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STUDY QUESTION: Are insufficient 25-hydroxyvitamin D (25(OH)D) concentrations, and other markers of vitamin D metabolism,
associated with premenstrual symptoms in healthy women with regular menstrual cycles?

SUMMARY ANSWER: 25(OH)D insufficiency was associated with specific physical premenstrual symptoms, while no associations were
observed with psychological symptoms or with other markers of vitamin D metabolism.

WHAT IS KNOWN ALREADY: Prior studies evaluating vitamin D and premenstrual symptoms have yielded mixed results, and it is
unknown whether 25(OH)D insufficiency and other markers of vitamin D metabolism are associated with premenstrual symptoms.

STUDY DESIGN, SIZE, DURATION: We used two cohorts of women with regular menstrual cycles; 1191 women aged 18–40 years
in EAGeR (cross-sectional analysis of a prospective cohort within a randomized trial) and 76 women aged 18–44 years in BioCycle
(prospective cohort). In EAGeR, premenstrual symptoms over the previous year were assessed at baseline, whereas in BioCycle,
symptoms were assessed prospectively at multiple points over two menstrual cycles with symptoms queried over the previous week. In
both cohorts, symptomatology was assessed via questionnaire regarding presence and severity of 14 physical and psychological symptoms
the week before and after menses. Both studies measured 25(OH)D in serum. We also evaluated the association of additional markers of
vitamin D metabolism and calcium homeostasis, including intact parathyroid hormone (iPTH), calcium (Ca), fibroblast growth factor
23 (FGF23), and 1,25 dihydroxyvitamin D (1,25(OH)2D) with premenstrual symptoms in the BioCycle cohort.

PARTICIPANTS/MATERIALS, SETTING, METHODS: One cohort of women actively seeking pregnancy (Effects of Aspirin in
Gestation and Reproduction (EAGeR)) and one cohort not seeking pregnancy (BioCycle) were evaluated. Log-binomial regression was
used to estimate risk ratios (RR) and 95% CIs for associations between insufficient 25(OH)D (<30 ng/ml) and individual premenstrual
symptoms, adjusting for age, BMI, race, smoking, income, physical activity, and season of blood draw.

MAIN RESULTS AND THE ROLE OF CHANCE: 25(OH)D insufficiency was associated with increased risk of breast fullness/tender-
ness (EAGeR RR 1.27, 95% CI 1.03, 1.55; BioCycle RR 1.37, 95% CI 0.56, 3.32) and generalized aches and pains (EAGeR RR 1.33,
95% CI 1.01, 1.78; BioCycle 1.36, 95% CI 0.41, 4.45), though results were imprecise in the BioCycle study. No associations were
observed between insufficient 25(OH)D and psychological symptoms in either cohort. In BioCycle, iPTH, Ca, FGF23, and 1,25(OH) 2D
were not associated with any premenstrual symptoms.

LIMITATIONS, REASONS FOR CAUTION: Results from the EAGeR study were limited by the study design, which assessed both
25(OH)D at baseline and individual premenstrual symptoms over the past year at the baseline. As such, reverse causality is a potential
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concern. Though premenstrual symptoms were assessed prospectively in the BioCycle cohort, the power was limited due to small sample
size. However, results were fairly consistent across both studies.

WIDER IMPLICATIONS OF THE FINDINGS: Serum 25(OH)D may be associated with risk and severity of specific physical
premenstrual symptoms.
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Introduction
Premenstrual syndrome (PMS) affects approximately 50% of reproduc-
tive age women globally (Direkvand-Moghadam et al., 2014) and is
characterized by physical and psychological symptoms such as breast
tenderness, headaches, bloating, irritability, anxiety, depression, and
mood swings (Halbreich et al., 2003; Sternfeld et al., 2002). These
symptoms range in severity and can negatively affect normal day-to-
day life, including productivity and interpersonal relationships
(Borenstein et al., 2003).

Non-pharmaceutical therapies for premenstrual symptoms, particu-
larly related to dietary intake, are of interest as they offer potential
low-cost strategies to improve symptomology. Vitamin D has been
proposed as one such treatment as it has been shown to improve dys-
menorrhea (Lasco et al., 2012), perhaps via a reduction in proinflam-
matory cytokines and prostaglandins which are essential for menstrual
cycle function (Krishnan and Feldman, 2011). Vitamin D may also be
related through calcium homeostasis, as low calcium intake is associ-
ated with higher risk of PMS (Bertone-Johnson et al., 2005).
Additionally, low serum concentrations of 25-hydroxyvitamin D
(25(OH)D) have been associated with higher rates of mood disorders,
specifically depression (Hoang et al., 2011), a psychological factor asso-
ciated with PMS (Hofmeister and Bodden, 2016). Calcium intake and
calcium homeostasis have also been linked to PMS (Thys-Jacobs,
2000), suggesting the importance of also considering other markers of
vitamin D metabolism. Calciotropic hormones, including intact parathy-
roid hormone (iPTH), calcium, fibroblast growth factor 23 (FGF23),
and 1,25 dihydroxyvitamin D (1,25(OH) 2D) may also play a role and
offer important insight, as hypocalcemia is known to cause symptoms
that are similar to those that occur in PMS, such as muscle cramps, ir-
ritability, anxiety, and fatigue (Schafer, 2016). Thus, 25(OH)D and
other markers of vitamin D metabolism may be associated with pre-
menstrual symptoms.

Prior studies evaluating vitamin D and PMS and premenstrual symp-
toms have yielded mixed results (Bertone-Johnson et al., 2010).
Among women in the Nurses’ Health Study II (NHS2), Bertone-
Johnson et al. (2010) found that higher dietary intakes of vitamin D
were associated with lower risk of PMS, though low plasma 25(OH)D
concentrations were not associated with incident PMS among women
over 30 years of age in the same population (Bertone-Johnson et al.,

2014), with similar results observed in a cohort of college-age women
(Bertone-Johnson et al., 2010). However, in the NHS2 cohort, increas-
ing plasma 25(OH)D concentrations were associated with lower risk
of specific premenstrual symptoms, including breast tenderness, fa-
tigue, diarrhea/constipation, and depression, suggesting a potential
role for 25(OH)D in symptom management (Bertone-Johnson et al.,
2014). Importantly, these prior studies examined associations of vita-
min D and the initial development of PMS; it remains unclear whether
25(OH)D status may influence cycle-specific risk of individual premen-
strual symptoms. Furthermore, the role of other markers of vitamin D
metabolism and risk of premenstrual symptoms is largely unknown.

Thus, we assessed associations between multiple markers of vitamin
D metabolism, including 25(OH)D, iPTH, calcium, FGF23, and
1,25(OH) 2D with physical and psychological premenstrual symptoms,
among two cohorts of women aged 18–44 years with regular men-
strual cycles.

Materials and methods

Study designs and populations
We conducted our analysis among two cohorts of women between
the ages of 18 and 44 years old. The first cohort included 1191
women enrolled in the Effects of Aspirin in Gestation and
Reproduction (EAGeR) trial, a multicenter, block-randomized, double-
blind, placebo-controlled trial to assess the effects of low-dose aspirin
(81 mg) on live birth and pregnancy loss in four US medical centers
from 2006 to 2012 (Schisterman et al., 2013). Participants were
recruited via provider/clinic-based recruitment involving brochures in
the clinic, waiting rooms, and restrooms of hospitals and clinics, private
practices, and community health centers throughout the catchment
areas (Lesher et al., 2015). Initially, 5485 women contacted the study
and were assessed for eligibility; of these, 4257 (78%) were excluded
(4088 not eligible, 60 discontinued after baseline assessment, 109
tested positive for pregnancy before randomization), and 1228 (22%)
women were randomized and enrolled in the trial (Schisterman et al.,
2014). Of these, 1191 (97%) had 25(OH)D measured at baseline. The
present analysis involves a cross-sectional baseline assessment of
25(OH)D and premenstrual symptoms from this cohort. Women
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who were trying to conceive, were 18–40 years old, with self-reported
regular menstrual cycles of 21–42 days in length, no known history of
infertility, 1 or 2 documented prior pregnancy losses, and had up to 2
prior live births were eligible. Exclusion criteria included but were not
limited to (a) bleeding disorders, (b) presence of psychiatric disorders,
(c) major medical disorders (e.g. diabetes, hypertension, etc.), and (d)
any prior diagnosis of infertility or sub-fertility including related condi-
tions such as polycystic ovarian syndrome (PCOS), endometriosis, or
pelvic inflammatory disease. Institutional Review Board approval was
obtained at each study site and the data coordinating center. All par-
ticipants provided written informed consent.

The second cohort included a subset of 76 white women from the
BioCycle Study, a longitudinal cohort that followed healthy premeno-
pausal women aged 18–44 for up to 2 menstrual cycles (Wactawski-
Wende et al., 2009). Participants were recruited from female volun-
teers in the western New York state region using a variety of methods
including advertising in clinical practices and the University at Buffalo
student health service, paid advertising in print media, radio and televi-
sion interviews, notices sent via listserves, and flyers at the university
and throughout the region. A total of 969 women inquired about the
study, of whom, 449 (46%) expressed interest, 318 (71%) met eligibil-
ity, and 276 (87%) were enrolled. Of those who enrolled, 250 women
completed two cycles, 9 completed one cycle, and 17 women
dropped out prior to completing at least one cycle. The present analy-
sis involves a prospective assessment of 25(OH)D and other markers
of vitamin D metabolism and premenstrual symptoms. Women were
included if they self-reported cycle lengths between 21 and 35 days for
each menstrual cycle during the past 6 months. Exclusion criteria in-
cluded the following: (a) psychiatric condition requiring medical therapy
in the past year (including premenstrual dysphoric disorder), (b) a his-
tory or signs of gynecological problems, (c) endometriosis or self-
reported diagnosis of PCOS by a physician, (d) use of oral contracep-
tives during the past 3 months, (e) use of other medications including
lipid-lowering drugs, (f) pregnancy in the last 6 months, (g) chronic dis-
ease, or (h) a self-reported BMI at screening <18 or >35 kg/m2. Full
details on inclusion and exclusion criteria have been reported else-
where (Wactawski-Wende et al., 2009). Women in this subsample all
had multiple measures of vitamin D metabolism and calcium homeo-
stasis; all were self-reported white race to minimize variability of
25(OH)D by race (Institute of Medicine Committee to Review Dietary
Reference Intakes for Vitamin & Calcium, 2011; Harmon et al., 2020).
The University at Buffalo Health Sciences Institutional Review Board
approved the study and served as the designated Institutional Review
Board by the NIH under a reliance agreement. All participants pro-
vided written informed consent.

Premenstrual symptomatology assessment
For both cohorts, premenstrual symptoms were assessed via self-re-
port using the same questionnaire (as described below). For EAGeR,
the symptoms questionnaire was administered at baseline and queried
premenstrual symptoms over the past 12 months, while in BioCycle,
the questionnaire was administered prospectively at multiple time
points over two menstrual cycles and queried symptoms over the pre-
vious week. Specifically, the questionnaire detailed five psychological
symptoms (depression or sadness; tension or irritability; anxiety or
nervousness; anger, aggression, or short temper; and crying spells) and

nine physical symptoms (swelling of hands and/or feet; breast tender-
ness or fullness; abdominal bloating; lower abdominal cramping; gener-
alized aches and pains; lower backache; headache; fatigue; and
insomnia) associated with premenstrual symptoms. Women were
asked to rate their individual symptoms during a typical week leading
up to menses and a typical week after menses on a scale of: 0¼ none,
1¼mild, 2¼moderate, or 3¼ severe. A total symptom severity score
was calculated by adding the severity ratings for all symptoms (total
possible score range 0–42). Scores were calculated for the week prior
to menses and the week after menses for comparison. Participants
were denoted as either having moderate/severe or mild/none for
each individual symptom during the premenstrual week. The total
number of moderate/severe symptoms during the premenstrual week
was calculated overall and by symptom type.

Biomarker analysis
In both cohorts, serum blood samples were stored at �80�C until
analysis. Blood samples for measurement of 25(OH)D were collected
at the baseline during menses in EAGeR and during the mid-follicular
phase in BioCycle. 25(OH)D concentrations were measured using the
25(OH)D ELISA solid phase sandwich enzyme immunoassay
(BioVendor R&D, Ashville, NC, USA) at the University of Minnesota.
The interassay laboratory coefficients of variation (CVs) were 15.8%
and 13.1% at mean concentrations of 15.5 ng/ml and 41.6 ng/ml,
respectively, for lyophilized manufacturer’s controls, and 17% for an
in-house pooled serum control for EAGeR and 10% for BioCycle. The
lower limit of detection was 1.6 ng/ml and all values were above this
limit.

In the BioCycle study, additional markers of vitamin D metabolism
and calcium homeostasis were measured in blood samples collected
during the follicular and ovulatory phases (up to 4 samples per
woman). Enzyme immunoassays were used to measure 1,25(OH)2D
(EIA Immuno Diagnostics Systems, Fountain Hills, AZ, USA), iPTH
(ELISA Abnova, Walnut, CA, USA), and FGF23 (ELISA Kit Kainos
Laboratories, Tokyo, Japan, and two-step ELISA using Beckman
Coulter Biomek NXp, Beckman Coulter, Inc, Fullerton, CA, USA) at
the University of Minnesota. High sensitivity C-Reactive Protein (CRP)
was measured using the IMMULITE 2000 chemiluminescent immuno-
assay at the Kaleida Health Center for Laboratory Medicine, Buffalo,
NY, USA. Calcium concentrations were measured using the ion-selec-
tive electrode module on the Beckman LX2 automated chemistry ana-
lyzer at the Kaleida Health Center for Laboratory Medicine, Buffalo,
NY, USA with CVs <5%. Interassay CVs reported by the laboratory
for in-house pooled serum controls were 12.2% for 1,25(OH) 2D,
16.5% for iPTH, and 4.9% for FGF23.

Covariate assessment
At baseline, participants completed questionnaires on demographics
(age, race, marital status, education, income), lifestyle factors (smoking,
alcohol intake, physical activity), and reproductive health (parity, hor-
monal contraceptive use, age at menarche, menstrual cycle history,
number of prior losses). Height and weight were measured by trained
research staff using standardized protocols to calculate BMI. Where
possible, standardized questionnaires were utilized. Specifically, physical
activity was assessed via the International Physical Activity
Questionnaire (IPAQ) (Craig et al., 2003). In BioCycle, depressive
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symptoms were assessed using the Center for Epidemiologic Studies
Depression Scale (CES-D) (Radloff, 1977) administered at the baseline,
and in EAGeR urinary anti-depressant use was measured using the
Randox Evidence Investigator ‘Drugs of Abuse IV’ biochip competitive
chemiluminescent immunoassay array (Randox Toxicology, Baltimore,
MD, USA) (Sjaarda et al., 2020).

Statistical analysis
Participants were categorized as sufficient (25(OH)D� 30.0 ng/ml) or
insufficient (25(OH)D< 30.0 ng/ml), based on Endocrine Society
guidelines (Holick et al., 2011). Demographic characteristics and repro-
ductive histories were compared by 25(OH)D status and number of
moderate/severe symptoms using Student’s t-tests and Chi-square
tests, as appropriate.

Log-binomial regression was used to estimate risk ratios (RR) and
95% CIs for the association between 25(OH)D and risk of individual
moderate/severe symptoms during the premenstrual week in each co-
hort separately. Linear regression was used to estimate b-coefficients
and 95% CI for the association between 25(OH)D and the total num-
ber of moderate/severe symptoms, and the total number of moder-
ate/severe psychological and physical symptoms in each cohort. All
models were adjusted for age, BMI, current smoking status, race, in-
come, physical activity, and season of blood draw. We also compared
these results to models that additionally adjust for depression (using
the depression scale measured in BioCycle and anti-depressant use in
EAGeR), education, alcohol, race (EAGeR only), CRP, and parity.
These covariates were chosen a priori based on a review of the prior
literature and directed acyclic graph criteria (Greenland et al., 1999;
Hernan et al., 2002), as these factors have been associated with both
premenstrual symptoms and 25(OH)D insufficiency (Lagunova et al.,
2009; Yamamoto et al., 2009; Bertone-Johnson et al., 2010, 2014;
Hibler et al., 2016; Rad et al., 2018). Analyses considered both cate-
gorical 25(OH)D status (sufficient vs. insufficient) and continuous
25(OH)D concentrations per 10 ng/ml increase. For BioCycle,
25(OH)D serum measurements were assessed in the follicular phase
of the first cycle, and premenstrual symptoms were assessed prior to
the beginning of the second cycle. This allowed us to assess 25(OH)D
status prior to assessment of premenstrual symptoms to prospectively
measure their relationship. For EAGeR, 25(OH)D was assessed at the
baseline for all study participants and premenstrual symptoms were
based on retrospective assessment of the past 12 months. False dis-
covery rate was used to adjust for multiple comparisons.

Associations between premenstrual symptoms and other factors in-
volved in vitamin D metabolism and calcium homeostasis, including
1,25(OH) 2D, calcium, FGF23, and iPTH, were evaluated in the
BioCycle study. Log-binomial regression was used to estimate RR and
95% CI and models were adjusted for the same factors listed above.
The average levels of these factors during the follicular phase were
used to evaluate their associations with premenstrual symptoms given
that no departures from normality were observed for these factors.

Sensitivity analyses evaluating the potential for associations with the
total number of moderate/severe symptoms, and total physical and
total psychological symptoms, to be modified by season were also
evaluated in the EAGeR cohort, given that insufficiency in the summer
months may potentially reflect chronic insufficiency.

Additionally, a sensitivity analysis was conducted to evaluate associa-
tions between 25(OH)D and clusters of premenstrual symptoms.
Emotional, psychological, physical, and consumption symptom group-
ings were defined based on patterns identified using factor analysis in
prior work by Quintana-Zinn et al. (2017) and a score was calculated
for each grouping. Scores were based on the sum of symptom severity
ratings reported during the premenstrual week (0¼ none, 1¼mild,
2¼moderate, 3¼ severe). The emotional symptom score included
the symptoms: tension or irritability; anger, aggression, short temper;
and crying spells. The psychological score included the symptoms: de-
pression or sadness; anxiety or nervousness; and insomnia. The physi-
cal score included the symptoms: breast tenderness or fullness; lower
abdominal cramping; generalized aches and pains; lower backache; and
headache. The consumption score included the symptoms: abdominal
bloating and fatigue.

The Hosmer–Lemeshow Goodness of Fit Test was used to assess
model fit. SAS version 9.4 (SAS Institute, Cary, NC, USA) was used
for all analyses.

Results
25(OH)D concentrations and premenstrual symptoms data were avail-
able for 1191 participants in EAGeR and for 76 in BioCycle. Overall,
both cohorts were relatively 25(OH)D sufficient with 47% of EAGeR
and 46% of BioCycle participants having 25(OH)D levels �30.0 ng/ml
(Table I). Most participants in both the EAGeR and BioCycle studies
were white, and the average age in both cohorts was around 28 years.
The EAGeR population had a higher mean BMI (26.3 kg/m2) than the
BioCycle population (23.7 kg/m2). The mean age of menarche and
time for cycles to become regular were similar between cohorts. For
both cohorts, women with lower BMI and higher income were more
likely to be 25(OH)D sufficient. No associations were observed be-
tween 25(OH)D status and age, marital status, education, hormonal
contraceptive use, age at menarche, menstrual cycle characteristics,
and number of previous pregnancy losses. Women in the EAGeR co-
hort with five or more moderate/severe premenstrual symptoms had
higher BMI and CRP levels were more likely to be nulliparous and
have selective serotonin reuptake inhibitor exposure at baseline, and
less likely to describe their periods as regular during the past
12 months compared to women with fewer symptoms
(Supplementary Table SI). Among women in the BioCycle cohort,
women with five or more moderate/severe premenstrual symptoms
had higher depression scale scores than women with fewer symptoms
(Supplementary Table SI).

In both cohorts, abdominal bloating and cramping were the two
most common physical symptoms reported (Table II). 25(OH)D insuf-
ficiency was associated with increased risk of the total number of
moderate/severe physical symptoms and some specific physical symp-
toms in EAGeR and BioCycle. Specifically, 25(OH)D insufficiency was
associated with an increased incidence of breast tenderness or fullness
(EAGeR RR 1.27, 95% CI 1.03, 1.55; BioCycle RR 1.37, 95% CI 0.56,
3.32) and generalized aches and pains (EAGeR RR 1.33 95% CI 1.01,
1.78; BioCycle RR 1.36, 95% CI 0.41, 4.45). Point estimates were sim-
ilar for both cohorts, though confidence intervals were wider in the
BioCycle cohort due to the smaller sample size for that cohort. Similar
results were observed with the continuous models, as well as after
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.
additional adjustment for depression, education, alcohol, race (EAGeR
only), CRP, and parity. Associations with the total number of moder-
ate/severe physical symptoms remained after adjustment for the false
discovery rate, though for individual symptoms the associations were
no longer statistically significant after adjustment.

In both cohorts, the most common psychological symptom was ten-
sion or irritability, followed by anger, aggression, short temper, and
anxiety or nervousness (Table III). 25(OH)D insufficiency was not as-
sociated with an increase in the number of moderate/severe psycho-
logical symptoms or individual psychological premenstrual symptoms in
either cohort. Similar results were observed with both adjusted
models.

Other markers related to vitamin D metabolism and calcium ho-
meostasis in the BioCycle study, including iPTH, calcium, FGF23, and
1,25(OH) 2D, were not associated with physical or psychological pre-
menstrual symptoms (Tables IV and V). Results of the Hosmer–
Lemeshow Goodness of Fit test did not provide evidence of poor
model fit.

In results stratified by season, we observed that 25(OH)D insuffi-
ciency in the summer was associated with increased risk of total num-
ber of moderate/severe premenstrual symptoms, as well as total
physical symptoms in the EAGeR cohort (Supplementary Table SII).
A suggestion of an increased risk of total psychological symptoms was
observed in the summer as well. Associations were not observed in
the other seasons.

25(OH)D insufficiency was associated with higher physical symptom
cluster scores, though results were attenuated after adjustment for
confounders (Supplementary Table SIII). No associations were ob-
served between 25(OH)D insufficiency or continuous 25(OH)D con-
centrations and emotional, psychological, or consumption symptom
cluster scores (Supplementary Table SIII).

Discussion
25(OH)D insufficiency was associated with increased risk of specific
physical premenstrual symptoms, namely breast fullness/tenderness
and generalized aches and pain, though not with psychological symp-
toms. Currently, treatments for premenstrual symptoms such as hor-
monal contraceptives may result in side effects and few non-hormonal
treatments are available for symptom relief (Direkvand-Moghadam
et al., 2014). These findings highlight a potentially modifiable factor for
improving specific premenstrual symptoms that affect approximately
50% of the female population.

Our findings are consistent with other studies of the relationship be-
tween 25(OH)D and premenstrual symptoms. Though studies utilizing
dietary intake have suggested associations between vitamin D and inci-
dent PMS in both college-age women (Bertone-Johnson et al., 2010)
and women older than 30 in the Nurses’ Health Study II (Bertone-
Johnson et al., 2005), measured 25(OH)D concentrations were not as-
sociated with PMS in either cohort women (Bertone-Johnson et al.,
2014). However, in the NHS2 cohort, plasma 25(OH)D was associ-
ated with specific physical symptoms, including breast tenderness, fa-
tigue, diarrhea/constipation, and depression (Bertone-Johnson et al.,
2014). These previous studies support our findings of an association
between serum 25(OH)D and certain premenstrual symptoms, though
not the overall syndrome itself. Our findings, particularly among
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Table II Association between serum 25(OH)D concentrations and moderate/severe physical premenstrual symptoms dur-
ing the premenstrual week in two cohorts of reproductive age women with regular cycles: EAGeR and BioCycle.

EAGeR BioCycle

25(OH)D
sufficient

(� 30 ng/ml)

25(OH)D
insufficient

(< 30 ng/ml)

25(OH)D
(per 10 ng/ml)

25(OH)D
sufficient

(� 30 ng/ml)

25(OH)D
insufficient

(< 30 ng/ml)

25(OH)D
(per 10 ng/ml)

Total number of moderate/severe physical symptoms

Mean § SD 1.9§ 2.0 2.3§ 2.3 2.0§ 1.8 2.0§ 1.8

Unadjusted b (95% CI) Ref 0.42 (0.17, 0.67) 20.15 (20.25, 20.05) Ref 0.03 (20.84, 0.89) 20.10 (20.59, 0.39)

Adjusted 1: b (95% CI) Ref 0.31 (0.06, 0.51) 20.10 (20.20, 0.01) Ref 20.06 (21.01, 0.89) 20.13 (20.69, 0.43)

Adjusted 2: b (95% CI) Ref 0.25 (0.00, 0.51) 20.15 (20.25, 20.05)* Ref 20.12 (21.14, 0.90) 20.03 (20.63, 0.56)

Swelling of hands or feet

Prevalence 17 (3.1) 32 (5.4) 1 (2.9) 4 (10.3)

Unadjusted RR (95% CI) Ref 1.75 (0.96, 3.18) 0.76 (0.56, 1.02) Ref 3.49 (0.39, 30.84) 0.67 (0.23, 1.96)

Adjusted 1: RR (95% CI) Ref 1.67 (0.87, 3.23) 0.78 (0.56, 1.08) Ref 2.96 (0.34, 26.04) 0.31 (0.05, 1.97)

Adjusted 2: RR (95% CI) Ref 1.6 (0.84, 3.07) 0.81 (0.58, 1.12) Ref 1.89 (0.15, 23.91) 0.56 (0.12, 2.7)

Breast tenderness or fullness

Prevalence 127 (23.5) 186 (31.2) 7 (21.2) 11 (28.2)

Unadjusted RR (95% CI) Ref 1.33 (1.10, 1.61)* 0.87 (0.79, 0.95)* Ref 1.33 (0.57, 3.08) 0.93 (0.60, 1.46)

Adjusted 1: RR (95% CI) Ref 1.27 (1.03, 1.55) 0.89 (0.81, 0.98) Ref 1.37 (0.56, 3.32) 0.88 (0.54, 1.45)

Adjusted 2: RR (95% CI) Ref 1.30 (1.05, 1.61) 0.89 (0.80, 0.99) Ref 2.02 (0.49, 8.33) 0.76 (0.38, 1.48)

Abdominal bloating

Prevalence 169 (31.2) 219 (36.6) 11 (32.4) 18 (46.2)

Unadjusted RR (95% CI) Ref 1.17 (0.995, 1.38) 0.94 (0.88, 1.01) Ref 1.43 (0.78, 2.61) 0.93 (0.66, 1.30)

Adjusted 1: RR (95% CI) Ref 1.17 (0.98, 1.39) 0.95 (0.88, 1.03) Ref 1.31 (0.63, 2.74) 0.95 (0.64, 1.40)

Adjusted 2: RR (95% CI) Ref 1.14 (0.96, 1.37) 0.95 (0.87, 1.03) Ref 1.61 (0.44, 5.85) 0.84 (0.46, 1.51)

Lower abdominal cramping

Prevalence 178 (32.9) 241 (40.3) 16 (47.1) 16 (41)

Unadjusted RR (95% CI) Ref 1.22 (1.05, 1.43)* 0.93 (0.86, 1.00) Ref 0.87 (0.51, 1.48) 1.11 (0.85, 1.45)

Adjusted 1: RR (95% CI) Ref 1.13 (0.96, 1.33) 0.97 (0.90, 1.04) Ref 0.89 (0.48, 1.64) 1.05 (0.75, 1.45)

Adjusted 2: RR (95% CI) Ref 1.13 (0.95, 1.33) 0.96 (0.89, 1.04) Ref 0.96 (0.40, 2.29) 1.10 (0.64, 1.88)

Generalized aches and pains

Prevalence 73 (13.5) 122 (20.4) 4 (11.8) 6 (15.8)

Unadjusted RR (95% CI) Ref 1.52 (1.16, 1.98)* 0.81 (0.71, 0.93)* Ref 1.34 (0.40, 4.45) 0.65 (0.32, 1.32)

Adjusted 1: RR (95% CI) Ref 1.33 (1.01, 1.78) 0.87 (0.76, 0.99) Ref 1.36 (0.41, 4.45) 0.60 (0.27, 1.36)

Adjusted 2: RR (95% CI) Ref 1.25 (0.94, 1.67) 0.87 (0.75, 1.00) Ref 1.27 (0.14, 11.41) 0.65 (0.16, 2.68)

Lower backache

Prevalence 112 (20.7) 157 (26.3) 10 (29.4) 7 (17.9)

Unadjusted RR (95% CI) Ref 1.27 (1.03, 1.57) 0.95 (0.87, 1.05) Ref 0.61 (0.26, 1.45) 0.97 (0.61, 1.55)

Adjusted 1: RR (95% CI) Ref 1.19 (0.95, 1.48) 0.99 (0.90, 1.09) Ref 0.42 (0.15, 1.12) 1.14 (0.67, 1.94)

Adjusted 2: RR (95% CI) Ref 1.12 (0.89, 1.41) 1.02 (0.92, 1.12) Ref 0.48 (0.13, 1.72) 1.06 (0.57, 1.97)

Headache

Prevalence 141 (26.0) 153 (25.8) 7 (20.6) 7 (17.9)

Unadjusted RR (95% CI) Ref 0.99 (0.81, 1.21) 0.97 (0.89, 1.06) Ref 0.87 (0.33, 2.27) 0.99 (0.58, 1.67)

Adjusted 1: RR (95% CI) Ref 0.94 (0.76, 1.16) 1.00 (0.92, 1.09) Ref 0.96 (0.39, 2.32) 1.10 (0.58, 2.09)

Adjusted 2: RR (95% CI) Ref 0.91 (0.73, 1.13) 1.01 (0.93, 1.11) Ref 0.73 (0.20, 2.68) 1.13 (0.55, 2.34)

Fatigue

Prevalence 152 (28.1) 198 (33.2) 10 (29.4) 8 (20.5)

Unadjusted RR (95% CI) Ref 1.18 (0.99, 1.41) 0.93 (0.85, 1.01) Ref 0.70 (0.31, 1.59) 1.05 (0.67, 1.66)

Adjusted 1: RR (95% CI) Ref 1.09 (0.90, 1.31) 0.97 (0.89, 1.05) Ref 0.82 (0.32, 2.10) 0.88 (0.49, 1.60)

Adjusted 2: RR (95% CI) Ref 1.07 (0.89, 1.3) 0.97 (0.89, 1.06) Ref 0.78 (0.26, 2.36) 0.98 (0.54, 1.79)

(continued)
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..Biocycle participants, extend this prior research, suggesting that
25(OH)D may be associated with cycle-specific incidence of premen-
strual symptoms, though we had limited power to adequately assess
this relationship.

Additionally, other trials have also shown that 25(OH)D supplemen-
tation may be associated with improved dysmenorrhea (Lasco et al.,
2012). The role of 25(OH)D on specific physical symptoms in NHS2
(Bertone-Johnson et al., 2014) is consistent with our findings for
25(OH)D insufficiency and increased physical symptoms in EAGeR,
and of a similar magnitude and direction for BioCycle though not sta-
tistically significant. Our work extends prior work by utilizing two dif-
ferent cohorts, one that is able to evaluate short term associations
between serum 25(OH)D and premenstrual symptoms in the subse-
quent cycle; and a second larger cohort assesses associations between
serum 25(OH)D and a pattern of premenstrual symptoms over the
last twelve months. Inclusion of both cohorts allows for a more com-
prehensive approach to assess the relationship between 25(OH)D in-
sufficiency and individual premenstrual symptoms among women with
self-reported regular cycles, although it is important to note that both
cohorts are primarily of self-reported white race and more diverse
cohorts are needed to improve generalizability. Further, results should
be interpreted cautiously given that associations with individual symp-
toms were no longer statistically significant after adjustment for false
discovery rate.

The mechanisms underlying the observed associations between
25(OH)D and physical premenstrual symptoms are likely multifactorial.
We found that 25(OH)D was associated with breast tenderness and
general aches and pains, which may be related to inflammatory path-
ways that increase pain signaling (Tague and Smith, 2011) though spe-
cific mechanisms are not well understood and associations with
abdominal cramping were imprecise. In regard to other physical symp-
toms, 25(OH)D has also been hypothesized to improve dysmenorrhea
via a reduction in proinflammatory cytokines (Lasco et al., 2012; Thys-
Jacobs, 2000). Moreover, vitamin D has been used to treat aromatase
inhibitor musculoskeletal symptoms, which are a cluster of musculo-
skeletal symptoms caused by estrogen dysregulation, with symptom-
atology similar to PMS, suggesting similar pathophysiologic mechanisms

(Waltman et al., 2009; Khan et al., 2010; Prieto-Alhambra et al., 2011;
Rastelli et al., 2011; Khan et al., 2012; Singer et al., 2014; Shapiro
et al., 2016). Results also suggested that 25(OH)D insufficiency in the
summer may be particularly relevant for premenstrual symptoms,
which may potentially be a result of insufficiency in the summer being
more likely to reflect chronic insufficiency.

Other markers of vitamin D metabolism and calcium homeostasis
have also been linked to PMS in other studies (Thys-Jacobs et al., 2000).
Calciotropic hormones including iPTH, calcium, FGF23, and 1,25(OH)

2D have been suggested to play a role as hypocalcemia is known to
cause symptoms that are similar to those that occur in PMS, such as
muscle cramps, irritability, anxiety, and fatigue (Schafer, 2016). Further,
calcium has known physiological effects on muscle relaxation and con-
tractility (Noble et al., 2009). While some evidence suggests that
women with luteal phase symptomatology have an underlying calcium
dysregulation with a secondary hyperparathyroidism and 25(OH)D defi-
ciency (Morales et al., 2008), our findings do not support an association
of iPTH, calcium, FGF23, and 1,25(OH)2D concentrations with premen-
strual symptoms; however, our sample size was limited.

This study has several important strengths and limitations. Our
analysis included two cohorts of women with regular cycles, one which
was a cross-sectional assessment (EAGeR), and one which was pro-
spective (BioCycle) which enabled us to assess the consistency of
associations between 25(OH)D and specific premenstrual symptoms.
Of note, reverse causality is a potential concern for results from the
EAGeR study as both 25(OH)D and individual premenstrual symp-
toms over the past year were assessed at baseline. Our assessment of
serum 25(OH)D concentration is a strength as dietary assessments do
not capture vitamin D from all sources and serum concentrations are
an accurate biological reflection of 25(OH)D status regardless of
source (Takeuchi et al., 1995; Thomas et al., 1998). BioCycle also
allowed us to evaluate 1,25(OH) 2D, iPTH, calcium, and FGF23 which
let us further investigate associations with multiple markers involved in
vitamin D metabolism and calcium homeostasis on premenstrual
symptom outcomes. Another strength of our BioCycle assessment
was a short duration between the serum 25(OH)D and premenstrual
symptom score assessment (approximately 2 weeks), which better

............................................................................................................................................................................................................................

Table II Continued

EAGeR BioCycle

25(OH)D
sufficient

(� 30 ng/ml)

25(OH)D
insufficient

(< 30 ng/ml)

25(OH)D
(per 10 ng/ml)

25(OH)D
sufficient

(� 30 ng/ml)

25(OH)D
insufficient

(< 30 ng/ml)

25(OH)D
(per 10 ng/ml)

Insomnia

Prevalence 46 (8.5) 63 (10.5) 1 (3) 1 (2.6)

Unadjusted RR (95% CI) Ref 1.24 (0.86, 1.78) 0.93 (0.79, 1.10) Ref 0.85 (0.05, 13.65) 0.36 (0.05, 2.75)

Adjusted 1: RR (95% CI) Ref 1.14 (0.78, 1.67) 0.97 (0.83, 1.15) Ref 0.57 (0.03, 10.41) 0.18 (0.00, 20.95)

Adjusted 2: RR (95% CI) Ref 1.17 (0.79, 1.73) 0.99 (0.84, 1.18) Ref 0.69 (0, 114.24) 0.98 (0.05, 18.97)

25(OH)D, 25-hydroxyvitamin D; EAGeR, Effects of Aspirin in Gestation and Reproduction; Ref, Reference; RR, risk ratio.
Bold results are significant at a¼ 0.05.
*Indicates comparisons that remained after adjustment for false discovery rate.
Adjusted 1 model controls for age, BMI, smoking status, race, income, exercise, season of blood draw.
Adjusted 2 model controls for the variables in Adjusted 1 as well as depression (BioCycle) or antidepressant use (EAGeR), education, alcohol, race (EAGeR only), CRP (high sensitivity
c-reactive protein), and parity.

Vitamin D and premenstrual symptoms 1815
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..captures exposure assessment in a time period proximal to individ-
ual premenstrual symptoms compared with other studies that had
longer periods of time between exposure and outcome assessment.
This is particularly important due to seasonal changes in 25(OH)D
and hormones which may impact premenstrual symptom outcomes.
Premenstrual symptom score assessment for both cohorts was
done by self-report, though it is important to note that this is a
widely used and accepted form of assessment of milder symptoms
of individual premenstrual symptoms as PMS is rarely formally diag-
nosed by a physician. Further, though we were able to account for

many potential confounding factors, information on social support
and symptom sensitivity was not available so that the results have
the potential for residual confounding by these and other factors,
and covariate information on demographics and specific lifestyle and
reproductive health covariates were not assessed using standardized
instruments.

A limitation is that participants in both studies were primarily of
white race, and future studies in more diverse populations are needed.
Moreover, this study was limited to women with self-reported regular
cycles, though women who were and were not attempting to conceive

............................................................................................................................................................................................................................

Table III Serum 25(OH)D concentrations and risk of moderate/severe psychological premenstrual symptoms during the
premenstrual week in two cohorts of reproductive age women with regular cycles: EAGeR and BioCycle.

EAGeR BioCycle

25(OH)D
sufficient

(� 30 ng/ml)

25(OH)D
insufficient

(< 30 ng/ml)

25(OH)D
(per 10 ng/ml)

25(OH)D
sufficient

(� 30 ng/ml)

25(OH)D
insufficient

(< 30 ng/ml)

25(OH)D
(per 10 ng/ml)

Total number of moderate/severe psychological symptoms

Mean § SD 1.2§ 1.5 1.2§ 1.5 0.7§ 1.1 1.2§ 1.3

Unadjusted b (95% CI) Ref 0.07 (20.11, 0.25) 20.01 (20.08, 0.06) Ref 0.40 (20.19, 0.98) 20.23 (20.57, 0.10)

Adjusted 1: b (95% CI) Ref 0.02 (20.17, 0.21) 0.01 (20.07, 0.09) Ref 0.34 (20.25, 0.93) 20.24 (20.59, 0.11)

Adjusted 2: b (95% CI) Ref 0.03 (20.16, 0.22) 0.02 (20.06, 0.10) Ref 0.26 (20.27, 0.80) 20.22 (20.53, 0.09)

Depression or sadness

Prevalence 91 (16.8) 107 (17.9) 3 (8.8) 5 (12.8)

Unadjusted RR (95% CI) Ref 1.06 (0.83, 1.37) 1.01 (0.92, 1.12) Ref 1.45 (0.37, 5.77) 0.58 (0.25, 1.35)

Adjusted 1: RR (95% CI) Ref 1.07 (0.82, 1.40) 0.99 (0.90, 1.12) Ref 1.34 (0.29, 6.16) 0.45 (0.12, 1.63)

Adjusted 2: RR (95% CI) Ref 1.10 (0.84, 1.44) 1.00 (0.89, 1.12) Ref 1.42 (0.10, 19.7) 0.63 (0.11, 3.67)

Tension or irritability

Prevalence 215 (39.8) 246 (41.3) 8 (23.5) 13 (33.3)

Unadjusted RR (95% CI) Ref 1.04 (0.90, 1.20) 0.99 (0.93, 1.05) Ref 1.42 (0.66, 3.04) 0.81 (0.53, 1.24)

Adjusted 1: RR (95% CI) Ref 1.00 (0.86, 1.16) 1.00 (0.94, 1.07) Ref 1.41 (0.61, 3.29) 0.68 (0.39, 1.20)

Adjusted 2: RR (95% CI) Ref 0.98 (0.84, 1.14) 1.02 (0.95, 1.09) Ref 1.64 (0.58, 4.66) 0.59 (0.28, 1.23)

Anxiety or nervousness

Prevalence 97 (17.9) 116 (19.4) 5 (14.7) 10 (25.6)

Unadjusted RR (95% CI) Ref 1.09 (0.85, 1.38) 1.03 (0.93, 1.14) Ref 1.74 (0.65, 4.68) 0.73 (0.42, 1.28)

Adjusted 1: RR (95% CI) Ref 1.06 (0.82, 1.36) 1.04 (0.94, 1.16) Ref 2.93 (0.79, 10.79) 0.50 (0.19, 1.30)

Adjusted 2: RR (95% CI) Ref 1.04 (0.80, 1.34) 1.06 (0.95, 1.19) Ref 2.14 (0.22, 20.85) 0.56 (0.14, 2.26)

Anger, aggression, short temper

Prevalence 154 (28.5) 171 (28.6) 6 (18.2) 12 (30.8)

Unadjusted RR (95% CI) Ref 1.00 (0.84, 1.21) 0.96 (0.89, 1.04) Ref 1.69 (0.70, 4.07) 0.70 (0.43, 1.16)

Adjusted RR (95% CI) Ref 0.93 (0.77, 1.13) 1.00 (0.92, 1.08) Ref 2.19 (0.78, 6.13) 0.64 (0.33, 1.24)

Adjusted 2: RR (95% CI) Ref 0.92 (0.76, 1.13) 1.01 (0.92, 1.10) Ref 1.18 (0.22, 6.19) 0.84 (0.30, 2.39)

Crying spells

Prevalence 75 (13.9) 100 (16.8) 2 (5.9) 3 (7.7)

Unadjusted RR (95% CI) Ref 1.21 (0.92, 1.60) 0.96 (0.85, 1.09) Ref 1.31 (0.23, 7.59) 1.43 (0.58, 3.53)

Adjusted 1: RR (95% CI) Ref 1.11 (0.83, 1.48) 1.00 (0.88, 1.13) Ref 2.01 (0.18, 22.43) 1.18 (0.25, 5.50)

Adjusted 2: RR (95% CI) Ref 1.24 (0.92, 1.68) 0.98 (0.86, 1.12) Ref 0.94 (0.08, 11.57) 1.31 (0.24, 7.08)

25(OH)D, 25-hydroxyvitamin D; EAGeR, Effects of Aspirin in Gestation and Reproduction; Ref, Reference; RR, risk ratio.
Bold results are significant at a¼ 0.05.
*Indicates comparisons that remained after adjustment for false discovery rate.
Adjusted 1 model controls for age, BMI, smoking status, race, income, exercise, and season of blood draw.
Adjusted 2 model controls for the variables in Adjusted 1 as well as depression (BioCycle) or antidepressant use (EAGeR), education, alcohol, race (EAGeR only), CRP (high sensitivity
c-reactive protein), and parity.
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Table IV Association between markers of vitamin D metabolism and moderate/severe physical premenstrual symptoms
during the premenstrual week in the BioCycle study.

BioCycle study iPTH
(continuous)
per 5 pg/ml

1,25-dihydroxyvitamin
D (continuous)
per 10 pmol/l

FGF23
(continuous)
per 5 pg/ml

Calcium
(continuous)
per 0.1 mg/dl

Total number of moderate/severe physical symptoms

Unadjusted b (95% CI) 0.06 (20.10, 0.22) 0.02 (20.15, 0.19) 0.02 (20.13, 0.17) 0.02 (20.10, 0.13)

Adjusted 1: b (95% CI) 20.01 (20.18, 0.16) 20.06 (20.25, 0.13) 0.03 (20.14, 0.20) 0.08 (20.05, 0.20)

Adjusted 2: b (95% CI) 20.06 (20.23, 0.12) 20.08 (20.27, 0.12) 0.00 (20.18, 0.19) 0.09 (20.03, 0.21)

Swelling of hands or feet

Unadjusted RR (95% CI) 1.23 (0.96, 1.59) 0.89 (0.62, 1.26) 0.97 (0.70, 1.35) 0.89 (0.72, 1.10)

Adjusted 1: RR (95% CI) 1.26 (0.72, 2.21) 0.86 (0.50, 1.49) 1.32 (0.63, 2.76) 1.08 (0.88, 1.33)

Adjusted 2: RR (95% CI) 1.04 (0.58, 1.88) 0.86 (0.50, 1.49) 1.00 (0.52, 1.91) 1.13 (0.87, 1.47)

Breast tenderness or fullness

Unadjusted RR (95% CI) 1.09 (0.96, 1.24) 1.00 (0.86, 1.17) 1.11 (0.96, 1.30) 0.96 (0.87, 1.06)

Adjusted 1: RR (95% CI) 1.07 (0.92, 1.25) 0.92 (0.73, 1.16) 1.01 (0.80, 1.28) 0.96 (0.85, 1.07)

Adjusted 2: RR (95% CI) 1.08 (0.88, 1.33) 0.90 (0.69, 1.18) 1.02 (0.73, 1.43) 0.99 (0.88, 1.10)

Abdominal bloating

Unadjusted RR (95% CI) 0.94 (0.83, 1.06) 0.98 (0.88, 1.09) 0.96 (0.85, 1.10) 1.03 (0.96, 1.11)

Adjusted 1: RR (95% CI) 0.90 (0.78, 1.04) 0.98 (0.84, 1.14) 0.94 (0.80, 1.10) 1.05 (0.97, 1.14)

Adjusted 2: RR (95% CI) 0.90 (0.76, 1.07) 0.90 (0.71, 1.12) 0.89 (0.71, 1.11) 1.04 (0.96, 1.14)

Lower abdominal cramping

Unadjusted RR (95% CI) 1.03 (0.95, 1.12) 1.02 (0.93, 1.11) 1.08 (0.98, 1.18) 1.07 (1.00, 1.14)

Adjusted 1: RR (95% CI) 1.01 (0.90, 1.15) 1.00 (0.87, 1.15) 1.08 (0.87, 1.35) 1.09 (1.00, 1.18)*

Adjusted 2: RR (95% CI) 1.01 (0.85, 1.21) 0.97 (0.79, 1.19) 1.09 (0.78, 1.52) 1.09 (1.00, 1.19)

Generalized aches and pains

Unadjusted RR (95% CI) 0.9 (0.70, 1.15) 1.08 (0.88, 1.33) 0.99 (0.81, 1.21) 1.04 (0.92, 1.17)

Adjusted 1: RR (95% CI) 0.82 (0.63, 1.07) 1.07 (0.82, 1.41) 0.99 (0.78, 1.26) 1.07 (0.94, 1.21)

Adjusted 2: RR (95% CI) 0.82 (0.63, 1.07) 0.99 (0.62, 1.58) 1.03 (0.69, 1.54) 1.08 (0.94, 1.23)

Lower backache

Unadjusted RR (95% CI) 1.05 (0.91, 1.20) 1.06 (0.09, 1.25) 1.03 (0.90, 1.18) 1.04 (0.94, 1.15)

Adjusted 1: RR (95% CI) 1.03 (0.88, 1.22) 1.07 (0.88, 1.31) 1.09 (0.89, 1.33) 1.07 (0.96, 1.19)

Adjusted 2: RR (95% CI) 0.99 (0.81, 1.21) 1.04 (0.82, 1.30) 1.00 (0.77, 1.29) 1.06 (0.95, 1.18)

Headache

Unadjusted RR (95% CI) 1.07 (0.93, 1.22) 0.95 (0.79, 1.14) 0.98 (0.84, 1.15) 0.94 (0.84, 1.05)

Adjusted 1: RR (95% CI) 1.05 (0.89, 1.23) 0.92 (0.74, 1.15) 1.10 (0.93, 1.31) 0.98 (0.87, 1.11)

Adjusted 2: RR (95% CI) 0.97 (0.79, 1.20) 0.96 (0.71, 1.29) 1.05 (0.81, 1.36) 1.03 (0.90, 1.17)

Fatigue

Unadjusted RR (95% CI) 1.04 (0.91, 1.19) 1.01 (0.87, 1.18) 0.93 (0.79, 1.10) 0.98 (0.89, 1.07)

Adjusted 1: RR (95% CI) 1.01 (0.84, 1.21) 0.98 (0.79, 1.20) 0.88 (0.71, 1.08) 1.03 (0.93, 1.14)

Adjusted 2: RR (95% CI) 0.94 (0.72, 1.22) 0.92 (0.67, 1.26) 0.77 (0.57, 1.04) 1.03 (0.93, 1.15)

Insomnia

Unadjusted RR (95% CI) 0.95 (0.61, 1.49) 1.2 (0.77, 1.87) 0.82 (0.48, 1.41) 1.02 (0.83, 1.26)

Adjusted 1: RR (95% CI) 0.92 (0.48, 1.75) 1.00 (0.64, 1.54) 0.93 (0.49, 1.77) 1.14 (0.90, 1.45)

Adjusted 2: RR (95% CI) 1.07 (0.44, 2.63) 0.94 (0.49, 1.83) 0.97 (0.38, 2.53) 1.06 (0.82, 1.36)

FGF23, fibroblast growth factor 23; iPTH, intact parathyroid hormone; RR, risk ratio.
Bold results are significant at a¼ 0.05.
*Indicates comparisons that survived adjustment for false discovery rate.
Adjusted 1 model controls for age, BMI, smoking status, race, income, exercise, season of blood draw.
Adjusted 2 model controls for the variables in Adjusted 1 as well as depression, education, alcohol, CRP (high sensitivity c-reactive protein), and parity.
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were included to improve generalizability to the broader population
of reproductive aged women. However, it is important to acknowl-
edge that though women met certain cycle length criteria to enroll
in the study, some women did report some cycle irregularity. The
BioCycle Study had limited power due to the sample size given that
the substudy was originally powered to assess changes across the
menstrual cycle and associations with hormone levels and the cost
associated with multiple longitudinal measurements (Harmon et al.,
2020). Additionally, 25(OH)D sufficiency was based on cut points
from the Endocrine Society which have been established with re-
spect to bone health (Holick et al., 2011), though levels needed for
optimal reproductive health endpoints are unknown. We were lim-
ited in assessing other cut points due to small numbers of women
with levels below 20 or over 40 ng/ml.

In conclusion, we observed associations between insufficient serum
25(OH)D levels and individual physical symptoms, specifically breast
fullness/tenderness, and generalized aches and pain. These findings
highlight the potential for 25(OH)D to influence specific symptoms

among women with regular menstrual cycles. Given these findings, fur-
ther research on women with irregular cycles and more extreme
symptoms is warranted.
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Supplementary data are available at Human Reproduction online.
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Table V Markers of vitamin D metabolism and risk of moderate/severe psychological premenstrual symptoms during the
premenstrual week in the BioCycle study.

iPTH
(continuous)
per 5 pg/ml

1,25-Dihydroxyvitamin
D (continuous)
Per 10 pmol/l

FGF23
(continuous)
per 5 pg/ml

Calcium
(continuous)
per 0.1 mg/dl

Total number of moderate/severe psychological symptoms

Unadjusted b (95% CI) 0.07 (20.03, 0.18) 20.07 (20.18, 0.04) 20.04 (20.14, 0.06)20.01 (20.09, 0.06)

Adjusted 1: b (95% CI) 0.08 (20.03, 0.19) 20.11 (20.23, 0.01) 20.01 (20.12, 0.10) 0.01 (20.07, 0.09)

Adjusted 2: b (95% CI) 0.06 (20.03, 0.15) 20.08 (20.18, 0.01) 0.00 (20.09, 0.09) 0.03 (20.02, 0.08)

Depression or sadness

Unadjusted RR (95% CI) 1.06 (0.85, 1.34) 1.02 (0.79, 1.33) 0.92 (0.70, 1.22) 0.97 (0.84, 1.11)

Adjusted 1: RR (95% CI) 1.11 (0.82, 1.48) 1.00 (0.76, 1.33) 0.99 (0.68, 1.43) 0.98 (0.85, 1.14)

Adjusted 2: RR (95% CI) 0.89 (0.48, 1.67) 1.00 (0.76, 1.33) 0.93 (0.46, 1.88) 0.96 (0.75, 1.22)

Tension or irritability

Unadjusted RR (95% CI) 1.06 (0.95, 1.18) 0.89 (0.79, 1.01) 0.94 (0.82, 1.08) 0.99 (0.91, 1.08)

Adjusted 1: RR (95% CI) 1.10 (0.90, 1.35) 0.85 (0.70, 1.03) 0.97 (0.80, 1.16) 1.04 (0.95, 1.15)

Adjusted 2: RR (95% CI) 1.12 (0.88, 1.43) 0.81 (0.59, 1.10) 0.92 (0.73, 1.17) 1.09 (0.98, 1.23)

Anxiety or nervousness

Unadjusted RR (95% CI) 1.06 (0.91, 1.22) 0.93 (0.77, 1.12) 1.03 (0.89, 1.18) 1.02 (0.91, 1.13)

Adjusted 1: RR (95% CI) 1.23 (0.93, 1.63) 0.86 (0.70, 1.06) 0.92 (0.74, 1.14) 0.98 (0.87, 1.12)

Adjusted 2: RR (95% CI) 1.20 (0.72, 2.00) 0.79 (0.51, 1.23) 1.09 (0.83, 1.44) 1.00 (0.85, 1.17)

Anger, aggression, short temper

Unadjusted RR (95% CI) 1.08 (0.96, 1.22) 0.91 (0.79, 1.06) 0.90 (0.77, 1.05) 0.97 (0.88, 1.07)

Adjusted RR (95% CI) 1.04 (0.86, 1.26) 0.89 (0.75, 1.06) 1.00 (0.82, 1.23) 1.05 (0.94, 1.18)

Adjusted 2: RR (95% CI) 1.03 (0.70, 1.51) 0.83 (0.55, 1.26) 0.99 (0.68, 1.43) 1.08 (0.91, 1.28)

Crying spells

Unadjusted RR (95% CI) 1.21 (0.94, 1.56) 1.06 (0.76, 1.48) 1.00 (0.74, 1.35) 0.99 (0.82, 1.19)

Adjusted 1: RR (95% CI) 1.28 (0.73, 2.25) 0.89 (0.55, 1.47) 1.37 (0.76, 2.46) 0.95 (0.78, 1.17)

Adjusted 2: RR (95% CI) 1.28 (0.73, 2.25) 1.05 (0.51, 2.18) 1.37 (0.76, 2.46) 1.08 (0.76, 1.54)

CRP, high sensitivity c-reactive protein; EAGeR, Effects of Aspirin in Gestation and Reproduction; FGF23, fibroblast growth factor 23; iPTH, intact parathyroid hormone; RR, risk ratio.
Bold results are significant at a¼ 0.05.
*Indicates comparisons that survived adjustment for false discovery rate.
Adjusted 1 model controls for age, BMI, smoking status, race, income, exercise, and season of blood draw.
Adjusted 2 model controls for the variables in Adjusted 1 as well as depression, education, alcohol, CRP, and parity.
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