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ARTICLE INFO ABSTRACT

Keywords: Background: As eating behavior changes in relation to the menstrual cycle and weight changes with menopausal
Eating behavior transition, ovarian hormones appear to be involved in regulating eating behavior. However, observations are
Food preference contradictory and are difficult to compare, due to methodological problems related to nutritional epidemiology.
Ezgziii To better understand the relationship between ovarian steroid hormones and eating behavior, our study eval-
Progesterone uates women'’s responses to visual food cues at different points in the menstrual cycle with their specific serum

estrogen/progesterone levels and women’s responses in the case of strong estrogen changes in the context of
fertility treatments.

Methods: We collected data from 129 women, 44 of whom received in vitro fertilization (IVF) at the Department
of Reproductive Endocrinology, University Hospital Zurich. A total of 85 women with natural cycles were
recruited at the University Hospital Zurich (n = 37) and at the Hannover Medical School (n = 48). Our obser-
vational study used 4 different measurement time points across the natural cycle and 2 measurement time points
in women with supraphysiological estradiol levels during fertility treatments. Using a second cycle, we then
tested our results for replication. At these predefined time points, women were shown pictures of 11 categories of
food, with 4 items for each category and blood samples for measurement of hormone levels were taken. Food
preferences registered at the time of the investigation were indicated on a visual analogue scale (0-100).
Results: We did not find any statistically significant association between women’s serum hormone levels and the
rating of visually presented food, either during the menstrual cycle or during fertility treatments after controlling
for multiple testing (all p > 0.005). Ratings for fruits, vegetables, and carbohydrates showed a significant linear
decline throughout the first menstrual cycle (p < 0.01), which did not replicate in the second cycle (p > 0.05). In
contrast, the ratings for sweets showed a significant linear decline in both cycles (both p < 0.01), with a mean
rating of 54.2 and 48.8 in the menstrual phase of the first and second cycle, respectively, to a mean rating of 47.7
and 43.4 in the premenstrual phase of the first and second cycle, respectively. During fertility treatments, no food
rating showed a significant change (all p > 0.05). Mood such as negative and positive affects did not influence
ratings for visual food cues neither throughout the menstrual cycles nor during fertility treatment.

Conclusions: Serum levels of estradiol and progesterone do not correlate with food ratings in women, even when
estradiol levels are above the physiological level of a natural menstrual cycle. Since, except for sweets, significant
changes in food ratings in a first cycle did not replicate in a second menstrual cycle, significant findings from the
literature based on animal or human studies focusing on a single-cycle have to be interpreted with caution.
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1. Introduction

According to the latest data from the World Health Organization,
obesity is a growing phenomenon worldwide, with women being
affected more often than men [31,75]. Gonadal steroid hormones seem
to be among the key regulators of energy intake, by influencing signaling
pathways of appetite control through different hormone receptors at
central as well as peripherical levels [37,47,52,71]. Low estrogen levels
are known to contribute to the development of adiposity in women [37,
47].

As early as the 1990s, scientists observed that women’s eating
behavior varied with the menstrual cycle [9,25]. Dietary intake was
found to be higher during the luteal phase than during the follicular
phase [1,5,14,16,22,25,30,34,63,71]. In addition, the intake of certain
macronutrients, i.e., fat, sweets and proteins has been reported to differ
in relation to phases of the menstrual cycle. However, heterogeneous
results hamper the understanding of the underlying regulatory mecha-
nisms. For example, women reported that the intake of food and crav-
ings for foods high in fat and/or carbohydrates were higher in the luteal
phase than in the follicular phase [5,16,22,24,34,63]. At the same time,
other results did not show any differences in food intake in different
menstrual cycle phases [9,25,34]. Results on the consumption of sweets
are conflicting too, with some findings showing higher cravings for
sweets when estrogen concentrations are high [44] and others showing
fewer cravings and a lower food intake during these phases [34,47].
Consequently, data on food consumption of sweets, fats, carbohydrates,
and unhealthy foods in relation to phases of the menstrual cycle are
currently inconsistent.

Current studies on the association between the menstrual cycle and
eating behavior are also hampered by serious methodological limita-
tions, that is, the lack of adequate hormonal measurements and small
sample sizes [27,51,62]. In fact, hormone measurements were often not
taken; conclusions were based on cycle phases only [52,60]. Nutritional
epidemiology has been heavily criticized in recent years for problematic
methods and weak study designs [3,38,39,61]; indeed, the deficits
mentioned are only examples of such methodological problems. To
overcome current methodological shortcomings and better understand
the role of hormones in human food preferences, we conducted the
present study.

Estradiol is produced primarily by the follicles in the ovaries.
Estradiol levels vary during the cycle and can increase from less than
200 pmol/1 to 800-900 pmol/l during the follicular phase. During
fertility treatment, follicular growth is stimulated in a whole group of
follicles, which is why the estradiol level at the end of the stimulation
phase is about 10 times higher than in a physiological cycle.

As fertility treatment has no influence on other hormone levels, in-
clusion of women receiving in vitro fertilization (IVF) provides the op-
portunity for an experimental model of the isolated effect of a high level
of natural estradiol level on eating behavior [49,50].

As human eating behavior is the result of many food intake decisions,
which in turn are strongly influenced by different internal and external
factors including food preferences at the time of the decision [12,32], we
investigated women’s food preferences. Using data from a large sample
of women in a natural menstrual cycle and from women receiving
fertility treatment, we evaluated if and how strongly women’s prefer-
ences to visually presented food cues fluctuated (i) at different stages of
the menstrual cycle and (ii) in relation to progesterone and estradiol
levels. We evaluated (iii) whether certain foods aroused more interest
than others. We compared (iv) results between a first and a second cycle
and (v) results between women in the natural cycles and during the
stimulation phase of a fertility treatment.

Based on currently available data, we expected that women in phases
with high estradiol levels, i.e., in the preovulatory phase and at the end
of follicular stimulation, would be more likely to rate healthy foods (e.g.
vegetables and fruit) higher than unhealthy foods (e.g. sweets, coke/
lemonade, alcohol, fast food). As the majority of studies investigating
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fluctuating eating habits focused on chocolate, sweets, proteins, carbo-
hydrate or simply unhealthy/ high-calorie foods, we also expected that
foods, and especially unhealthy foods, would be rated higher in the post-
ovulatory phases, i.e., when estradiol levels are lower and progesterone
levels are higher. As the literature mostly argues for a suppressive effect
of estradiol on food intake, we also expected to see lower food prefer-
ence ratings at the end of the stimulation phase of women receiving
fertility treatments.

2. Methods
2.1. Setting and study design

Our data were collected as part of a project investigating the rela-
tionship between changes in serum hormone levels and neuropsycho-
logical function, mood, stress, and emotions in naturally cycling woman
and in women receiving fertility treatment.

Data were collected from 129 healthy women and women with
predefined endocrine disorders (polycystic ovary syndrome (PCOS),
endometriosis, hyperprolactinemia), 44 of whom were receiving IVF
treatment at the Department of Reproductive Endocrinology, University
Hospital of Zurich, Switzerland. Eighty-five women for measurements in
natural cycles were recruited at the University Hospital of Zurich (n =
37) and at the Hannover Medical School (n = 48). All women with
endocrine disorders were recruited in Zurich. The study was conducted
as a prospective longitudinal and observational study. To avoid false
positives, we tested significant associations in a first cycle for replication
in a second cycle.

2.2. Women recruited

The women were recruited through different channels, including
advertisements on the university and hospital bulletin boards, personal
requests at the time of consultations in the Department of Reproductive
Endocrinology, University Hospital Zurich, or recommendations by
physicians specialized in gynecological endocrinology, and word-of-
mouth recommendations. Study participants received an expense
allowance for inconveniences related to study participation. While
women whose measurements taken during their menstrual cycle had to
come especially for the data collections for the study, in women
receiving IVF, data collection was combined with examinations in the
context of the IVF treatment.

A control visit at the beginning of the study was carried out for
women monitored during their natural menstrual cycle. A medical
checkup served to rule out diseases that affect cognition and hormone
levels, except for hyperprolactinemia, endometriosis, and PCOS. No
woman was perimenopausal. Prolactin, testosterone, follicle stimulating
hormone (FSH), luteinizing hormone (LH), progesterone, estradiol,
fasting glucose and insulin, thyroid-stimulating hormone (TSH) (as well
as anti-Miillerian hormone (AMH) in Zurich) were checked at cycle days
2-5 as baseline characteristics. Women were excluded on the basis of use
of oral contraceptives, pregnancy or lactation in the past 6 months,
medication, surgery affecting hormones, no regular working hours,
important diseases or mental disorders, which might have an impact on
test performance, menstrual cycle/ endocrine disorders apart from those
related to the endocrine diseases specified above, or insufficient lan-
guage skills to complete study tasks. In critical cases decision on study
participation was discussed and decided by a gynecological endocri-
nologist/psychotherapist and a neurologist/psychiatrist.

Women receiving IVF underwent the usual investigation for infer-
tility at the Department of Reproductive Endocrinology, University
Hospital Zurich. They received a gynecological checkup, a transvaginal
ultrasound, as well as hormone measurements to assess hormonal dis-
orders (LH, FSH, estradiol, AMH, testosterone as standard measure-
ments and 17-hydroxyprogesterone, prolactin, and TSH when
requested). Uterine hydrosonography, hydro-contrast sonography, or
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hysterosalpingography were carried out. Furthermore, each couple was
tested for infection with chlamydia, human immunodeficiency virus
(HIV), and hepatitis B and C. Language competences, premenstrual
syndrome or other medical limitations (for example, psychiatric disor-
ders or medication that could have an impact on cognition) served as
exclusion criteria for study participation in naturally cycling women as
well as women receiving fertility treatment [49,50].

Socio-epidemiographic information on the 85 naturally menstru-
ating women participating in the first cycle measurements and the 68
women presenting for reevaluation in a second cycle are presented in
Table 1.

The 44 women presenting for fertility treatment were aged 36.0 +
3.4 years (range: 28-44 years). Of these women, 26 received their first
treatment and 18 their second treatment. Indications for fertility treat-
ment were idiopathic infertility (n = 6), endometriosis (n = 14), blocked
or removed tubes (n = 13), PCOS (n = 10), and male infertility alone or
in combination with female factors (n = 34). None of these women was
on a diet or reported pain.

None of the women was either vegetarian or vegan.

2.3. Hormone measurements and assays

A total of 8 hormone measurements were taken in naturally cycling
women with a cycle length of 28 + 4 days. Samples were collected on
predefined days, i.e., cycle day 4, 7, 9 or 10, 12, 13,17, 21, and 28 in a
normal 28-day cycle and adjusted to cycle length in case of shorter or
longer cycles. In addition to the hormone measurements, ultrasound
examinations were performed. The first one was done at the first hor-
mone assessment in the early follicular phase to exclude cysts that might
influence the cycle. To evaluate the evolution of the follicle, the second
measurement was done on approximately day 11, with adjustment in
case of known shorter cycles. The aim of the second ultrasound exami-
nation was to plan the pre-ovulatory measurements as accurately as
possible. In case of little follicular development, for example, in women
with PCOS, supplementary hormone measurements and ultrasound ex-
aminations were carried out every 4th — 5th day until follicle maturation
or day 30 of the cycle was confirmed.

To confirm the day of ovulation, urine LH tests were conducted
(Evial Ovulation Test Midstream, Inophram GmbH, Muri, Switzerland
and Clearblue digital Ovulations test, SPD Swiss Precision Diagnostics
GmbH, Geneva, Switzerland). Women started the testing 5 days prior to
the earliest expected ovulation day or when a 14 mm follicle was seen
using ultrasound.

Blood samples for all women were taken at each visit between 7:00
am and 10:00 am. After collection, the samples were sent directly to the
laboratory in Zurich, first frozen at —30 °C, and then stored at —80 °C in
Hannover. The samples were frozen in Hannover to avoid falsification of

Table 1
Socio-epidemiographic characteristics of study participants investigated in their
natural menstrual cycle.

Age (Mean + SD)

Endocrine pathology

PCOS (N/%)

Endometriosis (N/%)

Hyperprolaktinemia (N/%)

No endocrine pathology (N/
%)

BMI (Mean =+ SD)

Nb of women with obesity
(N/%)

University degree (N/%)

Children (N/%)

Married (N/%)

1st cycle

N=285

30.1 + 5.4 (range:
20-43 years)

16 (18.8%)
13 (15.3%)
1(1.2%)

56 (65.9%)

24.9 + 5.3 (range 17.7
-45.7)
12 (14.1%)

27 (31.8%)
27 (31.8%)
31 (36.5%)

2nd cycle

N =68

29.8 + 4.9 (range:
20-40 years)

13 (19.1%)
11 (16.2%)
0

45 (66.2%)

23.8 + 4.8 (range 18.7
-32.3)
9 (13.2%)

23 (33.8%)
22 (32.4%)
27 (41.6%)
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results because of different laboratory procedures. All samples were
examined by the laboratory in Zurich.

Progesterone evaluations were done with electrochemiluminescence
immunoassays (ECLIA), which were put on the Cobas e-602 immuno-
assay autoanalyzer (Roche Diagnostics GmbH, Penzberg, Germany). The
sensitivity of the functional analytical assay for progesterone was 0.48
nmol/L. By evaluating 20 repeat samples over 20 days for quality con-
trol, the overall accuracy (inter- and intra-assay) of the assays could be
assessed. The overall inaccuracy, indicated as coefficient of variation
(CV%), was under 5.1. Estradiol was measured using ECLIA (Elecsys®
Estradiol 2), a test established on polyclonal antibodies (Roche Di-
agnostics GmbH, Penzberg, Germany). Its functional assay sensitivity is
44 pmol/L and the coefficient of variation (CV%) is <7.7%. The ECLIA
(Elecsys® Estradiol 3), which has been used since January 15, 2015, was
done on a monoclonal antibody (Roche Diagnostics GmbH, Penzberg,
Germany), whose functional assay sensitivity is 91.8 pmol/L (25 pg/
mL); the CV% is less than 3.36. Typical changes in estradiol and pro-
gesterone levels are presented in Fig. 1. [2,15,46].

The analyses were completed at the Institute of Clinical Chemistry of
the University Hospital Zurich. The Society for the Promotion of Quality
Assurance in Medical Laboratories (INSTAND, Diisseldorf, Germany)
and the Reference Institute for Bioanalytics (RfB, Bonn, Germany)
conducted external quality controls for all methods of analysis.

While estradiol and progesterone change significantly throughout
the menstrual cycle, only estradiol rises sharply throughout the stimu-
lation phase in a fertility treatment, andand other hormone levels
remain unchanged. Thus, we deployed a natural and quasi-experimental
model to observe the direct association between estradiol and eating
behavior.

All neuropsychological tests were realized in a quiet room in the out-
patient clinic of each Department. The participants in natural cycles
underwent neuropsychological tests and blood sampling at 4 points
during the menstrual cycle, i.e., cycle days 2-5 (menstruation), pre-
ovulatory, mid-luteal, and pre-menstrual (Fig. 2) and measurements in
women receiving fertility treatment at the beginning and the end of the
stimulation phase (Fig. 3). The evaluation of food preferences was part
of the standardized neuropsychological tests [35,48-50].

The stimulation phase of the fertility treatment was prepared either
with a downregulation with daily injections of 0.1 mg Triptorelin
(Decapeptyl®) beginning in the midluteal phase of the previous cycle or
with 10-30 days of 10 mg Norethisteron (Primolut®) beginning at cycle
day 2. For each woman receiving IVF, the hormonal measurements and
the neuropsychological tests were conducted at the beginning and at the
end of the follicle stimulation phase, with a minimum time interval of 9
days and a maximum of 13 days.

2.4. Measures of reactions to visual food cues

The participants completed the tests in a quiet room on a touch-
screen computer, with a trained member of the research team present
to verify they had followed the instructions and refrained from eating
since the evening prior to the test situation, explain the tests and answer
any questions. For each participant, food rating was pretested with 2
examples to make sure the procedure was fully understood. Thereafter, a
series of 44 pictures was presented to the subject. For each of the 11
following foods, 4 images extracted from “Adobe” (Supplementary
Table 1) had to be rated: fruits, vegetables, carbohydrates, proteins,
meat, fat, fast food, dairy products, sweets, alcohol, and soft drinks
immediately after each picture appeared. The categories were chosen to
include as much as possible of the foods most frequently consumed by
women and to also investigate foods consumed unequally by women and
men.

The order of the images was mixed so that the 4 images representing
any type of food did not appear in a row, this order was kept throughout
the test sessions.

After a picture appeared, the women were asked to rate as quickly
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Fluctuations of estradiol and progesterone levels throughout a
natural cycle
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Fig. 1. Fluctuations of estradiol and progesterone levels throughout a natural cycle.
Estradiol (E2) E2 E2 E2
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Data from the blood sampling in combination with food ratings were evaluated for the present study
Additional blood samples are marked in grey.

Fig. 2. Measurement points across the menstrual cycle.

E2 Individual controls
P E2 + US
Ultrasound (US) Food rating on day of
Food rating ovulation induction

Ovulation E induction

Pra—
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Downregulation/ Daily injection of FSH or LH/FSH (9 - 13 days) | Oocyte pick- Embry-
up transfer

Pre-treatment with 36h aft 254
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Fig. 3. Measurement points during the stimulation phase of an IVF treatment.

and as precisely as possible on a visual analogue scale (0-100, 0 = not at asked to place their hand on the left side of the screen. Tests were done
all, 100 = absolutely) how much they would like to eat or drink the in the morning. At both centers, women had not eaten anything since the
respective food. They were asked to concentrate on rating the food not evening before. Similar pictures appearing in the same order were used

according to taste but according to what make them feel most like eating in each test session.
or drinking that moment. To start the test, right-handers were asked to
place their hand on the right side of the screen and left-handers were
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2.5. Questionnaire

The emotional state was measured with the Positive and Negative
Affect Schedule (PANAS) [72,74]. The scale consists of 20 self-rating
items on a five-point Likert scale ranging from 1 “not at all” to 5 “very
severe”. Both the original scale [72,74] and the German adaptation
applied in the present study [45] demonstrated good validity and reli-
ability. In the present study the internal consistency of the negative
affect subscale was good (Cronbach’s a = 0.84; see also [35]. The
PANAS was applied at four consecutive time points across the cycle
concurrently with the hormone assays and the food rating.

2.6. Statistical analysis

The changes in repeated measurements of food preferences over the
menstrual cycle and their associations with serum hormone levels were
estimated using generalized estimating equations (GEE). These statisti-
cal models were introduced to fit regression analyses that account for
within-subject correlation, which is an inherent part of longitudinal
studies that rely on repeated outcome measures [77]. GEE pair between-
and within- subject effects and are considered to be state of the art for
longitudinal data analysis; they are superior to repeated measures
(ANOVA) due to their psychometric properties [7,33]. GEE use all
available data and impute missing values under the assumption of
“missing completely at random” (MCAR). Repeated measures of food
ratings scores were entered as the outcome variables and the hormone
measures separately as predictor variables. Because the outcome was
approximately normally distributed, we fitted all models with normal
distribution and the identity link-function. The within-subject covari-
ance was specified with the “unstructured” correlation type to avoid
having any constraints on the covariance structure, and a robust sand-
wich estimator was used to reduce the effects of outliers and influential
observations. We entered standardized hormone measures (z-trans-
formed) in all models to ease comparison between estradiol and pro-
gesterone. Standardized regression coefficients beta were computed by
additionally running a series of models where the outcome variables, i.
e., the food ratings, were also z-transformed. According to Cohen’s
suggestions, effect sizes are considered to be small ( < 0.1), medium (8
€ [0.1; 0.5[) and large (f > 0.5) [19]. The effect of time (i.e., mea-
surement occasion) was included in all models testing the association
between hormone levels and food ratings. No other covariates were
included in the models except for the positive and negative affect scales
(PANAS) when the potential influence of mood/affectivity was exam-
ined. For the analysis of women undergoing fertility treatment, we
modelled the interaction between time and estradiol levels, since we
were interested in testing whether the steep increase in estradiol levels
over time as associated with related changes in food ratings. Due to
multiple testing (11 food ratings were regressed on each hormone), we
set the level of statistical significance at Bonferroni-corrected @ = 0.005.
All analyses were performed with SPSS 24 for Windows.

Extreme outliers of hormone levels, i.e., values occurring 3 times
above the 75th percentile, which were obviously false, were excluded
from the statistical analysis. For each hormone measured, this affected 1
or 2 women.

2.6. Ethics

The study was approved by the ethics commissions of Hannover and
Zurich (KEK_ZH—Nr 2013-0136) and followed the guidelines of the
World Medical Association’s Declaration of Helsinki (1964, updated in
October 2013). All participants submitted a written informed consent.
The study has been registered in clin.trial.gov (NCT02098668).
3. Results

We studied 85 women in their natural cycle and 44 women
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undergoing fertility treatment. Basic estradiol levels were within the
expected range in naturally cycling women and in women receiving IVF,
irrespective of the indication for fertility treatment.

Altogether, 4 women had an anovulatory cycle in the first cycle and 3
in the second cycle. As the exclusion of these women did not modify our
results, we included them in our investigations. Since an anovulatory
cycle also influences hormone levels, and since we wanted to investigate
correlations between hormone levels and food ratings, we included
these women in the evaluation.

3.1. Ratings of food cues

3.1.1. Ratings across the first and second menstrual cycle in naturally
cycling women

The mean values of food ratings during the first and second men-
strual cycles are shown in Table 2 and graphically in supplementary
Figs. 1 and 2. Ratings were hardly different in both cycles, and at all time
points fruits were rated highest, while alcohol received the lowest
scores. In general, foods were rated highest in the menstrual phase and
lowest in the pre-menstrual phase. Even though we observed a slightly
decreasing trend in food ratings throughout each cycle, except for
alcohol and coke/lemonade, most foods did not show any significant
changes in food rating throughout the cycle. In the first cycle, we
observed a significant linear decrease in food ratings over time for fruits,
vegetables, carbohydrates, and sweets (p < 0.01). In the second cycle,
however, this association remained significant only for sweets (p <
0.01). The ratings of any other food category found in the first cycle did
not replicate in the second cycle. The influence of mood/affectivity was
tested by adding the positive and negative affect scales (PANAS) as
covariates in the GEE models. Neither positive nor negative affect was
related to any food rating (all p > 0.05), thus controlling for mood/
affectivity did not alter the results for food ratings over time.

3.1.2. Ratings during the stimulation phase of fertility treatment

The mean values of the food ratings at the beginning and at the end of
the stimulation phase of IVF treatment are shown in Table 3. Food rat-
ings remained virtually identical over the course of IVF treatment, and
no statistically significant change was detected (all p > 0.05). As for the
women in the natural menstrual cycles, fruits were rated highest, and
alcohol was rated lowest at both investigations. PANAS positive affect
was significantly associated with fat (p = 0.026) and vegetable ratings
(p = 0.015). PANAS negative affect was significantly associated with
dairy products (p = 0.019) and coke/lemonade ratings (p = 0.034).
However, controlling for mood/affectivity did not substantially alter the
food ratings over time (no significant change over time).

3.2. Association between food ratings and estradiol/ progesterone levels

3.2.1. Estradiol and progesterone across the first and second menstrual
cycle in naturally cycling women

Regression coefficients for the association between food ratings and
standardized hormone measurements are presented in Table 4. In both
cycles, neither estradiol nor progesterone were associated significantly
with food ratings at the corrected 5% significance alpha level (all p >
0.005). All effect sizes were negligibly small, with standardized beta
coefficients <0.09. Controlling for mood/affectivity (PANAS) did not
alter the results for both estradiol and progesterone. Excluding women
with an endocrine disorder did not produce any significant association
between food ratings and estradiol during the first cycle at corrected 5%
significance level alpha except for alcohol (B = —3.18, p = 0.001), but
that result was not replicated in the second cycle (B = 0.92, p = 0.185).
Excluding women with endocrine disorders had no influence on the
association between progesterone and food ratings across both cycles
(all p > 0.05). Detailed results are provided in supplementary Table 1.
Finally, excluding overweight women likewise did not alter the results,
except for a significant positive association between carbohydrate
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Mid-luteal Pre-menstrual
Mean (95%-CI) Mean (95%-CI)
51.3 51.8
(48.2-54.3) (48.7 - 54.9)
75.4 75.4

(71.8 -79.1) (71.9-78.8)
73.0 72.7

(69.3 -76.8) (69.2 -76.3)
60.6 58.1

(57.3 - 64.0) (54.6 - 61.7)
59.6 58.2

(55.5 - 63.6) (53.7 - 62.7)
51.7 49.7

(47.0 - 56.5) (44.9 - 54.5)
46.1 42.0

(41.5 -50.7) (37.8 - 46.3)
61.9 60.6

(57.6 — 66.2) (56.3 — 64.9)
49.1 47.7

(44.9 - 53.2) (43.7 - 51.8)
31.1 31.3

(26.9 - 35.2) (27.2-35.4)
33.5 38.3
(28.3-38.8) (32.9-43.7)

570.6 (520.5 - 620.7)

39.97
(34.94 - 44.99)

Table 2
Ratings of visual food cues across the first and second menstrual cycle in naturally cycling women.

First cycle Cycle phase
Visual cues Menstrual Pre-ovulatory

Mean (95%-CI) Mean (95%-CI)
Fat 53.3 51.6

(49.7 - 56.8) (48.1 — 55.0)
Fruits # 79.9 77.3

(76.5 - 83.3) (73.5-81.1)
Vegetables # 78.0 73.8

(74.5-81.5) (70.2-77.5)
Carbohydrates # 64.9 61.3

(61.2 - 68.7) (57.8-64.7)
Proteins 58.6 58.6

(54.1 - 63.2) (54.2-63.0)
Meat 52.6 50.9

(47.2 -58.0) (45.9 - 55.8)
Fast food 47.1 45.2

(42.1 -52.1) (40.2 - 50.3)
Dairy products 62.8 61.8

(57.9-67.7) (57.2 - 66.4)
Sweets # 54.2 48.8

(50.1 - 58.2) (44.5 - 53.0)
Alcohol 30.6 29.1

(26.3 - 34.9) (25.1-33.1)
Coke/ lemonade 37.6 38.0

(31.8-43.5) (32.7 - 43.4)
Estradiol (pmol/1) # 173.4 750.9 (653.8 — 848.1)

(155.5-191.3)
Progesterone (nmol/1) # 1.95 2.43

(1.75-2.14) (2.09 - 2.76)
Second cycle Cycle phase
Visual cues Menstrual Pre-ovulatory

Mean (95%-CI) Mean (95%-CI)
Fat 52.0 52.5

(48.5 - 55.6) (49.0 - 56.0)
Fruits 74.4 74.1

(69.8 — 78.9) (70.2 -78.0)
Vegetables 70.1 69.2

(65.4 - 74.7) (64.9-73.4)
Carbohydrates 58.5 59.0

(54.5 - 62.5) (55.6 — 62.5)
Proteins 57.2 56.6

(52.5 - 62.0) (52.0-61.3)
Meat 51.2 51.4

(46.0 — 56.3) (46.2 — 56.6)
Fast food 45.3 44.6

(40.3 - 50.2) (39.3-49.9)
Dairy products 60.3 59.6

(55.4-65.2) (54.6 — 64.6)
Sweets # 48.8 47.7

(44.3 - 53.3) (43.5-52.0)
Alcohol 28.4 28.3

(23.7 -33.1) (23.4-33.1)
Coke/ lemonade 36.3 35.5

(29.8 - 42.9) (29.4 - 41.6)
Estradiol (pmol/1) # 187.4 800.5

(166.5 - 208.3) (675.8 - 925.2)
Progesterone (nmol/1) # 1.88 2.42

(1.65 - 2.10) (2.09 - 2.75)

361.0 (307.7 - 414.3)

16.41
(12.80 - 20.03)

Mid-luteal Pre-menstrual
Mean (95%-CI) Mean (95%-CI)
51.2 50.8

(47.4 - 55.0) (47.1 - 54.5)
73.0 72.6

(68.7 - 77.2) (68.3 -76.9)
69.4 69.0

(65.1 -73.7) (64.8-73.1)
57.3 57.5
(53.2-61.4) (53.3-61.7)
58.3 56.9

(53.6 - 62.9) (51.6 - 62.2)
51.7 51.6

(46.7 — 56.7) (46.6 — 56.7)
45.0 43.4

(39.8 -50.2) (38.3-48.5)
59.2 58.2

(54.2 - 64.2) (53.1-63.2)
46.3 43.4

(41.8 -50.8) (39.0 - 47.7)
27.7 28.9

(23.1 -32.4) (24.0 - 33.8)
39.2 36.3
(33.3-45.1) (30.2 - 42.4)
570.5 306.3

(509.4 - 631.6) (247.0 - 365.5)
41.04 12.22

(35.28 — 46.79) (8.75-15.69)

Notes.
#: change over time (p < 0.01).

ratings and progesterone during the first cycle (B = 2.80, p < 0.001). All
other associations between food ratings and hormone levels did not
reach statistical significance at corrected 5% significance level alpha in
the second cycle (all p > 0.005), including the association between
carbohydrate ratings and progesterone (B = —0.71, p = 0.360). For
detailed results, see supplementary Table 2.

Finally, an anonymous reviewer requested that we compute inter-
action effects between estradiol and progesterone. Although our sample
was not sufficiently powered for such an analysis, we complied with this
request and found no evidence suggestive of such an interaction effect
for any food rating during the first cycle (all p > 0.1).

3.2.2. Estradiol serum levels at the beginning and the end of a stimulation
phase for IVF

Estradiol levels increased from an average of 54.5 pmol/1 (95%-CI:
40.0 — 74.3 pmol/]) at the beginning to 3624.5 pmol/1 (95%-CI: 2959.3 —
4439.2) at the end of stimulation. Table 5 shows the regression co-
efficients to evaluate the association between estradiol and food ratings
over the course of the stimulation phase. Although the mean estradiol
level rose sharply from the beginning to the end of follicular stimulation,
we found no significant association between estradiol level and food
ratings at corrected 5% significance level alpha (all p > 0.005). Effect
sizes were again negligibly small (beta < 0.1), except for vegetables,
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Table 3

Food ratings per measurement occasion on women receiving fertility treatment.

Visual cues

Measurement occasion

Beginning of stimulation phase

End of stimulation phase

Mean (95%-CI)

Mean (95%-CI)

Fat 52.5 (48.2 - 56.8) 54.2 (49.7 - 58.6)
Fruits 76.6 (71.5 - 81.6) 75.9 (71.5 - 80.2)
Vegetables 70.4 (65.2 - 75.5) 69.3 (64.9 - 73.8)
Carbohydrates 61.4 (56.1 - 66.7) 61.7 (56.9 — 66.6)
Proteins 59.2 (53.5 - 65.0) 59.9 (54.5 - 65.3)
Meat 52.5 (46.9 - 58.0) 53.1 (47.5 - 58.6)
Fast food 46.3 (39.5 -53.1) 44.9 (38.3 -51.5)

Dairy products
Sweets

Alcohol

Coke/ lemonade
Estradiol (pmol/1)

63.2 (57.9 - 68.6)
53.9 (48.0 - 59.7)
24.1(17.8-30.3)
30.5 (22.4 - 38.6)
54.5 (40.0 - 74.3)

61.2 (55.5 - 66.8)
49.3 (42.7 - 56.0)
24.2 (17.9 - 30.4)
33.7 (26.0 - 41.3)

3624.5 (2959.3- 4439.2)

Table 4

Association between food ratings and estradiol/progesterone across the first and

second menstrual cycle in naturally cycling women.

First cycle
Visual cues

Estradiol

Progesterone

B (95%-CI) P B (95%-CI) P
Fat —0.31 (-1.76 - 0.679 1.18 (0.09 - 2.26) 0.033
1.15)
Fruits -0.23 (-1.72 - 0.760  0.06 (-1.23-1.34)  0.930
1.26)
Vegetables 0.54 (—0.51 - 1.58) 0.317 1.48(-0.32-3.28) 0.106
Carbohydrates 1.21 (-0.17 - 2.58) 0.085  1.27 (0.07 - 2.47) 0.038
Proteins 1.33 (-0.19 - 2.85) 0.087  0.04 (-1.27-1.34)  0.957
Meat -1.36 (-3.18 - 0.146  1.44 (-0.58-3.46) 0.161
0.47)
Fast Food 0.10 (—1.94-2.14) 0.925 0.23(-1.76 -2.21)  0.825
Dairy products 0.45 (—1.11 - 2.00) 0.573 0.70 (—0.67 — 2.08) 0.315
Sweets 0.46 (—0.99 - 1.90) 0.534 -0.43 0.553
(—1.86 - 1.00)
Alcohol —0.97 (-2.16 - 0.108 0.09 (-1.09 - 1.28) 0.876
0.21)
Coke/ —0.14 (-1.68 - 0.864  0.94 (-0.66 —2.53)  0.249
Lemonade 1.41)
Second cycle
Visual cues
B (95%-CI) P B (95%-CI) P
Fat -0.72 (-2.05 - 0.287 -1.14(-2.73 - 0.160
0.61) 0.45)
Fruits —0.11 (-1.07 - 0.825 —1.06 (—2.50 — 0.148
0.86) 0.38)
Vegetables 0.32 (-0.67 - 1.31) 0.526  0.91 (-0.27 -2.09) 0.132
Carbohydrates —0.69 (—2.05 - 0.317  —-0.97 (-2.42 - 0.189
0.66) 0.48)
Proteins 0.60 (—1.27 — 2.46) 0.531 0.15(-1.28-1.58)  0.840
Meat —0.58 (—1.84 - 0.364 0.42(-1.40-2.24) 0.653
0.67)
Fast Food —1.64 (-3.60 — 0.099 0.86 (-1.14-2.86) 0.398
0.31)
Dairy products 0.73 (—1.03 - 2.48) 0.419 —0.56 (-1.77 - 0.371
0.66)
Sweets -1.32(-2.57 - 0.039  —0.93 (-2.45 - 0.236
—0.07) 0.60)
Alcohol 0.98 (-0.31 - 2.27) 0.136  0.82(-0.81-2.44) 0.323
Coke/ 0.86 (—0.37 - 2.09) 0.171  —0.02 (—2.01 — 0.984
Lemonade 1.97)
Notes.

Corrected significance level alpha=0.005.

carbohydrates, and meat, where small but non-significant effects were
detected (betas = —0.16, —0.24, and —0.17, respectively). Controlling
for mood/affectivity (PANAS) did not alter the results substantially, that
is, all associations remained statistically not significant.
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Table 5
Association between food ratings and estradiol increase during fertility
treatment.

Association with estradiol increase

Visual cues

B (95%-CI) P
Fat 0.84 (—2.23 - 3.90) 0.593
Fruits —1.01 (—3.07 - 1.06) 0.339
Vegetables —2.83 (—6.25 - 0.58) 0.104
Carbohydrates —4.27 (-7.31 - —1.23) 0.006
Proteins —0.81 (—4.80 - 3.18) 0.691
Meat —3.29 (-7.53 - 0.95) 0.128
Fast food —1.54 (-6.10 - 3.02) 0.508
Dairy products —0.88 (—5.35 - 3.59) 0.700
Sweets 1.40 (—4.48 - 7.28) 0.640
Alcohol —1.12 (-5.81 - 3.58) 0.641
Coke/ lemonade —2.70 (—9.47 - 4.07) 0.435

Note.
Corrected significance level alpha=0.005.

4. Discussion

Investigating a large sample of women at 4 different time points in a
natural menstrual cycle as well as women receiving fertility treatment at
the beginning and at the end of the stimulation phase, we observed a
significant decrease in food ratings for fruits, vegetables, carbohydrates,
and sweets across a first cycle, but no changes in relation to the begin-
ning and the end of an IVF stimulation phase. However, except for
sweets, these results could not be confirmed in a second cycle. Our data
show no association between estradiol or progesterone levels and
response to visual food cues over two consecutive menstrual cycles or in
association with supraphysiological estradiol levels related to fertility
treatment. The decline in preferences for sweets over the menstrual
cycle thus does not appear to be associated with hormone levels. Mood/
affectivity is not associated with results.

Our results are at odds with findings supporting a correlation be-
tween ovarian steroid hormones and food preferences or cravings [13,
18,25,60,68,69,73], but they are consistent with food cravings in 35
women before and after seeing food items and in relation to the cycle
phase assessed by urinary LH [56]. No significant variation in cravings
for foods rich in fats and sugars could also be demonstrated between the
follicular phase and the late luteal phase during a single cycle. Cravings
for chocolate, which we classify as a sweet food, also showed no sig-
nificant variation across the cycle [78]. Our results further agree with an
evaluation of self-reported food cravings in 4 measurements per cycle
and up to 2 cycles [34]. Although results can not directly be compared
because food cravings may differ from ratings of visual food cues, these
findings support lack of an association between hormone levels and food
preferences. As food ratings do not necessarily turn into actual food
intake our results are not in contrast to the numerous findings sup-
porting an association between hormones and food intake.

As we investigated a high number of participants, compared their
reactions to food cues with physiological and supra-physiological hor-
mone values up to 4 times in 1 cycle and used a second cycle to validate
our results from a first cycle our methodological approach allows very
reliable data to understand the role of ovarian hormones on women’s
food preferences.

Apart from the one study agreeing with our results [34], all other
studies failed to replicate their results in a second cycle. Our findings of
fewer associations in a second compared to a first cycle supports that a
replication of results is mandatory to validate the findings from a first
cycle. Presumably, many studies have obtained significant correlations
because of false positives, which have not been tested for replication. As
overall food ratings were relatively high in the first cycle, regression to
the mean might have caused a false-positive relationship, which could
be excluded by our measurements in a second cycle [8,67]. A psycho-
logical learning effect as well as order effects may be other explanations
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for discrepancies.

In contrast to our findings, 4 studies reported increased food cravings
for sweets, carbohydrates, and fat in the luteal phase, but these mea-
surements were evaluated in only 1 cycle and no hormonal measure-
ments were taken to determine cycle phase or to confirm ovulation [13,
18,60,68]. Because of the large inter-individual variations in cycle
length and hormonal values, it is problematic to assert a link between
hormones and eating behavior in women without having measured
hormone values. Another explanation for the differences in findings may
be an interaction effect between estradiol and progesterone [5,41],
taking the limited sample size into account, this seems not to be the case
in our findings. taki

Statements on the association between estradiol and eating habits
are partly derived from different species of animals, in particular mice
and rats ([5,6,17,21,26,40,58,64,76]). However, the hormonal cycle in
different animal species is markedly different from that of women, and
unlike primates, mice and rats have an ovarian cycle that cannot be used
as a human model [6]. Furthermore, food ratings based on visual cues
and cravings cannot be measured in animals [65].

Desire for a particular food and eating behavior is regulated by a
variety of factors [12,65]. On the one hand personal factors, such as
general food preferences, emotions, mood, cognition, satiety, hunger,
and personality may define ratings of a specific food [32]. On the other
hand, external factors i.e., socio-cultural background, social rules on
eating behavior, experiences with certain foods or with comments made
by parents, but also external stimuli, such as how the food is presented
and how it smells have a significant impact on food preferences ([[12],
32,43,66,78]). Therefore, we used the same visual food cues in each test
situation, standardized prandial state and investigated mood/affectivity
as a confounding factor. As our focus was the association between
hormones and food preferences, we estimated that although there might
have been individual differences, general habits and preferences should
be stable throughout the study period and therefore not interfere with
findings. However, eating habits may have modified results for certain
types of food (e.g. when asking whether a woman would like to drink
alcohol in the morning, she may have answered according to her
drinking habits in the afternoon or evening), which would explain the
discrepancies with the results of other studies.

Negative affects seem to initiate food intake and eating may reduce
the intensity of negative feelings [53,54]. Changes in mood, have been
reported to be linked to the menstrual cycle and are further modulated
by internal and external factors as well as life situations such as a fertility
treatment [20,23,28,35]. However, our results showed no correlation
between mood/affect and food ratings in relation to hormone levels,
either in women with natural cycles or in fertility treatments.

Although endometriosis may induce pain, none of the women diag-
nosed with endometriosis experienced relevant pain, which might in-
fluence food ratings. While women were not explicitely asked about
endometriosis-related pain, they reported general well-being prior to
the test situation. To adjust for any relevant impact, we included mood
and affect in our analysis. Also, the exclusion of women with endocrine
disorders did not alter our results.

Different results may also result from the way food stimuli were
presented. In line with our approach, 2 studies presented pictures [4,
30]. Several studies analyzing food preferences and cravings exposed
women to real food [56], which may explain differences in findings.
Other studies measured food cravings according to women’s
self-reporting from home [34,78], so that food stimuli correspond to
everyday life, but were not standardized. While we investigated re-
actions to 11 groups of foods, others limited their investigation to 2
groups, for example, high-energy and low-caloric foods with several
types of food in each category [4,30]. As the food items presented in our
study focused on the type but not the quantity of the food presented,
ratings might have been influenced by differences in the quantities
shown. Experiments differed greatly in their measurements of reactions
to food stimuli. In one study women had to indicate the intensity of their
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desire to eat a certain food at a certain time in their cycle [56]. Other
studies measured the number of food cravings at a certain time without
necessarily measuring the intensity of desire for that food, while further
studies investigated the amount or type of food eaten [9,13,14,16,22,29,
34]. Two fMRI studies on humans which measured activation of brain
regions in reaction to visual food cues observed greater reactions to
visual food cues during the luteal phase [4], but both study samples were
small and only one study assessed serum estradiol and progesterone
levels and across two cycles, as in our study [4].

The desire to eat a food, or the activation of certain brain regions do
not necessarily translate into actual food intake; this was shown by
several studies that measured both aspects of eating behavior [9,34,56].
Our results can therefore not make a direct statement about eating
behavior in terms of food intake, but about food preferences related to
hormonal changes. As preferences felt during the morning do not
necessarily result in specific food intake during the day, we cannot also
not draw any conclusions on the final intake of healthy or unhealthy
food, especially as healthiness strongly depends on quantity.

The time of the day of the investigation will likely influence food
preference ratings. While our study used tests in the morning, other
studies started their tests in the late morning and finished in the after-
noon [4,13,56]. Some tested women in the afternoon [30] or assigned
times throughout the day in a randomised manner [60].

Obesity is known to be associated with dietary changes related to
cyclic hormonal changes [22,36,55], but exclusion of overweight
women did not alter results on food ratings in our study.

4.1. Strength and limitations

While most studies had 10-20 participants, our sample is far larger.
However, an even larger group would allow to compensate for sub-
stantial differences in hormone levels at certain phases of the cycle and
allow analysis of interactions between estradiol and progesterone [35].

Our study is one of only a few studies to measure estrogen and
progesterone hormone values instead of drawing conclusions based on
cycle phases [13,14,29], body temperature [9,29], hormonal measure-
ment in saliva [42], or LH values [30,34]. Another strength of our study
is the serial hormone measurements, at up to 4 predefined time points
during the natural cycle, as well as 2 measurements during the stimu-
lation phase of a fertility treatment. This combination allowed us to
evaluate responses as a function of hormone levels, i.e., we have a
quasi-experimental condition to stringently study the influence of
estradiol. Measurements throughout 2 cycles allowed us to minimize the
risk of incidental findings and to increase the reliability of the results.
However, to avoid effects of regression to the mean as well as psycho-
logical learning, a balanced design where women are assessed randomly
at different cycle phases would have been beneficial. We showed a total
of 11 food categories, whereas many other studies compared only 2
categories, and we presented different types of food. Other studies used
caloric content as a categorization criterion. While pictures of fruit,
vegetables, and sweets are likely to be able to induce food cravings,
preferences for other foods, fat for example, are likely to be more
difficult to measure by visual cues. Furthermore, our categorization does
not allow us to interpret our results according to the healthiness of the
food.

Since we measured hormone levels in serum, we can draw conclu-
sions only about systemic hormone effects and not about local hormone
effects, for example, in the brain. Furthermore, in this study, we
compared objective hormone levels with subjective estimations of food
preferences. As all our hormone and food-rating measurements were
taken between 7:30 am and 10:00 am, we can rule out inter-individual
time-of-day variations that might confound our results. Since the acti-
vation of the feeling of hunger in the brain depends not only on the
energy content of the food but also on the satiety status [10,57,70],
standardization of the prandial state excluded this confounder. In
contrast, women were not asked about actual satiety, their last meal,
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general food preferences, morning eating habits, whether they usually
ate breakfast and were hungry at the time of the investigation or their
sleep quality before the testing. All these factors, as well as room tem-
perature, lighting, noise, cultural differences along with attention, social
desirability, aiming for healthy eating when preparing for pregnancy, all
of which contribute to the complex regulation of eating behavior, have
not been standardized and may therefore likely have influenced findings
[11,12,32,591).

5. Conclusion

Our study showed no reliable associations between rising estradiol
levels during fertility treatment and fluctuating estradiol and proges-
terone levels during physiological menstrual cycles on the one hand and
responses to visual food cues on the other hand. No link could also be
shown in association with different affects. Our results indicate that
available findings on the association between ovarian hormones and
food ratings should be interpreted critically, significant associations
between female steroid hormones and responses to food cues may for
example be based on false-positive results due to small sample sizes or
lack of replication of results from a first cycle. Future studies on eating
behavior should consider the complex interplay between different fac-
tors involved in its regulation and investigate to what extent food
preferences translate into actual food intake.
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