:55, w/w) 5 wks 5.1+0.5 concentrated kahweol
in placebo oil and cafestol
Cholesterol raising fraction
found in kahweol and/or
cafestol.
same as 1: Arabica oil na 1: Arabica 2 gfday, Cross-over 11 F & M Strikingly similar changes Carry-over
above 2: Robusta oil 2: Robusta both Rx 3 wks/Rx Age: na in TC, and TG with either effect reported
Baseline TC: na Arabica or Robusta oil in liver
Cafestol is, and kahweol enzymes
may be, a cholesterol
raising factor. .
van Rooij® 1: Peanut oil na 1: 2 gfday Parallel 18 F, 18 M TG were higher with 8 in the Arabica
1995 2: Arabica oil 2: Arabica coffee oil 6 weeks Ages: 19-64 Arabica vs. Robusta. group had to stop
Netherlands 3: Robusta oil 3: Robusta or Baseline TC: 5.1 TC, LDL-C and HDL-C early because of
placebo oil the two. were not significantly elevated AST values
different between
elevated AST values.
Mensink® 1: Diterpenes from na 1: Arabica 2 gfday Crossover 6 F, 5 M, healthy None of the Arabica vs. Arabica oil:
1995 Arabica beans coffee oil 3 weeks/Rx  Ages: 20-26 Robusta differences 72 mg/ d cafestol
Netherlands 2: Diterpenes from 2: Robusta or placebo Baseline TC: 4.9 were significant. 53 mg/d kahweol
Robusta beans oil Robusta oil:
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2 mg/d kahweol

Urgert? 1: Cafestol na na 1: ~60mg Crossover 10 M, healthy Cafestol alone raised TC, Short study duration.
1997 2: Cafestol & Cafestol/d 14d run-in  Ages: 2444 (SD) LDL-C and TG Kahweol alone not
Netherlands Kahweol 2: ~60mg 18d Rx Baseline TC: significantly. Additional tested directly
Cafestol 48d wash-out 4.8+0.9 increases were observed vs cafestol alone.
plus 14d run-in with cafestol and kahweol
~50 mg 18d Rx combined, but the
Kahweol/d 49d follow-up additional increases
were

not statistically significant.
Cholesterol raising factor is

primarily cafestol.

Urgert® 1: Coffee fines na 1: Arabica 8 g/day Parallel 8 F, 6 M, healthy TC higher in group Extreme dose
1995 2: Control fines 3 weeks Ages: 24 +£3 (SD)  consuming coffee fines vs. (equivalent to
Netherlands extracted Baseline TC: ~4.7  control. 4 L/day boiled
from boiled Floating fines can coffee)
coffee contribute to serum Short duration

cholesterol response.

na =notavailable; TC = total cholesterol, TG = triglyceride; HDL-C = HDL-cholesterol; LDL-C = LDL-cholesterol; HC = Hypercholesterolemic; Rx = Treatment group; Habit. = Habitual; serum
lipids = TC, LDL-C, HDL-C, TG; ns = not significant

2From source other than original article: press release, Stanford University Medical Center, November 9, 1989.
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I. INTRODUCTION

Over the past 30 years a large number of observational investigations
have examined associations between coffee, tea, and other methylxanthine-
containing products and human cancers. A few studies have examined the
association between these products and benign breast disease. As we
review results of epidemiological studies on any caffeine-containing prod-
uct, we need to remember that it is difficult to isolate the effect of caffeine
from that of the hundreds of other compounds present in coffee or tea,
compounds that may have a positive or negative impact on the effect of
caffeine or other methylxanthines. Additionally, coffee is prepared with
different varieties of beans and even more importantly, it can be prepared
in a variety of ways, from Italian espresso, to boiled or filtered coffees. To
confound results even more, there are various degrees of roasting. Fur-
ther, as heavy coffee drinking is often associated with other lifestyle
behaviors, statistical analyses to isolate coffee as a causative factor is often
problematic. For tea, there are hundreds of varieties of Camellia sinensis
teas, which are usually not discussed in published reports.

Considering the large volume of research that has been done over the
past three decades, only selected studies will be reviewed or mentioned
chronologically. At the end of the chapter, in addition to our conclusions,
we will report the opinions of some recent reviewers of this topic.

II. PANCREATIC CANCER

Although earlier work had showed a positive association between
coffee consumption and pancreatic cancer rates across countries,? it was
the much-publicized case-control study of MacMahon et al.? in 1981 that
attracted widespread attention to the question of a possible link. In that
study, which was designed primarily to investigate the role of smoking
and alcohol in pancreatic cancer, 369 pancreatic cancer patients prior to
diagnosis and 644 hospital controls reported their typical daily coffee and
tea consumption. Unexpectedly, the authors found a significantly increased
risk of pancreatic cancer associated with coffee consumption (overall rela-
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tive risk 1.8, 95% confidence limits, 1.0 to 3.0), although a dose-response
relation was evident only in women. An inverse association with tea
drinking was found, although it was not significant. Serious questions
have been raised about that study, in particular, relative to the selection of
control subjects.* Of the 644 controls, 39% had had gastroenterologic con-
ditions that might have caused them to avoid coffee, thereby artificially
inflating differences with pancreatic cancer patients. Further, because the
authors were interested initially in studying smoking and tobacco, they
also excluded from the controls individuals with diseases known to be
related to those factors and, in so doing, may have excluded heavy coffee
drinkers as well. In later correspondence,® the authors replied that al-
though the association of coffee with pancreatic cancer was greatest when
cases were compared to controls with gastrointestinal diseases, it held up
across subgroups of control patients.

That study by MacMahon et al.? in 1981, the investigations by Linn
and Kessler®in 1981 that had earlier reported finding a relation between
decaffeinated coffee and pancreatic cancer in women only, and Kessler” in
1981 who had reported that regular coffee was not found to be a risk factor
for the disease, prompted several investigators elsewhere to examine
existing data for a possible relation between coffee and pancreatic cancer.
In 1982, Goldstein® reviewed coffee consumption histories of 91 patients
with pancreatic cancer, 45 prostatic cancer patients, and 48 breast cancer
patients and found no significant differences in the proportion of coffee
drinkers between the pancreatic cancer and other cancer patients. in 1981,
Jick and Dinan®reported on a matched case-control study in which pan-
creatic cancer cases from different countries were individually matched on
age, sex, hospital or country, and year of admission to two hospital control
groups, one with cancer, the other admitted for an acute medical condition
or for surgery for a benign condition. They successfully matched 78 case—
control pairs in the series using cancer controls and 83 pairs in the series
using non-cancer controls. No association was found for drinkers of 1 to
5 cups daily or for 36 cups daily when compared to non-drinkers. On the
other hand, in 1981, Nomura et al.,® examining data from their 13-year
prospective study of 8,000 Hawaiian Japanese men, found a modest but
significant increase in rates associated with increasing coffee consump-
tion. The dose trend was not entirely consistent, however, because men
who drank three to four cups of coffee per day had rates similar to
nondrinkers. The authors noted too that other potential confounding vari-
ables were not taken into account in their analysis.

A few years later in 1983, Whittemore and colleagues'! analyzed data
on 50,000 former male students who had attended Harvard University
between 1916 and 1950. In a 16 to 50 year follow-up, they compared coffee
and tea drinking practices of 126 men in the college cohort, who had
subsequently died of pancreatic cancer, with those of 504 surviving class-

©1998 CRC Press LLC



mates. The relative risk associated with collegiate coffee drinking was 1.1,
compared with non-drinkers. Tea consumption during college was asso-
ciated with a significantly decreased risk of pancreatic cancer.

In a population study in 1981, Cuckle and Kinlen?® correlated coffee
consumption patterns for 16 countries with pancreatic cancer mortality
rates in those countries a decade or more later and found significant
positive associations in both males and females. However, when Japan
alone was excluded, the correlation coefficients became much smaller and
non-significant. In 1982, Bernarde and Weiss®® then plotted per capita
coffee consumption patterns for the U.S. from 1950 to 1982, together with
pancreatic cancer incidence rates and found a rise and fall in coffee rates
that was followed approximately 10 years later by a rise and fall in
pancreatic cancer rates. However, major inconsistencies in the patterns for
specific race and sex groups led the authors to conclude that any associa-
tion between coffee and cancer of the pancreas was probably noncausal.
The same paper reported on a correlation study of per capita coffee
consumption across 13 countries in 1960 and age-adjusted pancreatic
cancer rates in 1967. Although the resultant correlation coefficient of 0.59
was statistically significant, the authors noted that it was “not impres-
sive”, and an examination of the scattergram showed that one or two
countries, again including Japan, were largely responsible for the ob-
served results.

In 1986 in a cohort of Japanese men, Nomura et al.' failed to find an
association of coffee with pancreatic cancer, whereas a large prospective
study of Seventh Day Adventists in the U.S. in 1988 by Mills et al **> found
increased risk for pancreatic cancer for recent but not past coffee con-
sumption. In another Japanese study in 1989, Hirayamat® found a sugges-
tion of an association with coffee in Japanese men. In 1989, Clavel et al.'’
in France also found a significant association of pancreatic cancer and
coffee drinking while in 1990, Farrow and Davis®® in the U.S., analyzing
data from 16,713 subjects, failed to find an association for coffee as did Jain
et al.'® and Ghardirian et al. 2° in 1991 in two case-control studies in
Canada. Finally, in 1996, Nish? conducted a community-based case-con-
trol study in Hokkaido, Japan, with 141 pancreatic cancer patients and 282
controls matched for sex, age, and place of residence. They concluded that
the lowest relative risks were found among “occasional” drinkers.

I1l. BLADDER AND RENAL CANCER

In an early study in 1971, Cole? found an association between coffee
drinking and lower urinary tract cancer based on a case-control study of
445 cancer patients (345 men, 100 women) and 451 population controls
who were matched for age and sex. The analyses had controlled for
cigarette smoking and occupation; however, there was no consistent dose
response relation, and the summary risks were significant only in women,
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not men. Using data from the same study, in a subsequent paper in 1974
Schmauz and Cole® compared the coffee drinking habits of patients with
renal pelvis and urethra cancers to those with bladder cancer and with
controls. In that analysis, significantly elevated risks for all sites were
found only for drinking 3 7 cups of coffee daily, and only 2 of the 18 male
cases of renal pelvis and ureter cancer were in that high exposure cat-
egory. However, cigarette smoking was not controlled for and, probably
due to small numbers, data for women were not reported. In 1974, Simon
and colleagues? later conducted another similar study, this time confined
to 135 white women with lower urinary tract cancer and 390 female
hospital-based controls who were matched to the cases on age, urban-
rural residence, and time (~2 years) of diagnosis. Although women who
drank 31 cups of coffee daily had a relative risk of lower urinary tract
cancer of 2.1 compared to nondrinkers (95% confidence limits, 1.1 to 4.3),
there was no dose-response relationship with usual coffee consumption or
with “cups-years” and cancer. Results were similar for caffeinated,
decaffeinated, regular, and instant coffees. The authors concluded that
any association between coffee consumption and lower urinary tract can-
cer was probably non-causal. Following Cole’s first report,?2 in 1971
Fraumeni et al.?> examined data on coffee drinking for 493 bladder cancer
patients and 527 controls interviewed in New Orleans between 1958 and
1964. They also concluded that any association between coffee and blad-
der cancer was likely non-causal.

Results from a number of other case-control studies published be-
tween 1973 and 1980%-% and one international correlation paper3 were
subsequently reported. Most provided only weak support for an associa-
tion between coffee drinking and bladder cancer or contradicted the find-
ings of the earlier investigations. Evidence for a weak positive association
between coffee and bladder cancer was reported by Hartge® in 1983 from
a national multicenter case-control study, based on 2,982 new cases of the
disease and 5,782 population-based controls.3? The overall relative risk of
bladder cancer associated with coffee drinking was 1.4, but there was no
clear dose-response relationship, and heavy consumption (>49 cups/week)
was related to an increased risk in men but not women. Results were
essentially the same when the analysis was confined to caffeine-contain-
ing coffee, whereas there appeared to be no relation between the disease
and tea consumption. Variation in relative risks across the 10 geographic
areas they studied was impressive, e.g., ranging from 0.3 to 3.2 for drink-
ing vs. never drinking coffee in males, although the authors reported that
the geographic variation observed was similar to what would be expected
by normal change.

Early on, Shennan3 in 1973 and later Armstrong and Doll** in 1975
found strong positive correlations between international kidney cancer
rates and coffee consumption. However, in a matched case-control study
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(202 cases, 394 controls) of renal adenocarcinoma, Wynder et al.® in 1974
failed to find a significant association between daily coffee consumption
and the disease in males or females, while controlling for level of smoking,
although numbers were small in some categories. In another matched
case-control study, Armstrong et al.?¢ in 1976 also found no association
between coffee and adenocarcinoma of the renal parenchyma (106 cases)
or carcinoma of the renal pelvis (33 cases). For renal parenchymal cancer,
the relative risk associated with daily coffee drinking was 1.15 (95% con-
fidence limits, 0.51 to 2.65), and for renal pelvic cancer it was 0.11 (0.0 to
0.8), the latter suggesting a decreased risk, although based on small num-
bers. Further, the authors found no marked differences between cases and
controls in tea drinking habits or in those who had ever consumed choco-
late beverages. McLaughlin et al.’s population-based case-control study of
cancer of the renal pelvis in the Minneapolis-St. Paul area also failed to
find a statistically significant association with coffee drinking.®” However,
in females, the relative risk of the disease associated with tea drinking was
4.1 and statistically significant. In men, however, no such relation was
observed.

In 1988, Kantor and colleagues® studied the epidemiology of squa-
mous cell carcinoma and bladder adenocarcinoma and found a significant
trend with the amount of coffee consumed; however, their findings were
based on small numbers. In a population-based case-control investigation
of the correlation between analgesics, cigarette smoking, and other risk
factors and cancer of the renal pelvis and ureter, Ross et al.® in 1989
interviewed 187 residents of Los Angeles County who had been diag-
nosed with cancer of the renal pelvis and ureter over a four-year period,
and individually matched them to controls by sex, age, race, and neighbor-
hood. While they identified cigarette smoking as the major risk factor for
cancer of the renal pelvis and ureter followed by heavy use of over-the-
counter analgesics, heavy coffee drinkers (3 7 cups/day) showed a 1.8-fold
increase in risk compared to nondrinkers. Although risk tended to in-
crease with increasing consumption, this result was not statistically sig-
nificant, and risk associated with heavy coffee consumption was reduced
to 1.3 after results were adjusted for smoking.

Further, a case-control study in Turkey of 194 bladder cancer patients
and the same number of age- and sex-matched hospital controls was
carried out by Akdas et al.*° in 1990 to estimate the role of various factors
in the etiology of bladder cancer. In a country where smoking is wide-
spread, cigarette smoking appeared to be the most significant cause of this
cancer, followed by alcohol intake, by Turkish coffee consumption and
artificial sweeteners. However, coffee drinking and alcohol were found to
be promoting factors when results were adjusted for smoking. In 1992,
Kunze* in Germany then studied lifestyle and occupational risk factors
for bladder cancer in a hospital-based, case-control study of 531 male and
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144 females with matched pairs. Multivariate logistic regression analyses
showed coffee to be a significant contributor to the risk of bladder cancer
in men after accounting for the effects of tobacco smoking, occupational
exposure, and history of bladder infection.

IV. NON-HODGKIN’S LYMPHOMA

In northern Italy in 1994, Tavani and co-workers* examined coffee
consumption and risk of non-Hodgkin’s lymphoma in a case-control study.
They interviewed 429 patients with histologically confirmed non-Hodgkin’s
lymphoma and 1,157 controls who had been hospitalized for acute, non-
neoplastic, non-immunological, non-digestive tract diseases. They reported
no association between non-Hodgkin’s lymphoma and consumption of
regular or decaffeinated coffee and tea consumption, while cola beverages
were associated with a borderline risk.

V. OVARIAN CANCER

In his international correlational study in 1970, Stocks? showed a
positive association between coffee consumption and ovarian cancer
mortality rates. In Greece in 1981, Trichopoulos et al.* interviewed 92
women with epithelial ovarian tumors and 105 hospital-based controls
and also showed a positive association and a relative risk of 2.2 associated
with drinking 32 cups of coffee per day compared to drinking no coffee.
This group also found a statistically significant dose-response relation for
life-long total number of cups consumed, but women who drank £1 cup
per day were not at increased risk. In 1982, Hartge et al.** attempted to test
the association in a U.S. investigation using data from a case-control study
of 158 women with epithelial ovarian tumors and 187 hospital-based
controls who were frequency-matched to cases on age, race, and hospital.
Although the authors reported a relative risk of 1.3 in women who drank
any coffee compared to nondrinkers and noted that it indicated “an appar-
ently greater risk of ovarian cancer among women who drink coffee than
among those who do not”, the confidence interval for the relative risk was
0.8 to 2.2, which was clearly consistent with no effect, and their data, as
they acknowledged, demonstrated no dose-response.

Recently, Polychronopoulou# examined tobacco, ethanol, and coffee
as risk factors for ovarian cancer in Greek women in a hospital-based case-
control study with data collected from 1989 to 1991. Cases were 189
women who were residents of Greater Athens and less than 75 years old
with histologically confirmed common malignant epithelial tumors of the
ovary. Controls were female residents of Greater Athens, less than 75
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years old, who had never had cancer or an ovary removed. They found no
association with coffee, tobacco, and moderate alcohol intake.

IV. BREAST CANCER

Over a decade ago in 1985, Lubin et al.*6 in Israel studied 818 newly
diagnosed breast cancer patients between 1975 and 1978 for possible
correlations between total methylxanthine intake from coffee, tea, colas,
chocolate, and cocoa beverages and breast cancer. When these cases were
compared to matched surgical and neighborhood controls, they failed to
find any significant associations. In 1985, Rosenberg and colleagues*’ in
the U.S. evaluated the relation of recent coffee consumption with breast
cancer in various Eastern hospitals. They compared 2,651 women with
breast cancer to 1,501 controls free from cancer and 385 controls with
cancer at other sites. Consumption of coffee, tea, or methylxanthine bev-
erages was found not to influence the incidence of breast cancer. Further,
in their 1986 case control study, Katsouyanni and co-workers*® collected
data from 120 patients and matched controls residing in Athens, Greece,
and also failed to find a relationship with coffee consumption. In 1986, La
Vecchia et al.** in Italy then compared 616 women with breast cancer and
616 controls free from cancer and also failed to find an association between
coffee and breast cancer. In 1988, Rohan and McMichael® in Adelaide,
South Australia, then examined the association between methylxanthine
intake and breast cancer in a case-control study of 451 cases with one
control matched to each case for age. In the postmenopausal subjects, they
found a significant association between breast cancer and total
methylxanthine intake or caffeine intake. In premenopausal women, they
found a greater risk at high levels of intake.

In 1990, Vatten et al.5* in Norway subsequently reviewed data on
breast cancer risk from a cohort of 14,593 women with 152 cases of breast
cancer during a follow up of 12 years on subjects who were between 35
and 51 years old at the beginning of the study and between 46 and 63 years
at the end. They reported no overall statistically significant correlation
between breast cancer and coffee consumption, but when body mass
index was taken into account, lean women who consumed 3 5 cups per day
had a lower risk than women who drank two cups or less. In obese
women, however, there was a positive correlation between coffee intake
and breast cancer. In a 1993 study, though, Folsom and associates®? failed
to find an association between caffeine and postmenopausal breast cancer
in 34,388 women in the lowa Women’s Health Study, with a median
caffeine intake of 212 mg/day in women who developed breast cancer and
201 mg/day for women who did not; and in Denmark, Ewertz* studied
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2,445 women with breast cancer and did not find any association with
coffee drinking.

Finally, the very recent report (1996) from the Rancho Bernardo study
by Ferrini and Barrett-Connor®* suggested associations between caffeine
and sex steroid levels in postmenopausal women. This included a positive
relationship between caffeine intake and plasma estrone levels and sex
hormone-binding globulin and an inverse association with endogenous
androgens. The authors hypothesized that caffeine may have mediated a
possible decrease in breast cancer risk, thus favoring a protective effect, by
the increase in sex hormone binding protein levels that may have resulted
in decreased bioavailability of estradiol and testosterone.

VIl. GASTRIC CANCER

In an investigation of 110 patients with gastric adenocarcinoma in
Piraeus, Greece, in 1985, Trichopoulos®® found no association with either
coffee or tea and gastric cancer. Subsequently, in 1986, Heilbrun and
associates® reported on black tea consumption and cancer risk in Japanese
men living in Hawaii and found no significant differences in risk for tea.
In Englandin 1988, Kinlen and associates® then studied 151 men from a
cohort of 14,085 men who had died from gastric cancer. The trend with
increasing tea consumption was significantly associated with death from
gastric cancer from 0-3 cups per day to 7-9 cups per day, whereas in 1990
Demerir and co-workers®® in Turkey found no association with tea drink-
ing in 100 cases and 100 controls. Between 1977 and 1991, Memik et al.>®
studied 252 Turkish patients with gastric carcinoma, mostly from a low
socio-economic population, and compared them with 609 age and gender
matched controls and failed to find an association between coffee con-
sumption and gastric cancer. In their review of data from 354 cases of
gastric adenocarcinoma in Spain, Agudo and associates®® in 1992 also
failed to find a relationship between coffee or tea drinking and gastric
cancer. Moreover, in 1993, Hansson et al.®* in Sweden found no association
of gastric cancer to coffee consumption in 330 patients compared to 669
controls.

Recently, in 1995, Yu and associates®? in Shanghai examined the rela-
tionship between green tea consumption and gastric cancer in 711 cases
compared to the same number of controls, and found green tea to have a
strong protective effect. In 1996, Goldbohm and co-workers® in the Neth-
erlands, on the other hand, reviewed data from 62,572 women and 58,279
men, and their results indicated that tea drinking did not appear to be a
related factor.
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VIIl. COLORECTAL CANCER

In 1986, Heilbrun and colleagues®® in Hawaii found a relationship
between black tea consumption and higher risk of rectal cancer in men. In
1985, Tajima and Tominaga® in Japan carried out a study with only 42
cases and also showed that black tea drinkers had a higher risk of colon
cancer; however, the results were not statistically significant. Subsequently,
in a large Belgium study in 1988, Tuyns and associates® examined tea and
coffee consumption and showed a significant trend for both colon and
rectal cancer with increased consumption. Further, two studies conducted
in the U.S., one by Phillips and Snowdon in 1985,% and one by Slatterty
and associates in 1990,%” also showed positive associations between high
levels of coffee intake and colorectal cancer.

In contrast, a lowered risk for high coffee consumption reached sig-
nificance for colon cancer in the case-control studies in 1988 by Tuyns et
al.® in Belgium of 453 patients, in 1989 by Rosenberg and co-workers® in
the U.S. of 717 patients, and in 1989 by La Vecchia and colleagues® in Italy
of 445 patients. Moreover, in 1990, Kato and associates™ in Japan found a
protective effect of green tea. In Italy in 1992, La Vecchia et al.” studied 673
cases of colon cancer and 406 of rectal cancer, compared to 6,147 controls,
and found that about 17% of controls consumed tea compared to about
20% of the colon cancer patients and 21.2% of rectal cancer patients. In
1994, Baron et al.”? in Sweden found a significant reduction in rectal cancer
for tea drinkers but no significant associations with colon cancer in 352
colon cancer cases and 217 rectal cancer cases.

A 1993 review by La Vecchia”™ concluded that there were many incon-
sistencies in the results of the association between coffee and colorectal
cancers. For tea, in 1997 Kohlmeier and associates™ after an in-depth
review of tea studies concluded that there appeared to be some protective
effect of green tea on colon cancer, while they found that the data for black
tea was not clear since some studies showed no association and others
found increased risk with regular use.

IX. PROSTATE CANCER

In an investigation of caffeine-containing products in 1993, Slattery et
al.” reported on alcohol, coffee, tea, caffeine, and theobromine intake and
the risk of prostate cancer in a Utah study. Data were gathered from a
population-based sample of 362 newly diagnosed cases of prostate cancer
and 685 age-matched controls. The Utah population was comprised pre-
dominantly of members of the Church of Jesus Christ Latter-Day Saints.
The researchers found that pack-years of cigarettes smoked and consump-
tion of alcohol, coffee, tea, and caffeine were not associated with prostate
cancer risk, but found some possible correlation with increased theobro-
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mine consumption and concluded that more studies are needed for the
possible role of large amounts of theobromine in cancer risk.

X. OVERALL RISK OF CANCER

Two decades ago in 1979 Heyden et al. 6 in an Evans County, Georgia,
prospective investigation examined heavy coffee consumption relative to
overall cancer mortality. In a comparison of 74 patients who died of cancer
with 74 patients matched on sex, age, and race who died of cardiovascular
disease, and 74 healthy survivors, also matched on sex, age, and race, they
failed to find an association between relatively heavy coffee consumption
(35 cups/day) and cancer.

About a decade later in 1988, in their study of gastric cancer, Kinlen
and associates® analyzed data from 14,085 men in London for overall
cancer risk. They found that frequent tea consumption was associated
with increased risk of cancer, and that for men drinking less than 6 cups
a day the risk was lower than expected. A year later, in the People’s
Republic of Mongolia, Dorzhgotov et al.”” compared 1,263 cases of cancer
to 2,526 healthy controls to identify potential risk factors for the five most
common cancers in that region: esophagus, stomach, lungs, liver, and
cervix or uterus. Consumption of large amounts of hot tea was one of the
factors that correlated with risk for stomach cancer. Hot tea is often salted
in this region and consumed very hot, thus suggesting a correlation be-
tween the high temperature of the beverage rather than with the tea. In a
different line of evidence in their prospective study in 1991, Grossarth-
Maticek et al.”® analyzed data from cola drinkers in the U.K. and found
that heavy consumption of cola drinks may prevent cancer but promote
coronary heart disease.

In 1992, La Vecchia et al.” also studied the relationship between tea
consumption and cancer from a series of case control studies carried out
between 1983 and 1990, using cases with histologically confirmed cancers
which included the following: 119 of the oral cavity and pharynx, 294 of
the esophagus, 564 of the stomach, 673 of the colon, 406 of the rectum, 258
of the liver, 41 of the gallbladder, 303 of the pancreas, 149 of the larynx,
2,860 of the breast, 567 of the endometrium, 742 of the ovary, 107 of the
prostate, 365 of the bladder, 147 of the kidney, and 120 of the thyroid, and
compared them to a total of 6,147 controls who had been admitted to the
hospital for acute non-cancer-related conditions. All estimates of relative
risk for tea consumption were close to unity, confirming that there was no
significant relationship between tea consumption and cancer risk. In 1993,
Klatsky and associates’™ also confirmed the absence of a relationship
between tea and cancer in analyses of health examination data between
1978 and 1985 from 128,934 individuals.

The large prospective study of Norwegian men and women con-
ducted by Stensvold and colleagues® in 1994 examined the relationship
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between coffee drinking and cancer incidence in a 10-year follow-up of
21,735 men and 21,230 women aged 35 to 54 years. No association was
found between coffee consumption and overall cancer risk. A negative
association was found with cancer of the buccal cavity and pharynx and
with malignant melanoma in women. No significant associations were
found between coffee drinking and incidence of cancer of the pancreas or
the bladder.

A very recent report by Zheng et al.8! in 1996 investigated tea con-
sumption and cancer incidence in the prospective lowa Women’s Health
Study of 35,369 postmenopausal women. At eight years, 2,936 incident
non-skin cancer cases were determined. Regular tea consumption was
related to a slight, but not statistically significant, reduced incidence of all
cancers combined. Inverse associations with increasing frequency of tea
drinking were seen for cancers of the digestive tract and the urinary tract
in women who drank 32 cups of tea per day, compared with those who
never or occasionally drank tea. No appreciable association between tea
drinking and melanoma, non-Hodgkin’s lymphoma, or cancers of the
pancreas, lung, breast, uterine corpus, or ovary were found.

The consumption of black tea and the subsequent risk of stomach,
colorectal, lung, and breast cancers was investigated by Goldbohm? in
1996 in the Netherlands Cohort Study on Diet and Cancer among 58,279
men and 62,573 women aged 55 to 69 years. During 4.3 years of follow-up,
200 stomach cancers, 650 colorectal cancers, 764 lung cancers, and 650
breast cancers were diagnosed. Tea was not consumed by 13% of the
subjects in the cohort, whereas 37%, 34%, and 16% consumed 1 to 2, 3 to
4, and 5 or more cups of tea per day, respectively. No association between
tea consumption and risk of colorectal cancer was observed. Goldbohm
concluded that black tea did not protect against four of the major cancers
in humans but also that it was not leading to increased risk.

XI. BENIGN BREAST DISEASE

In 1979 two reports by Minton et al.,?%# both based on the same groups
of women, described impressive improvement in benign breast disease
among women who eliminated caffeine and other methylxanthine-con-
taining products from their diet for periods ranging from one to six
months. The reports received considerable attention in medical publica-
tions and especially in the lay press. The clinical implications were viewed
as potentially important, because benign breast disease is common, in
many cases requires biopsy to rule out malignancy, and because certain
benign lesions are associated with a twofold or greater risk of breast
cancer. However, there were serious flaws® in the studies. The observa-
tions were essentially uncontrolled, data were based on very small num-
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bers of women, and it was inadequately presented to support some of the
researchers’ claims. Similar concerns apply to a subsequent paper in 1996
from the same group® that reached similar conclusions, although that
report had been based on a larger group of women. Several subsequent
studies have investigated the relationship between methylxanthines and
benign breast disease. With one or two exceptions, those studies have
examined the role of caffeine and other methylxanthines in the etiology of
benign breast disease rather than in its treatment, and thus their results
may not be comparable to the earlier work of Minton et al.838

In 1981, Lawson et al.,®” for example, compared a group of 210 women
hospitalized for fibrocystic disease with 241 women who had breast can-
cer and were drawn from two ongoing studies in different countries. They
matched each case to three female control patients on age, current smok-
ing habits, country, and study. Recent coffee and tea consumption in cases
and controls were compared and were shown to have a modest positive
association with “hot beverage consumption” for both fibrocystic disease
and breast cancer, but there was no dose-response relationship. The risk
of fibrocystic disease associated with heavy consumption of hot beverages
(7+ cups per day) vs. none was elevated but not statistically significant.

About the same time in 1981, Marshall and co-workers® compared
daily coffee and tea consumption by 323 women with benign breast dis-
ease and 1,458 controls admitted to a hospital between 1957 and 1965.
Using the number of cups consumed per day for analysis, these authors
found no relationship between benign breast disease and coffee, a non-
significant reduction in risk associated with tea consumption, and also
found no relationship when both beverages were combined. However,
their control group included, among other diagnoses, women with gas-
trointestinal diseases who might have voluntarily reduced coffee con-
sumption in response to those conditions. If anything, though, this would
have tended to inflate artificially the relative risk although no elevated
risks were demonstrated.

In 1982, Ernster and colleagues® attempted to replicate the study by
Minton et al.# showing that methylxanthine abstention had a beneficial
role in the treatment of benign breast disease. In their investigation, 158
women who presented with a breast concern were randomly assigned
either to a group that was encouraged to abstain from methylxanthine-
containing foods and beverages for a four-month period or to a group that
received no dietary recommendations, but was also asked to return in four
months. Although a statistically significant reduction in clinically pal-
pable breast findings was associated with the methylxanthine-free diet,
the absolute reduction in breast nodularity was minor and was probably
of little clinical significance.

A few years later in 1984, Boyle®® compared 634 women with fibrocystic
disease with 1,066 female controls hospitalized for a variety of diagnostic
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conditions, and found a clear and significant dose response relationship
with fibrocystic disease and amount of caffeine consumed daily. The
relative increase was particularly high among women with benign breast
conditions which were most related to increased risk of breast cancer,
namely those with higher ductal atypia scores, atypical lobular hyperplasia,
and sclerosing adenosis with papillomatosis or papillary hyperplasia.

In 1986, Parazzini® conducted a clinical trial in Italy with 192 women
with fibrocystic breast disease, but found no benefit of coffee elimination.
However, in a 1989 study of caffeine restriction as initial treatment for
breast pain, Russell®? studied 138 fibrocystic breast disease patients and
showed that caffeine restriction was an effective means of alleviating
breast pain associated with fibrocystic disease. More recently, in 1990,
Bullough and associates® in New York found that 46% of the 102 women
they studied showed some level of fibrocystic breast disease, but a signifi-
cant association with the disease was found only when all methylxanthine-
containing beverages rather than a single one (e.g., coffee) were taken into
account.

XII. HOT TEAS AND MATE AND ESOPHAGEAL CANCER

The habitual drinking of tea, coffee, and maté when extremely hot has
been shown to cause damage to the upper digestive tract that later may
lead to cancer. This damage is most likely related to the temperature of the
beverage rather than to caffeine or other constituents of the beverage. In
1993, Dhar and co-workers® thus studied the distribution of cancers in the
valley of Cashmere in India because drinking boiling hot, salted tea was
common there. They reviewed the records at the Department of Oncology
of the Institute of Medical Science for 1986-88 for patients with cancer who
were valley residents. Cancer of the esophagus was the most frequent type
in both sexes, accounting for 42.9% of all types of cancer in the valley,
which was very different from other regions of India where oropharyn-
geal cancer was the most common form. Dhar attributed this preponder-
ance of esophageal cancer to the common practice of drinking boiling hot
salted tea. In another investigation of hot beverages, maté, an ancient
Brazilian caffeinated drink (Chapter 8), was studied because it has been
shown to be associated with esophageal cancer. Shimada et al.®® in their
1986 investigation of maté and esophageal cancer related the increased
mortality prevalence of this cancer with very hot maté-tea drinking that
was common in that region.

XIl. SUMMARY AND CONCLUSION

Contradictory findings among published reports of relationships be-
tween caffeine, coffee, tea, and cancer result in part from the complexity
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of coffee and tea and the diversity of these beverages. Studies often have
not distinguished between preparation methods, sources of the beverages
(e.g., type of coffee beans), intake itself is self-reported and amounts are
idiosyncratic. It is unknown whether these factors play any influential role
in the relationship of caffeine-containing beverages to cancer. Further, that
heavy coffee drinking may often be associated with lifestyle habits or
situations that may increase disease risk such as smoking, altered eating
patterns, inactivity, severe over- or under-weight likely also contributes to
inconsistent findings, notwithstanding attempts by some investigators to
control for them. For coffee, the presence of contaminants such as ochratoxin
A, a nephrogenic and nephrocarcinogic mycotoxin found in improperly
stored green coffee beans, may be a factor to be considered.

It appears useful to summarize opinions published in some recent
reviews. Lubin,% who in 1990 reviewed specifically the consumption of
methylxanthine-containing beverages (tea, coffee, and chocolate) and the
risk of breast cancer, had concluded that there appeared to be no evidence
of an association, and although various methodologies were employed
and diverse populations studied, results were consistently negative. With
regard to pancreatic cancer and coffee, the association which in the early
1980s had stimulated a plethora of studies on that topic, Gold®” concluded
in 1995 that coffee consumption had little, if any, association with pancre-
atic cancer. In 1996, Nishi and co-workers? in a meta analyses of studies
published between 1981 and 1993 concluded that “it appears that small
amounts of coffee might prevent pancreas cancer, while large amounts
might cause the disease”. In a 1993 review of tea and cancer, Yang and
Wang® reported that some studies had shown a protective effect of tea
consumption against certain types of cancers, while other studies had
indicated an opposite effect. They concluded that since many laboratory
studies had demonstrated inhibitory effects of polyphenols in tea against
tumor formation and growth, tea may have a protective effect, but cau-
tioned that the effect of tea on cancer was likely related to the causative
factors of the specific cancer. Therefore, a protective effect observed for a
certain cancer with a specific population may not be observable with a
cancer of a different etiology.

The data presented here has provided a chronological picture of the
evolution and current state of the possible positive or negative association
of some methylxanthine-containing products and various types of cancer.
Perhaps the best conclusion at this time is an extension to tea and other
methylxanthine-containing products of the statement by Stavric® who in
1990 wrote that certain controversial issues about the effect of coffee on
human health remains unresolved. Future work should focus on types
and methods of preparation of teas, roasting and preparation methods for
coffees, and consider the whole beverage rather than caffeine or other
methylxanthine per se. Meanwhile it appears that both tea and coffee and
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other methylxanthine-containing products may be safe and may even be
protective for certain cancers when consumed in moderation.
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I. INTRODUCTION

Osteoporosis is an age-related disorder estimated to affect twice as
many women as men.! Characterized by loss of bone mass over a lifetime,
it accounts for more than one million fractures annually with one of every
five American women over 65 years old having one or more fractured
bones.>? With the elderly projected to represent 25% of the population by
2030, the consequences of bone loss are a significant public health prob-
lem.

A number of dietary and nondietary variables have been proposed as
risk factors for osteoporosis. Among dietary factors, the relation between
caffeine intake and bone health has been studied extensively. Although
proof that caffeine adversely affects calcium metabolism and is detrimen-
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tal to bone health is still lacking, several lines of evidence support the
notion that it is an important factor (Table 1). The purpose of this chapter
is to present the evidence from human studies on the relations among
caffeine intake, perturbations in calcium balance, bone loss, and
osteoporosis in women.

Il. IMPACT OF CAFFEINE ON CALCIUM METABOLISM

One of the earliest observational investigations to find a positive
association between caffeine and calcium balance was Daniell’s* case con-
trol study. He documented that large amounts of caffeine (more than 4
cups coffee per day) were associated with hypercalcuria in a group of 311
postmenopausal osteoporotic subjects, but his findings did not persist
after controlling for weight and smoking. In Heaney and Recker’s® corre-
lational study with 170 premenopausal nuns (mean 40 years), caffeine
intake from coffee, tea, and cola was associated with both increased uri-
nary and intestinal calcium losses, although significance did not persist
when adjusted for calcium intake. More recently, in a northern European
study, Hasling et al.® examined the relation between selected dietary
constituents and calcium balance in 85 postmenopausal osteoporotic
women. Multivariate analyses showed that the only dietary constituent
having a statistically significant impact on calcium metabolism was coffee.
However, the authors suggested that while a high coffee intake in excess
of 4 to 5 cups/day could induce physiologically significant hypercalcuria,
low to moderate intakes of 1 to 2 cups/day would not be significant.

Direct experimental studies to date have yielded mixed results with
the majority of positive findings emanating from Massey’s lab. In a blinded,
randomized, crossover study, Massey and colleagues’ demonstrated a
significant increase in acute urinary calcium loss in healthy young females
(mean 25 years) that were fed 150 to 300 mg caffeine loads, consisting of
caffeine added to decaffeinated coffee, decaffeinated tea, or herbal tea. In
this same study, they additionally compared the women who had a ha-
bitually low caffeine intake (13 to 85 mg/d) with those who consumed 230
to 435 mg/d and found that there was no adaptation to caffeine-induced
hypercalcuria. In a similar trial, but with younger adolescent females,®
they also documented an acute negative impact from caffeine loading on
calcium excretion.

Massey and Opryszek® elaborated further by showing that habitual
caffeine consumption induced chronic hypercalcuria in young women
(mean 24 years) after an oral caffeine challenge where they were fed either
300 mg of caffeine tablets per day or 6 mg caffeine per kilogram lean body
mass (LBM) per day (range 274 to 325 mg/caffeine) mixed with
decaffeinated coffee or tea when compared to a week of abstinence. Ad-
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ditionally, they® studied a mixed group of 37 premenopausal,
perimenopausal, and postmenopausal women (30 to 78 years old) and
found that those who habitually consumed 200 mg caffeine/d and had a
low dietary calcium intake of less than 600 mg/d (estimated from 6-d diet
records) experienced increased bone turnover.

On the other hand, when Barger-Lux et al.!! fed an oral caffeine load
of about 6 mg/kg of LBM mixed with decaffeinated coffee crystals in a
blinded, randomized crossover study to 16 healthy premenopausal women
(median age 30 years) who had habitual calcium intakes of 600 mg/d or
more (estimated from food frequency data), they failed to show significant
effects of caffeine on urinary or fecal calcium excretion against a placebo.
Smith et al.1? extended these findings to caffeinated carbonated beverages
in a small sample of healthy premenopausal women (mean age not re-
ported) and demonstrated that a diet high in nonalcoholic carbonated
beverages did not appear to adversely affect serum or urinary measures
of calcium metabolism. Finally, Lloyd and his colleagues®® in a recent
cross-sectional study that compared urinary calcium excretion in lacto-
0VO0 vegetarian vs. nonvegetarian women (mean age 35 years) reported
that in both groups, both of which had adequate calcium intakes (mean
870 mg/d), there was a positive association between caffeine intake (esti-
mated from a 3-d dietary record) and urinary calcium excretion.

I1l. CAFFEINE INTAKE, BONE MASS, AND OSTEOPOROSIS

Several longitudinal epidemiological studies have reported signifi-
cant positive findings between caffeine intake and bone density or risk of
fracture. Data from the Nurses’ Health Study,'* a prospective cohort inves-
tigation of nurses from 11 states, found a strong positive association
between women who consumed more than 192 mg of caffeine/d (esti-
mated from food frequency data) and risk of hip fractures, after adjust-
ment for weight, menopausal status, hormone use, alcohol, calcium in-
take, and smoking. The finding was most evident in women with a high
coffee intake (> 4 cups/d) who had a threefold increase in hip fracture risk
when compared to women who seldom/never drank coffee.

The 12-year report from the Framingham Study,® a long-term pro-
spective investigation of cardiovascular disease, of 1,817 women found
that after controlling for weight, alcohol, smoking, and estrogen use,
caffeine intake equivalent to 2 or more cups of coffee per day (estimated
from self-report and imputed caffeine values) was associated with a sig-
nificantly increased hip fracture risk in women less than 65 years old.

In the Massachusetts Women’s Health Study, a population-based cross-
sectional investigation of women, Hernandiz-Avila and colleagues?® also
found an inverse linear association with caffeine intake (estimated from
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TABLE 1

Chronological Summary of Studies on Caffeine and Bone Health

Outcome Source of
Ref.  Subject Design variable(s) caffeine data Findings
4 Postmenopausal Observational ~ Urinary Self report No association between calcium excretion or
(1976) women (60-69 y) mineral bone mass in abstainers and coffee drinkers
N=571 excretion, with similar smoking habits and degree of
bone mass obesity.
5 Premenopausal Observational ~ Urinary Duplicate Caffeine inversely related to calcium intake
(1982) women (mean 40 y) mineral analyzed and balance, but did not hold up after
N=170 excretion samples of stratification for calcium intake.
coffee, tea,
cola
22 Pre-, peri-, and Observational =~ Changes in  Not reported  No significant relationships between bone
(1983) postmenopausal radial bone mass and caffeine.
women (mean 44 y) mass
N=48
7 Premenopausal Blinded, Urinary Oral caffeine Significantly increased calcium excretion with
(1984) women (mean 25 y) randomized mineral load added to  caffeine loads of 150 mg and 300 mg.
N=12 cross over excretion decaffeinated
coffee, tea, or
herbal tea
18 Postmenopausal Observational  Bone 24-hour diet Inverse relationship between bone mineral
(1985) women (mean 66 y) mineral recall and content of distal radius and ulna and high
N=912 content of food caffeine intake.
radius, frequency
ulna, Os data
calcis
25 Postmenopausal Observational  Risk 24-hour diet No association between risk of hip fracture
(1988) women (mean 75 y) of hip recall and caffeine intake.
N=513 fracture
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8
(1988)

23
(1988)

10

(1989)

12
(1989)

11
(1990)

9
(1990)

Premenopausal
females

(mean 16)

N=9

Premenopausal

women (40-50 y)

N=183

Pre-, peri-, and
postmenopausal

women (mean 60 y)

N=37
Premenopausal
young women

(mean age not given)

N=8
Premenopausal

women (mean 29 y)

N=16

Premenopausal

women (mean 24 y)

N=17

Premenopausal

women (mean 29 y)

N=101
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Controlled
cross over

Observational

Experimental
(design
not described)

Randomized
cross over

Double blind,
placebo,
controlled
cross over

Randomized
cross over

Observational

Urinary
mineral
excretion

Bone
mineral
content

of L2 and
L4 and
forearm
Measures
of calcium
metabolism

Measures
of calcium
metabolism

Serum and
urinary
measures
of calcium
metabolism
Urinary
mineral
excretion

Calcaneal
bone
density

Oral caffeine
loads added
to non-
caffeinated
carbonated
beverage

(3 mg/kgm
body weight)
Self report

Not reported

1.4 L diet
coke fed
daily

Oral caffeine
load added
to decaf
coffee

(400 mg )
Oral caffeine
loads added to
decaffeinated
coffee or tea
Self report

of daily
intake of
cups of coffee

Significantly increased calcium excretion in
females.

No overall association between bone mineral
content or coffee intake.

Fasting ultrafilterable calcium increased and
serum bone alkaline phosphatase isoenzyme
levels decreased, but only in those with
calcium intakes < 600mg/d.

No effect on calcium metabolism in women
consuming 800 mg calcium/d.

Failed to show any significant effect of caffeine.

Calcium excretion increased significantly after
caffeine challenges with no adaptation to
caffeine-induced excretion after one week.

Failed to show effect after adjustment for
smoking and found insignificant decline with
consumption of > 2 cups/d.



TABLE 1 {continued)
Chronological Summary of Studies on Caffeine and Bone Health

Outcome Source of
Ref.  Subject Design variable(s) caffeine data Findings
15 Peri- and Observational ~ Hip fracture Self report of  Caffeine intake equivalent to 2 or more
(1990) postmenopausal coffee and cups/day (estimated from self-report and
women (50-84 y) tea intake imputed caffeine values) was associated with
N=1817 a significantly increased hip fracture risk in
women less than 65 years old.
24 Perimenopausal Observational ~ Serum and  3-day diet No association between caffeine intake and
(1990) women (mean 51 y) urinary records and bone mineral in axial or appendicular skeleton.
N=124 measures of food frequency
calcium data
metabolism,
bone mass
of radius
lumbar
spine, and
hip
14 Pre- and Observational = Forearm Food Reported that only coffee among caffeine
(1991) perimenopausal and hip frequency sources was the significant predictor of hip
women (34-59 y) fractures data fracture, although no association between
N=84,484 caffeine intake and forearm fracture found.
13 Premenopausal Observational = Measures of Three-day No association between bone density and
(1991) women (mean 35 y) calcium diet records caffeine intake, although caffeine was found
N=64 metabolism to have significant negative effect on calcium
and bone metabolism.
mass
19 Pre-, peri- and Observational Serum and  Seven-day Among the oldest women with impaired
(1992) postmenopausal urinary diet record calcium balance a high caffeine intake may
women (est. 30-75 y) measures predispose to cortical bone loss. However,

N=209
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6
(1992)

27
(1992)

26
(1992)

16
(1993)

17
(1994)

20
(1994)

Postmenopausal
women (mean 66 y)
N=85

Postmenopausal
women (mean 66 y)
N=85

Peri- and
postmenopausal
women (mean 74 y)
N=533

Pre- and
perimenopausal
women (mean 53 y)
N=281
Postmenopausal
women (mean 73 y)
N=980

Postmenopausal
women (mean 61 y)
N=205

Observational

Observational

Observational

Observational

Observational

Randomized
clinical trial
of vitamin D
and bone loss

metabolism,
bone mass

Calcium
metabolism
and bone

mineralization

Bone mass

Risk of hip
and wrist
fracture

Bone
density

Bone
density

at hip and
lumbar
spine

Bone
density

of spine
and total
body,
biochemical
and urinary
measures

Four-day
diet records

24-hour diet
recall and
diet history

Food
frequency
data

Food
frequency
data

Self report of
lifetime
caffeinated
coffee intake

Food
frequency
data

adjusting for age, caffeine was not correlated
with bone metabolism, hormone, or other
dietary or musculoskeletal variable.

Of dietary constituents studied, only caffeine
negatively impacted calcium and bone
metabolism.

In association with caffeine intake a lower
bone mineral content was shown bivariately,
but not multivariately, however, there was no
relationship between coffee and fracture risk
Caffeine intake unrelated to hip or wrist
fracture.

Caffeine intake inversely associated with
bone density, independent of dietary
anthropometric and hormonal factors.

Increasing lifetime caffeinated coffee intake
significantly inversely associated with bone
mineral at hip and spine in subjects who did
not report drinking at least one glass of milk
a day between 20-50 years of age.

Caffeine did not have adverse effect in
subjects with adequate calcium intakes near
or above 800 mg/d, although daily caffeine
intake >2-3 servings of brewed coffee may
accelerate bone loss from the spine and total
body in women with a low calcium intake.




food frequency data) and bone density in 281 pre- and perimenopausal
women (mean age 53) that was independent of dietary, anthropometric,
and hormonal variables.

Further, in 980 postmenopausal women (mean 73 years old) from the
Rancho Bernardo Study, a population-based study of an upper middle
class community, Barrett-Connor et al.'” demonstrated a significant graded
positive association between lifetime intake of 2 cups coffee/day (ob-
tained by self report questionnaire) and worsening of bone mineral den-
sity at both the hip and spine in subjects who did not report drinking at
least one glass of milk on a daily basis between 20 and 50 years of age.
These effects also persisted after controlling for putative modifying factors
such as age, weight, parity, smoking, alcohol, estrogen, thiazides, calcium
supplements, exercise, and years postmenopausal.

Finally, Yano et al.'® reported a significant negative association be-
tween forearm bone mineral content and current caffeine intake among a
group of elderly Japanese-American women living in Hawaii, after con-
trolling for intake of milk, calcium, and vitamin D.

Other cohort studies have suggested that the existence of inverse
associations between bone mass and women consuming high amounts of
caffeine may relate to specific factors. In an age-stratified random sample
of white women (range 30 to 60+ years), Cooper et al.*® reported that
among the oldest women with impaired calcium balance a high caffeine
intake appeared to predispose to cortical bone loss from the proximal
femur. They suggested that the effects were age and site specific, and after
adjusting for age and caffeine consumption, were not correlated with bone
metabolism, hormone, or other dietary or musculoskeletal variable.

In their study of 205 healthy, nonsmoking postmenopausal women
(mean 60 years), which evaluated vitamin D and bone loss, Harris and
Dawson-Hughes? reported that a daily caffeine intake of 2 to 3 servings
of brewed coffee accelerated bone loss from the spine and total body in
women with a low calcium intake, but in subjects with adequate calcium
intakes near or above 800 mg/d, caffeine did not have adverse effects.
Lastly, the Study of Osteoporotic Fractures Research Group’s? multicenter,
prospective investigation of 9704 ambulatory women, 65 years and older,
showed that caffeine intake was significantly correlated with lower bone
mass, but that among factors that influenced bone mass of elderly women,
age, weight, muscle strength, and hormone use were most important.

In contrast, other investigations have shown no overall association
between bone and caffeine intake. In addition to studying calcium bal-
ance, Daniell* had also assessed metacarpal cortical area relative to caf-
feine intake and did find a greater prevalence of lower bone mass in
women, 60 to 69 years old, consuming more than 4 cups of coffee per day,
but significance disappeared after stratification by weight and smoking.
Eliel?? looked at longitudinal changes prospectively in radial bone mass in
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a mixed group of pre-, peri-, and postmenopausal women (24 to 60 years
old), and similarly did not demonstrate an effect of caffeine consumption
on rate of bone loss while taking into account milk intake and physical
activity, although their data also included men. These authors concluded
that if caffeine does have an effect on rate of bone loss in normal subjects,
its magnitude was insufficient and undetectable by longitudinal measure-
ments. The study by Picard and colleagues® with 40- to 50-year-old pre-
menopausal women also failed to find a significant relationship between
caffeine intake and bone mineral, as did Slemenda et al.?* in their study
with 84 peri- and postmenopausal women, which did not show caffeine
intake to be a predictor of bone mineral in the axial or appendicular
skeleton. Although Holbrook et al.’s?® 14-year follow up of Framingham
subjects indicated that women with hip fracture had higher caffeine in-
takes than those without hip fracture, their results were not significant,
which was probably due to failure to consider confounding variables such
as weight. In their case control study of 433 postmenopausal women
(mean 70 years old) with hip and wrist fractures, Krieger and colleagues?®
also failed to find an association between caffeine and fracture risk in their
subjects. Finally, a European prospective cohort study?’ of older adults (76
years old), which evaluated the relationship between caffeine intake, bone
mineral, and fracture risk while controlling for smoking, weight, physical
activity, and other putative modifying factors found no relationship be-
tween coffee consumption and fracture risk, and in their multivariate
models coffee was not a significant risk factor for osteoporosis.

IV. SUMMARY

Collectively, the literature shows a trend indicating that a lifetime
pattern of high caffeine intake in women contributes to a negative impact
on calcium and bone metabolism and is correlated with bone loss or
fracture risk, particularly when there is a low calcium intake. Both experi-
mental and observational studies have demonstrated that the calciuretic
effect of caffeine, if sustained chronically, induces a biologically significant
impact on calcium balance. However, when caffeine is consumed in small
to moderate amounts, defined as 1 to 2 cups of coffee per day in some
studies and is accompanied by an adequate calcium intake (at least 600
mgq), it may not have significant physiological effects. Although epidemio-
logical and experimental studies have failed to indicate consistently that
caffeine is a significant factor in incidence of bone fracture, the well-
known pharmacologic effects of caffeine have raised important questions
about its role in calcium balance and the metabolic consequences associ-
ated with caffeine.
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In spite of this reasonable scientific evidence, there is a considerable
amount of conflicting data. This is due conceivably to uncontrolled known
and postulated putative modifying factors associated with calcium bal-
ance and bone mass which may have been responsible for attenuating any
effects. Some studies have not stratified for tobacco, which often accompa-
nies caffeine intake, alcohol consumption, hormone use, or body weight,
all of which have been reported to affect calcium or bone metabolism.
Menopausal status has not been considered consistently or, alternatively,
mixed age groups of women have been used. Thus, results could have
been modulated by differential effects of caffeine at different stages of a
woman’s lifespan. Moreover, the use of small sample sizes which reduces
the power necessary to reveal moderate changes, varying research de-
signs, and methodological differences among studies also contributes to
the confusion.

Additionally, latent confounding factors concerning measurement of
caffeine are prevalent. Although in some studies coffee is used as the
dependent variable due to its putative use or as a surrogate for caffeine,
the complex nature of coffee itself is overlooked. Coffee varies widely in
caffeine content and other constituents, depending on the kind of coffee
bean and the brewing method (see Chapter 6). Further, consumption of
other sources of caffeine, i.e., teas, colas, other beverages fortified with
caffeine, and many pharmacological agents, are not specified clearly in all
studies. The heterogeneous nature of coffee and different sources of caf-
feine suggest that errors in quantification of caffeine intake could mitigate
true associations. Furthermore, the amounts consumed are typically self-
reported and idiomatic, and when measured cross-sectionally, may not be
reflective of cumulative exposure. It is hoped that future studies will
clarify the role of caffeine vs. whole caffeinated beverages and ensure that
intake is reported accurately.

In summary, the current literature indicates that the state of our
knowledge is incomplete to permit firm conclusions about the direct
relationship between caffeine intake, calcium balance, and hence risk of
fracture. Additional characterization will provide greater understanding
of the long term effects of differing levels of caffeine on bone health in
women. Longitudinal investigations which control for putative modifying
variables are needed to help resolve current inconsistencies between caf-
feine consumption and the severity of its long term impact on calcium and
bone metabolism. This in turn will help address issues related to risk of
fracture in old age. Assuming there is a link between caffeine and, ulti-
mately, bone fracture, its impact on the huge toll it is predicted to extort
in suffering and health care costs in our aging population could be sub-
stantially affected.
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Chapter 16

CAFFEINE AND REPRODUCTION

Myron Winick

CONTENTS
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B. Congenital Malformations
C. Spontaneous Abortions (SAB)
D. Retarded Fetal Growth
E. Premature Labor
F.  Physiologic Changes in the Fetus
G. Long-Term Changes in the Offspring

1. Summary

References

There has been some question whether caffeine, even in large doses,
has any adverse effect on the outcome of pregnancy. In 1980, the Food and
Drug Administration advised pregnant women to limit their intake of
caffeine. These recommendations were based almost exclusively on ani-
mal experiments. The recommendations were also nonspecific, i.e., noth-
ing was said about how much caffeine was safe during pregnancy, nor
was any mention made of when during pregnancy caffeine was most
detrimental to the fetus. During the past 17 years, a great deal of evidence
has accumulated about the role of caffeine during pregnancy in human
populations. Although the results of these studies have not been entirely
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consistent, the preponderance of evidence suggests that caffeine, espe-
cially in large doses, may have adverse effects on several outcomes of
pregnancy. This evidence will be examined in the following way:

1. The animal data upon which the F.D.A. based its recommendation and
animal evidence gathered subsequently.

2. Human data divided into specific problems that occur during the repro-
ductive cycle in which caffeine might be implicated.

These would include:

a) The ability to conceive

b) Congenital malformations

¢) Spontaneous abortions (SAB)
d) Retarded fetal growth

e) Premature labor

f) Changes in fetal physiology

g) Lasting effects on the offspring

I. ANIMAL DATA

Before discussing the animal data it is important to note that caffeine
is metabolized differently in experimental animals than it is in humans.
This is particularly so in the rat, which is the most common experimental
model used. Therefore results in animals, either positive or negative,
cannot be directly applied to humans. However, since caffeine itself and
some of its metabolites are present in both the animal experiments and
during human exposure, an adverse effect of caffeine in an animal model
should be verified or excluded in the human.

Caffeine and almost all of its metabolites cross the placenta and dif-
fuse into virtually all fetal tissues."? Caffeine has been shown to produce
chromosomal damage in mammalian cells.® There is an increase in fetal
mortality and morbidity when pregnant rats are fed caffeine in increasing
doses.*

Thus, it is clear that, in animals, there are enough data to implicate
caffeine ingestion by the mother in poor pregnancy outcome, including
spontaneous abortion, congenital malformations, fetal growth retarda-
tion, and residual effects in the newborn. These data have made human
studies extremely important. Fortunately many human studies have been
carried out in the past 17 years, since the F.D.A. warning was put in place.
Unfortunately these studies have not always produced consistent results.
However, | believe that a pattern is emerging which is implicating caf-
feine, at least in doses above 300 mg per day (3 cups of coffee per day) in
several types of poor pregnancy outcomes.
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Il. STUDIES IN HUMAN POPULATIONS

A. The Ability to Conceive

There have been a number of studies that have strongly suggested that
ingestion of caffeine, particularly in doses of 300 mg per day and above,
is associated with an increased risk of infertility.5>” The data suggest that
both male and female fertility may be affected. In women, the timing of
events during the menstrual cycle may be disturbed. In men, sperm mo-
tility may be reduced. Although caffeine consumption is certainly not a
major cause of infertility, | believe the evidence is strong enough to advise
couples having difficulty in conceiving to refrain from consuming caffeine
while they are trying to become pregnant.

B. Congenital Malformations

Although a few animal studies have shown an increase in the number
of congenital malformations among the offspring of dams fed high doses
of caffeine during pregnancy, the preponderance of animal evidence finds
no significant increase in such malformations. In human populations there
are no studies which have shown any correlation between maternal caf-
feine intake, even at the highest doses studied, and congenital abnormali-
ties of the fetus.

C. Spontaneous Abortions (SAB)

In 1993, two articles appeared in the December 22 issue of the Journal
of the American Medical Association describing studies carried out to exam-
ine whether an association exits between caffeine intake during pregnancy
and the incidence of SAB.2° The articles reach different conclusions. In the
study by Mills et al., the conclusion was that moderate intake of caffeine
during pregnancy (150 to 300 mg per day) had no effect on the incidence
of SAB. By contrast, the study by Infante-Rivard et al. concludes that
ingestion of 300 mg or more of caffeine per day results in three times the
risk of SAB than in non-consumers of caffeine. Ingestion of 150 to 300 mg
of caffeine per day doubles the risk of SAB. In an editorial in the same issue
of the Journal, Brenda Eskenazi discusses the discrepancies.'© She notes
that in the first study mentioned, there were not enough women consum-
ing 300 mg or more per day to reach any conclusions. Also, the popula-
tions studied were very different. In the study showing no effect of caf-
feine the women were from a higher socioeconomic class, better educated,
and more health conscious. In addition, the total number of women stud-
ied was much lower. In the study showing a direct correlation between
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caffeine and SAB, there was a clear dose response. The greater the intake
of caffeine, above 150 mg per day, the higher the risk for SAB. From these
and other studies, the evidence suggests that at levels of intake of 300 mg
per day or above, caffeine increases the risk for SAB about three times. At
levels of 150 to 300 mg per day, the risk in some women for SAB is
doubled. Although more studies are needed to confirm these results, |
believe the existing data are strong enough to warrant counseling women
contemplating pregnancy to limit their caffeine intake to less than 150 mg
per day.

D. Retarded Fetal Growth

There is some debate whether caffeine consumption during preg-
nancy can affect fetal growth and thereby lower birth weight. Most studies
indicate that there is a small but significant effect that increases as the
quantity of ingested caffeine increases.!! For example, one study found
that women who consumed more than 300 mg per day of caffeine had a
relative risk of 4.6 of giving birth to a low birth weight infant, and the
mean birth weight of their infants was 105 grams lower than that of
nonconsumers of caffeine.

Smoking increases the effect of caffeine on intrauterine growth.2
Smokers usually consume more caffeine than nonsmokers but their blood
caffeine levels are lower than in women who do not smoke. This apparent
discrepancy can be explained by the fact that smoking increases caffeine
metabolism in vivo. In this study,!? although moderate caffeine intake in
nonsmokers had little effect on birth weight, the same intake in smokers
resulted in significant fetal growth retardation and a lower birth weight.
These data suggest that there is an interaction between maternal smoking
and maternal caffeine consumption which affects fetal growth and birth
weight. They also suggest that the offending substance may be a metabo-
lite of caffeine rather than caffeine itself. Finally, the data reinforce other
reasons for stopping smoking before or during pregnancy, particularly if
the woman consumes moderate amounts of caffeine.

E. Premature Labor

The lower birth weight of infants of mothers who consume 300 mg or
more of caffeine per day is due entirely to retarded fetal growth. There is
no evidence that premature labor and delivery are associated with caffeine
during pregnancy.
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F. Physiologic Changes in the Fetus

There is evidence that at least two physiologic functions of the fetus
may be disturbed by maternal consumption of high doses of caffeine
during pregnancy. Fetuses of mothers consuming more than 500 mg of
caffeine per day spent less time in active sleep and more time in arousal
than fetuses of mothers consuming 200 mg of caffeine per day.*? In another
study, women who consumed any caffeine during pregnancy were com-
pared with those who consumed little or no caffeine. Of the newborns of
the women consuming caffeine, 25% had cardiac tachyarrhythmia, com-
pared with only 2% of the newborns of the women who did not consume
caffeine.l* These two studies demonstrate that caffeine or one or more of
its metabolites can affect fetal physiology. The significance of these physi-
ological changes, if any, is unknown.

G. Long-Term Changes in the Offspring

There is no evidence that maternal consumption of caffeine, even in
relatively large amounts, has any long-term effects on the offspring. How-
ever, it must be remembered that such studies are very difficult to carry
out in human populations. Therefore, in my judgment, the lack of evi-
dence linking maternal caffeine consumption with long-term consequences
to the offspring does not mean that such an association does not exist.

I1. SUMMARY

In summary, maternal consumption of caffeine, particularly in doses
of 300 mg or more per day, can result in both male and female infertility,
an increase in spontaneous abortions, fetal growth retardation, particu-
larly in women who smoke, and physiological changes in the fetus and
newborn. In addition, even though no long-term changes in the offspring
have been described, they cannot be entirely ruled out. There appears to
be a dose response effect. The more caffeine consumed, the greater the
effect. The effects of caffeine on the fetus seem to be greatest at intake
levels of 300 mg or more per day. Therefore, | believe that pregnant
women should be cautioned to consume less than 300 mg of caffeine per
day.
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