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ABSTRACT

Background: Clinicians often recommend limiting caffeine intake
while attempting to conceive; however, few studies have evaluated
the associations between caffeine exposure and menstrual cycle
function, and we are aware of no previous studies assessing biolog-
ical dose via well-timed serum measurements.

Objectives: We assessed the relation between caffeine and its me-
tabolites and reproductive hormones in a healthy premenopausal
cohort and evaluated potential effect modification by race.
Design: Participants (n = 259) were followed for =2 menstrual cycles
and provided fasting blood specimens =8 times/cycle. Linear mixed
models were used to estimate associations between serum caffeine bio-
markers and geometric mean reproductive hormones, whereas Poisson
regression was used to assess risk of sporadic anovulation.
Results: The highest compared with the lowest serum caffeine ter-
tile was associated with lower total testosterone [27.9 ng/dL (95%
CI: 26.7, 29.0 ng/dL) compared with 29.1 ng/dL (95% CI: 27.9,
30.3 ng/dL), respectively] and free testosterone [0.178 ng/mL (95%
CI: 0.171, 0.185 ng/dL) compared with 0.186 ng/mL (95% CI:
0.179, 0.194 ng/dL), respectively] after adjustment for age, race,
percentage of body fat, daily vigorous exercise, perceived stress,
depression, dietary factors, and alcohol intake. The highest tertiles
compared with the lowest tertiles of caffeine and paraxanthine were
also associated with reduced risk of anovulation [adjusted RRs
(aRRs): 0.39 (95% CI: 0.18, 0.87) and 0.40 (95% CI: 0.18, 0.87),
respectively]. Additional adjustment for self-reported coffee intake
did not alter the reproductive hormone findings and only slightly
attenuated the results for serum caffeine and paraxanthine and
anovulation. Although reductions in the concentrations of total tes-
tosterone and free testosterone and decreased risk of anovulation
were greatest in Asian women, there was no indication of effect
modification by race.

Conclusion: Caffeine intake, irrespective of the beverage source,
may be associated with reduced testosterone and improved men-
strual cycle function in healthy premenopausal women. Am J
Clin Nutr 2016;104:155-63.

Keywords: anovulation, biological markers, caffeine, menstrual
cycle, 1,7-dimethylxanthine

INTRODUCTION

Caffeine is consumed daily by the majority of US women and
is ingested via natural and supplemented sources (1, 2). Despite
the common counsel for women to either reduce or entirely
eliminate caffeine intake while attempting to conceive (3), few
studies have evaluated the association between caffeine exposure
and menstrual cycle function and fertility, and available studies
have produced inconsistent results (4). Inferences of findings
from these studies have been hampered by methodologic limi-
tations such as an inadequate hormone assessment with the use of
standard methods to time a woman’s cycle phase, inadequate
control for confounding variables, imprecise caffeine-exposure
assessment, and failure to account for individual and cycle phase
differences in caffeine clearance (4).

The ideal measure of female exposure to caffeine and its
metabolites, when their effects on menstrual cycle function are
assessed, is via serum samples during relevant times including the
follicular, ovulatory, and luteal phases (5). However, studies to
date that have assessed caffeine’s effects on menstrual cycle
function in nonpregnant women have relied on self-reported in-
take (6-10). Reported dietary assessments, particularly if col-
lected retrospectively with respect to an adverse outcome such
as an inability to achieve a pregnancy, are subject to recall bias
(5). Furthermore, even a perfect report of caffeinated beverage,
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food, and medication intakes may have substantial measurement
error in the biological dose. This measurement error is due to the
variability in the caffeine contents of coffee and tea, which are
known to differ significantly by roasting and brewing methods
even within the same barista (2); and the intervariability and
intravariability in caffeine metabolism, which is known to be
affected by genetic and nongenetic factors such as smoking, oral
contraceptives, race, and menstrual cycle phase (4, 11). Because
of the potential cost and logistic considerations for measuring
caffeine biomarkers, researchers are interested in identifying
whether self-report of caffeine intake adequately agrees with the
biomarker gold standard (12) particularly in premenopausal
women in whom intrawoman caffeine metabolism may vary
over the menstrual cycle (11, 13, 14).

We previously showed that, in healthy premenopausal women,
self-reported caffeine intake was inversely associated with free
estradiol in whites and positively associated with free estradiol in
Asians, but that there were no associations between caffeine and
ovulatory function in all races (15). In this project, with the use of
data from the same study population but augmented with fasting
morning serum caffeine biomarkers and testosterone, we set out to
fill previous data gaps by determining whether serum caffeine and its
chief metabolites paraxanthine and theobromine are associated with
reproductive hormones and ovulatory function while also evaluating
a potential effect modification by race. To inform future research in
women of reproductive age, we further assessed whether reported
caffeine intake adequately agrees with serum caffeine biomarkers
while taking into account potential differences in caffeine metab-
olism such as race, smoking status, and menstrual cycle phase.

METHODS

Study population

The BioCycle Study, which was conducted in 2005-2007,
followed 259 women from New York for =2 menstrual cycles.
The study population, materials, and methods have been pre-
viously described (16). In summary, the convenience sample
consisted of carefully screened healthy women between the ages
of 18 and 44 y who had no history of chronic diseases such as
heart disease, diabetes mellitus, cancer, inflammatory diseases,
autoimmune, liver, or kidney disease, thyroid disease, or any other
endocrine dysfunction. Furthermore, included women had to be
regularly menstruating (self-reported cycle length between 21 and
35 d for each menstrual cycle in the past 6 mo) to participate.
Women with conditions known to affect menstrual cycle function
such as polycystic ovary disease, uterine fibroids, or current use of
hormonal contraception (i.e., 3 mo before study entry) were ex-
cluded as were women who were currently underweight or over-
weight or planning to restrict their diet, had a recent history
of alcohol abuse or illicit drug use, or were consuming a high
soy—based diet. The Health Sciences Institutional Review Board
at the University at Buffalo approved the study and served as the
review board designated by the NIH under a reliance agreement.

Serum caffeine, paraxanthine, and theobromine
assessments

Paraxanthine is the primary metabolite of caffeine (84%)
(17) with the lesser metabolites being theobromine (12%) and

theophylline (4%). The latter 2 metabolites are also present in
their whole form in chocolate and tea leaves and, compared with
paraxanthine, have been shown to be weakly correlated with
caffeine. For these analyses, we assessed serum caffeine and the 2
major metabolites paraxanthine and theobromine. A modification
of a method that was used to analyze caffeine and metabolites in
serum and tissues via the 1100 liquid chromatography—mass
spectrometry detector (Agilent) was used for the analysis of
caffeine, paraxanthine, and theobromine. The chromatographic
conditions permitted an excellent separation of paraxanthine
from 2 other commonly encountered caffeine metabolites (the-
ophylline and theobromine), which have the same mass. To
reduce measurement error, select batches of measurements were
recalibrated postassay by a calibration curve estimated from all
calibration data (18). With the use of recalibrated data, the in-
terassay CVs were <10% for caffeine (an improvement of 10%
compared with laboratory values) and <19% for theobromine
(an improvement of 15% compared with laboratory values). For
paraxanthine, there was no obvious advantage that would be
gained by recalibration (overall or in particular batches), and
thus, original laboratory values were used.

Self-reported caffeine assessment

Participants underwent a 24-h dietary recall (24HDR)® at the
clinic after the collection of fasting blood specimens during 4
cycle visits corresponding to menstruation, the midfollicular
phase, ovulation, and the midluteal phase (15). Cycle visits were
scheduled between 0700 and 0830 to allow for the collection of
fasting samples and to reduce the diurnal variation. Food and
beverage intakes for the previous day, with estimated times of
intake recorded, were assessed with the use of the standardized,
multiple-pass approach. Nutrient data were analyzed with the
use of the Nutrition Data System for Research (version 2005;
Nutrition Coordinating Center, University of Minnesota) with an
estimated caffeine content per 8 oz (237 mL) of coffee equaling
96 mg. Eighty-seven percent of participants completed four
24HDRs/cycle.

Reproductive hormone and sporadic anovulation
assessments

Eligible women who consented to participate provided fasting
blood specimens at =8 visits/cycle for 2 menstrual cycles with
visits timed with the use of fertility monitors to correspond with
menstruation, midfollicular phase, late follicular phase, luteinizing
hormone (LH)/follicle-stimulating hormone (FSH) surge, ovula-
tion, and early luteal, midluteal, and late-luteal phases. Collection
dates were adjusted for cycle length with the use of Clearblue
fertility monitors (SPD Swiss Precision Diagnostics), which are
useful in the timing of clinic visits and have been shown to im-
prove cycle standardization. Fertility monitors aid in biologically
standardizing cycles that vary considerably from the 28-d stan-
dard cycle (19). Thus, the use of the fertility monitors helped to
align the participant cycles so that, despite their cycle lengths,
hormone concentrations could be compared across women at

% Abbreviations used: aRR, adjusted RR; FSH, follicle-stimulating hor-
mone; LH, luteinizing hormone; 24HDR, 24-h dietary recall.
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various cycle phases. A total of 94% of participants completed
7-8 clinic visits/cycle.

Total estradiol, progesterone, LH, FSH, and sex hormone
binding globulin were measured with the use of a solid-phase,
competitive, chemiluminescent enzymatic immunoassay on
a DPC IMMULITE 2000 analyzer (Siemens Medical Solutions
Diagnostics) at Kaleida Laboratories (Buffalo, New York). Total
testosterone was measured via liquid chromatography—tandem
mass spectrometry with the use of a Shimadzu Prominence
Liquid Chromatogram (Shimadzu Scientific Instruments Inc.)
with an ABSceix 5500 tandem mass spectrometer (AB SCIEX)
at the Advanced Research and Diagnostics Laboratory (Min-
neapolis, Minnesota). The calculation of free (i.e., bioavailable)
estradiol and testosterone was performed via standardized
methods (20, 21). Across the study period, CVs for these tests
were as follows: <14% for progesterone; <10% for estradiol,
testosterone, and sex hormone binding globulin; and <5% for
LH and FSH. We defined anovulation as any cycle with a peak
progesterone concentration <5 ng/mL and no observed serum
LH peak at the midluteal or late-luteal phase visits (n = 42 of
509 cycles; 8.3%) (22).

Covariate assessment

Age, race, smoking status, and reproductive history were
obtained at baseline with the use of standard questionnaires (16).
Depression was also assessed at baseline with the use of the
20-item Center for Epidemiologic Studies Depression scale.
Participants were asked to measure their frequencies of 20 de-
pressive feelings and behaviors in the past week with responses
ranging from “rarely or none of the time” (0 points) to “most or
all the time” (3 points). Each participant was given an overall
score (range: 0—-60) (23). At the end of the follow-up period, the
total percentage of body fat was measured with the use of dual-
energy X-ray absorptiometry (Hologic Discovery Elite, software
version 12.4.1; Hologic Inc.). Total energy (kcal/d), fiber (g/d),
and coffee intake (cups/d) and the alternate Mediterranean diet
score were calculated from the 24HDR (24).

Daily minutes of vigorous exercise, alcohol intake (total number
of drinks consumed over the course of the day, noting O if none),
perceived stress [not stressful (1), a little stressful (2), or very
stressful (3)], and any pain medication use over the course of the
day (including aspirin, naproxen, ibuprofen, and acetaminophen)
were captured via a daily diary. Caffeine from medications (pri-
marily from over-the-counter preparations with nonsteroidal anti-
inflammatory drugs) was averaged for each phase over the 2 cycles
and added to the caffeine that was calculated from the eight
24HDRs (15).

Statistical analyses

Caffeine intake, as reported in the 24HDR, and serum caffeine,
paraxanthine, and theobromine were assessed both categorically (ter-
tiles) and continuously (as mg/d for 24HDR and wmol - L' - mL ™"
for serum caffeine and metabolites). Descriptive statistics were
compared between study-mean serum caffeine tertiles and pop-
ulation characteristics with the use of an ANOVA for normally
distributed continuous variables and the Wilcoxon-Mann-Whitney
test for nonnormally distributed continuous variables. Chi-square or
Fisher’s exact tests, when appropriate, were used for categorical

variables. Variations in serum caffeine, paraxanthine, and theo-
bromine concentrations across the menstrual cycle were assessed
with the use of linear mixed models. Pairwise comparisons between
days were made with the use of Tukey’s method to account for
multiple comparisons.

Linear mixed models with random intercepts were used to
assess the associations between serum caffeine, paraxanthine,
and theobromine and reproductive hormones. Because of skewed
distributions, serum caffeine and metabolites were categorized
into tertiles, and reproductive hormone concentrations were log
transformed for statistical analyses. These random-intercept
models were chosen to account for the variation between baseline
concentrations of hormones in individual women and the cor-
relation between cycles of the same women. We calculated the
P-trend value by taking the median of each serum caffeine,
paraxanthine, and theobromine tertile and analyzing this as
a continuous variable. Multivariable generalized linear models
and Poisson regression with robust error variance (taking into
account within-woman repeated cycles) were used to assess the
RR of sporadic anovulation. Covariates to include in our ad-
justed analyses were determined by a review of the previous
literature and statistical testing for confounding identification.
Variables retained in the final multivariable models included age
(continuous), race (white, black, Asian, or other), percentage of
body fat (continuous), depression (continuous), time-varying
reported alcohol and total energy intakes, Mediterranean diet
score, perceived stress, and vigorous exercise (all continuous).
We ran additional models with further adjustment for self-
reported coffee intake (cups/d) to better understand the influence
of other components in the largest contributing source of caf-
feine. In adjusted RR (aRR) models for sporadic anovulation,
serum caffeine, paraxanthine, theobromine, and potential con-
founders were averaged across the cycle with caffeine bio-
markers assessed via cycle-average tertiles. Because of previous
findings for an effect modification by race (15), we tested for an
interaction between serum caffeine biomarkers and reproductive
hormones and sporadic anovulation by race and showed race-
stratified results for the associations.

To determine the validity of previous day’s self-reported
caffeine intake (via the 24HDR) relative to fasting morning
serum caffeine, paraxanthine, and theobromine, Pearson’s
product-moment correlation coefficients were used. Caffeine
biomarkers and 24HDR reported intake were categorized di-
chotomously (above and below the median), and prevalence and
bias-adjusted « coefficients were calculated (25) as were the
sensitivity and specificity between previous 24-h self-reported
caffeine intake (test method) and serum caffeine biomarkers (the
gold standard). In addition, we performed cross-classification
analyses and compared the percentage of agreement and
weighted k coefficients that were calculated with a quadratic set
of weights between 24HDR intake and serum biomarker quar-
tiles. Reported caffeine intake and measured weight were re-
corded at baseline and were used to calculate the caffeine dosage
expressed as mg - kg71 - d”'. These measurements were done
because, at a given intake, larger individuals will have lower
serum values and, consequently, a lower biological dose. Be-
cause of previous research that indicated differences in caffeine
metabolism by race, smoking status, and menstrual cycle phase,
an effect modification between reported intake and serum caf-
feine biomarkers by race (white, black, or Asian), smoking
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status (smoker or nonsmoker), and cycle phase (menses, early
follicular phase, estimated day of ovulation, and midluteal
phase) were evaluated by fitting interaction terms in multivariate
models. A sensitivity analysis was performed by assessing the
correlation and agreement between 24HDR self-reported caf-
feine intake and serum caffeine and paraxanthine by the recency
of intake overall and stratified by race (i.e., <13, 13-18, >18—
23, and >23-28 h). All analyses were performed in SAS version
9.4 software (SAS Institute Inc.).

RESULTS

Across the 2 menstrual cycles of the study, mean *= SD and
median serum caffeine concentrations were 2.35 *= 2.74 and
1.45 pmol/L (IQR: 0.66-2.96 wmol/L; range: 0.09-21.7 wmol/L),
respectively; mean = SD and median serum paraxanthine con-
centrations were 1.33 = 1.34 and 0.85 pumol/L (IQR: 0.47-1.64
pmol/L; range 0.35-12.69 wmol/L); and mean = SD and me-
dian serum theobromine concentrations were 3.27 * 2.84 and
2.67 pmol/L (IQR: 1.40-4.36 umol/L; range: 0.006-23.90
pmol/L). Tertiles of serum caffeine were positively associated
with age and inversely associated with the depression score.
Serum caffeine was also positively associated with white race
and pain-medication use (Table 1). Serum caffeine, paraxanthine,
and theobromine showed no significant variation in pairwise
comparisons across the menstrual cycle with the exception of
serum caffeine, which was highest at the midfollicular visit

TABLE 1

compared with at the early follicular and early and midluteal
phase visits (Figure 1).

Serum caffeine biomarkers and reproductive function

Assessments of serum caffeine tertiles and reproductive hor-
mones showed significantly decreasing concentrations of total
testosterone (29.1, 28.2, and 27.9 ng/mL; P-trend = 0.02), free
testosterone (0.186, 0.180, and 0.178 ng/mL; P-trend = 0.02),
and LH (6.89, 6.13, and 6.09 ng/mL; P-trend = 0.04) with in-
creasing serum caffeine concentrations (Table 2) after adjust-
ment for age, race, percentage of body fat, daily vigorous
exercise, perceived stress, depression, Mediterranean diet score,
and total energy and alcohol intakes. Lower total testosterone
and LH were seen for middle compared with lowest serum
paraxanthine tertiles [27.9 compared with 28.8 ng/mL (Tukey-
adjusted P = 0.04) and 5.97 compared with 6.68 ng/mL (Tukey-
adjusted P = 0.008), respectively]. Results were similar after
additional adjustment for self-reported caffeinated beverage in-
take (Supplemental Table 1). No significant trend associations
were shown for serum paraxanthine and theobromine and re-
productive hormones nor for the testosterone:estradiol ratio.
Interactions between race, smoking, and menstrual cycle phase
and serum caffeine biomarkers were all nonsignificant (likeli-
hood ratio test, all P > 0.05). Although there was no significant
effect modification by race, the strongest associations both in
magnitude and significance between increasing serum caffeine

Demographic, lifestyle, and dietary characteristics of participants by mean serum caffeine intake across the study period

(n = 259 women)"

Serum caffeine tertile, wmol - L™' - mL™"
Overall 1 (0.11-0.89) 2 (>0.89-2.45) 3 (>2.45-18.17) P

Participants, n 259 86 87 86
Age, y 273 + 8.2° 25.0 = 6.8° 26.9 * 8.6° 299 + 8.5° <0.001
Race, n (%) 0.005

White 154 (60) 42 (49) 50 (57) 62 (72)

Black 51 (20) 27 (31) 15 (17) 9 (10)

Asian 37 (14) 11 (13) 13 (15) 13 (15)

Other 17 (7) 6 (7) 9 (10) 2(2)
Body fat, % 29.5 £ 59 28.7 = 6.3 299 + 54 29.9 £ 59 0.34
Nulliparous, n (%) 66 (26) 69 (82) 62 (74) 56 (66) 0.06
Depression score 5 (1-9)° 6 (2-9)* 5 (2-8) 3 (0-7)° 0.006
Current smoker, n (%) 42 (16) 9 (10) 16 (18) 17 (20) 0.20
Perceived stress 1.50 = 0.33 1.50 = 0.33 1.51 = 0.33 148 = 0.33 0.78
Vigorous exercise, min/d 9.2 (1.9-20.2) 5.6 (1.0-16.0) 9.8 (1.9-22.4) 10.7 (3.3-21.5) 0.11
Pain medication use, n (%) 175 (68) 49 (57) 63 (72) 63 (73) 0.04
Total energy, kcal/d 1613.3 = 367.3 1656 * 368.4 15422 = 342.9 1642.5 = 383.2 0.08
Fiber, g/d 13.6 £ 5.6 142 = 64 129 £ 54 13.8 = 4.9 0.29
Mediterranean diet score 29 £09 29 £ 1.0 27 =10 3.0£038 0.14

Descriptive statistics were compared between categories of serum caffeine averaged over the study period with the
use of an ANOVA for normally distributed continuous variables and the Wilcoxon-Mann-Whitney test for nonnormally
distributed continuous variables. Chi-square or Fisher’s exact tests, when appropriate, were used for categorical variables.
Values in a row that do not share a common superscript letter were significantly different at P < 0.05 via a pairwise
comparison with the use of Tukey’s method. There were no missing values for the following variables: age; race;
percentage of body fat; smoking status; pain medication use; average alcohol, fiber, and energy intakes; vigorous exercise;
Mediterranean diet score; and reproductive hormone concentrations. There were 11 missing values for the depression score

and 4 missing values for parity.
®Mean * SD (all such values).
*Median; IQR in parentheses (all such values).
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and lower free testosterone, total testosterone, and LH and
higher progesterone concentrations were seen in Asians (Sup-
plemental Figure 1, Supplemental Tables 2—4).

As regards menstrual cycle function, we showed a reduced RR
of anovulation for the highest tertiles of serum caffeine and
paraxanthine compared with the lowest tertiles of serum caffeine
and paraxanthine after adjustment for age, race, percentage of
body fat, vigorous exercise, perceived stress, and total energy and
alcohol intakes [aRRs: 0.39 (95% CI: 0.18, 0.87) and 0.40, (95%
CI: 0.18, 0.87), respectively] (Figure 2). Additional adjustment
for self-reported coffee intake did not alter the testosterone
findings and only slightly attenuated the results for serum caf-
feine and paraxanthine and anovulation [aRRs: 0.41 (95% CI:
0.18, 0.98) and 0.42 (95% CI: 0.19, 0.91), respectively]. No
significant associations were shown for serum theobromine and
anovulation. Similarly, although interactions between race,
smoking, and anovulation were nonsignificant, the strongest
associations between increased serum caffeine tertile and re-
duced risk of anovulation was seen in Asians (Supplemental
Figure 2).

24HDR caffeine and serum caffeine-biomarker agreement

Pearson correlation coefficients between 24HDR caffeine
intake (per mg - kg~ ' - d”') and serum biomarkers were 0.43
for caffeine, 0.53 for paraxanthine, and 0.13 for theobromine (all

significant at P < 0.001). Sensitivity analyses by the time of
caffeine intake via the 24HDR indicated a gradual reduction in
correlations with serum caffeine and paraxanthine (<13 h: r =
0.65 and 0.58, respectively; 13—18 h, r = 0.30 and 0.32, re-
spectively; >18-23 h, r = 0.29 and 0.39, respectively; and >23—
28 h, r = 0.20 and 0.27, respectively).

Overall weighted k agreements between 24HDR caffeine
intake and serum biomarker quartiles were 0.44 (95% CI: 0.40,
0.48) for caffeine, 0.44 (95% CI: 0.41, 0.48) for paraxanthine,
and 0.25 for theobromine (95% CI: 0.21, 0.30). Overall, sensi-
tivity values (proportions of women with high serum caffeine
and paraxanthine concentrations correctly identified by reported
intake) were 71.1% (95% CIL: 68.2%, 73.9%) and 68.1% (95%
CIL: 65.1%, 71.1%), respectively; and specificity values (pro-
portions of women with low serum caffeine and paraxanthine
correctly identified by reported intake) were 68.5% (95% CI:
65.4%, 71.5%) and 67.2% (95% CI: 64.2%, 70.2%). The re-
lation between reported caffeine intake and serum concentra-
tions of caffeine differed significantly by race (P = 0.01). White
women had a higher adjusted k between 24HDR intake and
serum paraxanthine (0.51) than for caffeine (0.45), whereas
Asian women had a lower adjusted k for serum paraxanthine
(0.48) than for caffeine (0.52). Pearson correlation coefficients
reflected these same differences in caffeine metabolism by race
when restricted to <13 h of reported intake (Supplemental
Table 5). Although sensitivity and specificity were similar for
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TABLE 2

Differences in log serum concentrations of reproductive hormones according to serum caffeine, paraxanthine, and theobromine tertiles (2 = 259 women)'

Tertile, umol/L

Serum theobromine

Serum paraxanthine

Serum caffeine

P-trend

3 (>3.27-51.14)

2 (>0.89-3.27)

P-trend 1 (0.00-0.89)

3 (>1.10-20.50)

2 (>0.35-1.10)

P-trend 1 (0.00-0.35)

3 (>2.04-51.26)

2 (>0.49-2.04)

1 (0.09-0.49)

Log hormone

0.77
0.84
0.82
0.71
0.52

85.7 (80.7, 90.9) 84.7 (79.7, 90.0)

82.9 (77.8, 88.3)

0.56
0.29
0.31

85.0 (79.4, 91.0) 83.3 (78.2, 88.8)

85.0 (80.1, 91.2)

0.31
0.18

0.02

84.2 (79.3, 89.4) 82.6 (77.5, 88.0)

86.6 (81.2, 92.4)

Estradiol, pg/mL

1.32 (1.26, 1.41)
28.4 (27.3, 29.6)

1.33 (1.25, 1.40)

28.4 (27.3, 29.6)

1.32 (1.24, 1.40)
282 (27.1, 29.4)

1.29 (1.22, 1.37)
28.1 (27.0, 29.3)

1.33 (1.24, 1.41)

1.35 (1.28, 1.42)

1.29 (1.21, 1.37)

1.31 (1.24, 1.39)

282 (27.1, 29.3)°
0.186 (0.179, 0.194)* 0.180 (0.174, 0.187)® 0.178 (0.171, 0.185)°

1.37 (1.29, 1.46)
29.1 (27.9, 30.3)"

Free estradiol, pg/mL
Testosterone, ng/dL

27.9 (26.8, 29.1)°
0.02 0.184 (0.177, 0.191) 0.179 (0.172, 0.186) 0.179 (0.173, 0.187)

0.73

28.8 (27.7, 30.0)*

27.9 (26.7, 29.0)°

0.26  0.182 (0.175, 0.189) 0.181 (0.175, 0.188) 0.181 (0.174, 0.188)

0.92

Free testosterone, ng/dL

Luteal progesterone,

1.63 (1.47, 1.82) 1.63 (1.46, 1.82)

1.53 (1.37, 1.72)

1.77 (1.55, 2.01) 1.60 (1.43, 1.79)

1.52 (1.37, 1.68)

1.62 (1.46, 1.81) 1.62 (1.45, 1.82)

1.56 (1.39, 1.75)

ng/mL
FSH, mIU/mL

LH, ng/mL

0.32

5.28 (5.04, 5.53)
6.10 (5.73, 6.48)
0.77 (0.76, 0.78)

5.37 (5.13, 5.62)
6.54 (6.16, 6.95)
0.77 (0.76, 0.79)

5.43 (5.17, 5.69)
6.46 (6.05, 6.89)
0.78 (0.76, 0.79)

0.51

0.

5.30 (5.05, 5.56)
6.23 (5.85, 6.65)
0.77 (0.76, 0.79)

5.20 (4.94, 5.48)

5.49 (5.24, 5.74)

0.18
0.04

5.31 (5.07, 5.56) 5.24 (4.99, 5.50)

5.52 (5.25, 5.80)

0.08

0.

35
74

5.97 (5.56, 6.42) ®
0.77 (0.75, 0.78)

6.68 (6.30, 7.09) *
0.78 (0.76, 0.79)

6.13 (5.76,6.51) ®  6.09 (5.71, 6.50) °

0.77 (0.76, 0.78)

6.89 (6.46, 7.36)"
0.77 (0.76, 0.79)

48

0.

1

0.9

0.77 (0.76, 0.79)

Testosterone:estradiol ratio

'All values are mean Ss; 95% CIs in parentheses. Analyses were performed with the use of linear mixed-effects models on the log scale of hormones with adjustment for age, race, percentage of body fat,
depression, time-varying daily vigorous exercise, perceived stress, Mediterranean diet score, and total energy and alcohol intakes. Mean values that do not share a common superscript letter were significantly

different at P < 0.05 on the basis of Tukey’s test. Overall, there were =3650 measurements (90%) for each reproductive hormone collected from =16 clinic visits across 2 menstrual cycles (n = 250 women) or

=8 clinic visits for 1 menstrual cycle (n =9 women). Note: 1.00 wmol serum caffeine/L = 194.2 ng/mL; 1.00 wmol serum paraxanthine/L = 180.2 ng/mL; and 1.00 wmol serum theobromine/L = 180.2 ng/mL.

FSH, follicle-stimulating hormone; LH, luteinizing hormone.
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whites and Asians, blacks had lower sensitivity and higher
specificity relative to those of other races (Supplemental Table
6). A significant interaction was also shown between the 24HDR
and serum caffeine by smoking status (P = 0.001). Stratification
by smoking status indicated that smokers metabolized caffeine
more quickly than did nonsmokers with a relatively higher ad-
justed k for serum paraxanthine than for serum caffeine for
smokers (0.56 compared with 0.46, respectively) compared with
those for nonsmokers (0.50 compared with 0.48, respectively).
No significant interactions were shown between caffeine bio-
markers and menstrual cycle phase.

DISCUSSION

In answering the question of whether the actual biological dose
of caffeine affects reproductive function, we showed that serum
concentrations of caffeine and paraxanthine were significantly
associated with reduced total testosterone, free testosterone, and
LH concentrations and reduced risk of anovulatory episodes
irrespective of the caffeinated beverage source, which suggested
that moderate caffeine intake may be associated with improved
menstrual cycle function. Although we showed no significant
effect modification by race, the strongest findings, both in
magnitude and significance, for reduced testosterone concen-
trations and improved ovulatory function with increasing serum
caffeine were shown in Asians. In answering the question of
whether self-reported caffeine intake reflects the biological dose,
we showed near-borderline agreement and correlation for what is
considered a useful measure between dietary intake and bio-
markers (k = 0.40, r = 0.50), which suggested limited validity
(12, 26). The relatively higher agreement for paraxanthine than
for caffeine in whites and smokers supported the more-rapid
caffeine metabolism of these groups as previously reported (5,
27, 28). Because of our results, we advise that serum caffeine
biomarkers, alone or in combination with reported intake, be
used when possible to reduce the misclassification of caffeine
exposure when assessing the association between caffeine ex-
posure and women’s reproductive function.

Our finding of significantly reduced total testosterone, free
testosterone, and LH after adjustment for relevant confounding
factors has been supported by previous research. A recent ran-
domized controlled trial in 42 healthy, nonsmoking adults (24
women), who, after a 2-wk abstention from caffeine, were
randomly assigned to consume five 6-oz cups of caffeinated
coffee, decaffeinated coffee, or water (controls), showed that both
caffeinated coffee and decaffeinated coffee were significantly
associated with decreased free testosterone relative to that of
controls (29). Caffeinated coffee and decaffeinated coffee also
showed modest but nonsignificant, associations with reduced free
estradiol with no indication of significant differences in the ratio
of testosterone to estradiol, which is a potential marker for
aromatase activity (29). We previously reported that self-reported
24HDR caffeine intake =200 compared with <200 mg/d was
significantly associated with decreased total estradiol, free es-
tradiol, and LH in whites and increased total estradiol, free
estradiol, and LH in Asians after adjustment for relevant
confounders (15). In the current study, serum caffeine was more-
significantly associated with decreased total testosterone and
free testosterone, notably in Asians. Although previous studies
have shown differences by race and genotype in both drug and
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FIGURE 2 Adjusted RRs (95% ClIs) of anovulation according to serum caffeine (A), paraxanthine (B), and theobromine (C) tertiles (n = 259 women).
Analyses were performed with the use of generalized linear mixed models and adjusted for age, race, percentage of body fat, daily vigorous exercise,
perceived stress, depression, Mediterranean diet score, and total energy and alcohol intakes (all continuous except for race, which was categorized as white,
black, Asian, or other). A total of 259 women were followed for =1 (n = 9) or 2 (n = 250) menstrual cycles. Anovulation was defined as any cycle with a peak
progesterone concentration =5 ng/mL and no observed serum luteinizing hormone peak at the midluteal or late-luteal phase visits (n = 42 of 509 cycles;
8.3%); 28 women had 1 anovulatory cycle, and 7 women had 2 anovulatory cycles. T, tertile.

steroid metabolism (27-32), we did not have genotype data for
this study, and self-reported race represents a complex interplay
between many factors beyond genetics including social, life-
style, and environmental factors. Future studies that measure
polymorphisms of the cytochrome P450 enzymes that are re-
sponsible for caffeine and steroid synthesis are needed to tease
apart the potential interplay between race, caffeine, and re-
productive function.

As regards ovulatory function, we showed caffeine and its
chief metabolite paraxanthine were associated with higher
luteal progesterone and significant reduced risk of sporadic
anovulation. These results were not inconsistent with our previous
research whereby 24HDR caffeine intake =200 compared with
<200 mg/d was associated with a reduced (albeit nonsignificant)
odds for sporadic anovulation (OR: 0.82; 95% CI: 0.31, 2.21).
After we accounted for brand and brewing variations in caffeine
doses and differences in caffeine metabolism by assessing actual
biological dose via caffeine biomarkers, we may have increased
the precision to identify a significant association between caffeine
and ovulatory function. Additional adjustment for self-reported
coffee intake did not alter the reproductive hormone findings and
only slightly attenuated the results for serum caffeine and para-
xanthine and anovulation, which indicated that the caffeine, rather
than some other component, in coffee was the explanatory factor.
Our finding has been supported by a previous study that was
conducted to assess the effects of self-reported caffeine and coffee
intakes on luteal progesterone in a cohort of, on average, higher
caffeine consumers, which showed significantly increased geo-
metric mean concentrations of luteal progesterone (ng/mL) with
increasing caffeine tertiles (=70, >70-190, >190-371, and
>371 mg/d; P-trend = 0.03) but not with coffee intake (30).
Although both this previous finding and our results support
the hypothesis that increased caffeine intake leads to decreased

testosterone with a consequent decreased risk of sporadic anovulation
(33), whether there is some other component in coffee, such as
polyphenols, that is associated with increased progesterone
(34) or some such combination of components warrants future
investigation.

We previously reported that 24HDR self-reported caffeine and
caffeinated beverage intakes (coffee, tea, and soda) do not vary
over the cycle (35). In this study, we report no significant var-
iations in serum caffeine and caffeine metabolites across the
menstrual cycle and no significant interaction between 24HDR
and serum caffeine by cycle phase. Taken together, we conclude
that caffeine metabolism does not appear to vary across the
menstrual cycle. Although, to our knowledge, our study is the first
observational trial to assess caffeine metabolism across the
menstrual cycle, our findings are in agreement with the majority
of experimental studies (11, 14).

The BioCycle Study has several strengths including multiple
measures of hormone and serum caffeine and caffeine metabolite
assessment over 2 menstrual cycles and multiple measures of not
only caffeine and caffeinated beverage intake but also of important
dietary and lifestyle factors. Our relatively diverse study pop-
ulation (~60% white, 20% black, 14% Asian, and 7% other race)
allowed us to be able to detect interracial differences in either the
reporting of caffeine-containing foods and beverages or caffeine
metabolism, which shed light on our previous findings of differ-
ences in the effects of reported caffeine intake and reproductive
hormones (15). In addition, we were able to assess ovulatory
function with the use of repeated measures of luteal progesterone
after making sure that our assessments were appropriately timed
and included adequate serum draws through the luteal phase via
the identification of a midcycle LH serum surge (22).

Nevertheless, our study has several limitations including the
relatively limited caffeine intake by our study population (US
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premenopausal women consume an average of 166 mg total
caffeine/d (1) compared with that by our population who reported
consuming an average of 91 mg/d). In addition, although our
ability to assess differences between the time of caffeine intake
and serum caffeine and metabolite concentrations was an im-
provement over previous observational studies in premenopausal
women (36), the relatively rapid metabolism of caffeine with an
average half-life of 5-6 h resulted in relatively low serum
concentrations than in studies that have assessed nonfasting
serum biomarkers (36). Note that our study relied on observa-
tional data in which a multitude of analyses have been made, 5%
of which could have been significant purely by chance. How-
ever, we formally adjusted for multiple comparisons to reduce
the type I error rate via Tukey’s test and further report 95% Cls
for all of our estimates, and thus, the reader can evaluate the
strength and precision of our significant findings. Finally, we
purposely limited our study population to healthy female vol-
unteers with no previous history of reproductive disorders or
chronic disease so as to better understand the subtle associations
between diet and oxidative stress and reproductive hormones.
Consequently, the generalizability of our findings to women
with evident reproductive dysfunction may be limited.

In conclusion, we showed little variation of serum caffeine and
metabolites across the menstrual cycle and no evidence for
differences in caffeine clearance between phases in line with
previous research (11, 14). These results suggest that the normal
hormonal fluctuations observed in eumenorrheic healthy women
do not appear to alter caffeine pharmacokinetics. Although «
estimates for 24HDR and serum caffeine and paraxanthine
quartiles were within the range of agreement for most duplicate
measures of nutritional status, our significant findings for lower
risks of sporadic anovulation in the highest tertiles of serum
caffeine and paraxanthine were not shown in our previously
published results that looked at 24HDR caffeine (=100, =200,
=300, and =400 mg/d) or coffee (1-cup increments) intake via
various cutoffs (15), thereby suggesting an increased precision
with the serum caffeine biomarkers. Our findings in conjunction
with those of other authors (29) fail to support the mechanistic
hypothesis that caffeine is an aromatase inhibitor (30). Rather,
caffeine may help to keep testosterone concentrations in check,
thereby lowering the risk of anovulatory episodes (33). Al-
though more good-quality, adequately powered observational
studies that assess the relation between caffeine biomarkers,
alone or in combination with self-reported intake, and menstrual
cycle are needed before definitive conclusions can be made,
results from the current study suggest a possible protective effect
of moderate caffeine intake on ovulatory function in healthy,
premenopausal women.
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