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Submitted on March 13, 2019; resubmitted on July 15, 2019; editorial decision on July 23, 2019STUDY QUESTION: Is pre-conception 25(OH)D associated with the per cycle probability of conception, i.e fecundability, in a prospective
cohort study?

SUMMARY ANSWER: There are suggestive associations of high 25(OH)D (at least 50 ng/ml) with increased fecundability and low 25(OH)D
(<20 ng/ml) with reduced fecundability, but the estimates were imprecise.

WHAT IS KNOWN ALREADY: Vitamin D has been associated with reproductive function and fertility in animal studies, but few human
studies exist.

STUDY DESIGN, SIZE, DURATION: This community-based prospective cohort study included 522 women attempting to become
pregnant between 2010 and 2016. The women completed online daily and monthly diaries until a positive home pregnancy test was observed
or 12 months had elapsed.

PARTICIPANTS/MATERIALS, SETTING, METHODS: The study included women from central North Carolina who were aged 30–
44 with no history of infertility, with no more than 3 months of attempt time at recruitment. Women recorded vaginal bleeding so that the
ongoing number of attempt cycles could be counted and used to quantify a woman’s pregnancy attempt time. Blood collected at the study
entry was analysed for 25(OH)D using liquid chromatography tandem mass spectrometry. Associations with fecundability were estimated with
a log-binomial discrete time-to-event model.

MAIN RESULTS AND THE ROLE OF CHANCE: Among 522 women, 257 conceived during the study. The mean age was 33 years and the
mean 25(OH)D was 36 ng/ml. There was an estimated 10% higher fecundability with each 10 ng/ml increase in 25(OH)D (fecundability ratio
(FR) 1.10, 95% CI: 0.96, 1.25). The suggestive dose-response association with the continuous measure of 25(OH)D was driven by women
in the lowest and the highest categories of 25(OH)D. Compared to women with 25(OH)D of 30–40 ng/ml, women below 20 ng/ml had
an estimated 45% reduction in fecundability (FR (CI): 0.55 (0.23, 1.32)), and women with at least 50 ng/ml had an estimated 35% increase in
fecundability (FR (CI): 1.35 (0.95, 1.91)). Across these three categories (25(OH)D of <20 ng/ml, 30–40 ng/ml and > 50 ng/ml), the probability
of taking longer than 6 months to conceive was, respectively, 51% (17%, 74%), 28% (17%, 39%) and 15% (10%, 37%).

LIMITATIONS, REASONS FOR CAUTION: While the distribution of 25(OH)D was wide, the number of observed cycles with high
25(OH)D (N = 107) or low 25(OH)D (N = 56) was small.

WIDER IMPLICATIONS OF THE FINDINGS: Our findings are consistent with prior reports of reduced fertility in women with 25(OH)D
concentrations below the clinically defined deficiency level (20 ng/ml). Further studies are needed to evaluate the possible reproductive benefits
of considerably higher 25(OH)D concentration (>50 ng/ml).
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Introduction
Vitamin D is known for its role in calcium absorption and bone health,
but interest in its role in reproduction has been growing (Lerchbaum
and Obermayer-Pietsch, 2012). Vitamin D3 is synthesized in the skin
in response to ultraviolet-B radiation. Vitamin D3 and D2 can also
be obtained from the diet through several sources including fortified
dairy products and fatty fish. Vitamin D is converted in the liver to 25-
hydroxyvitamin D (25(OH)D) that is the clinical biomarker of vitamin
D status (Dietary Reference Intakes for Calcium and Vitamin D, 2011;
Holick et al., 2011). 25(OH)D is then converted to its active form,
1,25-dihydroxyvitamin D, by the enzyme 1α-hydroxylase, a product
of the CYP27B1 gene. Mice that lack either CYP27B1 or the vitamin
D receptor exhibit arrested follicular development, uterine hypoplasia,
prolonged estrous cycles and subfertility (Yoshizawa et al., 1997; Kinuta
et al., 2000; Panda et al., 2001; Sun et al., 2010; Dicken et al., 2012).
Rats fed a vitamin D deficient diet also exhibit subfertility and reduced
litter size (Halloran and DeLuca, 1980; Hickie et al., 1983; Kwiecinksi
et al., 1989; Johnson and DeLuca, 2002).

In women undergoing IVF, higher vitamin D status has been associ-
ated with improved live birth rates (Lv et al., 2016). Among women
with polycystic ovarian syndrome (PCOS), vitamin D has been asso-
ciated with improvements in spontaneous ovulation (Thys-Jacobs et
al., 1999; Rashidi et al., 2009) and IVF success (Pal et al., 2016).
In community-based samples of women, three recent studies have
reported associations between low 25(OH)D and long or irregular
menstrual cycles (Jukic et al., 2015, 2016, 2018). Three studies have
examined vitamin D and fertility in women who were not undergo-
ing fertility treatment. One small study of 145 women reported an
increased odds of conception with higher 25(OH)D levels, but CIs
were wide and time to pregnancy was not examined as a continuum
(Moller et al., 2012). Another small study of 132 women reported
increased fertility among women with a 25(OH)D level of at least
20 ng/ml compared to women with <20 ng/ml (Fung et al., 2017).
The final study reported increased conception rates for women with
25(OH)D levels of at least 30 ng/ml (compared with <30 ng/ml), but
only included women with a history of pregnancy loss (Mumford et al.,
2018).

The objective of this analysis was to examine the association
between circulating 25(OH)D and time to pregnancy in the Time to
Conceive study, a prospective community-based cohort of over 500
women who were enrolled early in their attempt to become pregnant
and were followed for conception.

Methods
Study design
Time to Conceive was a prospective, time-to-pregnancy cohort study
(2008–2016) (Steiner et al., 2011). Women, from the Raleigh-Durham-
Chapel Hill area of North Carolina, who were discontinuing contra-
ception were recruited through mass emails, introductory letters and
web and radio advertising. Eligible women were ages 30 to 44 and
reported having been trying to get pregnant for 3 months or less.
Women were excluded if they reported a history of infertility, PCOS,
endometriosis, a partner with infertility or current breastfeeding. Par-
ticipants were asked to keep daily diaries (described below) and to self-
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Figure 1 Women included in this analysis from the Time to Con-
ceive cohort, 2010–2016.

report demographic data, reproductive history, contraceptive history
and other behaviors through an online questionnaire. Women were
also asked to schedule a study visit on Day 2, 3 or 4 of their next
menses. If they missed this window, they were asked to come in at
the beginning of the subsequent menses.

At the study visit, after giving written informed consent, women
provided a blood sample and received pregnancy test kits. In 2010,
the study protocol was amended to add the collection of whole blood
spots, which were dried and stored frozen. The present analysis is
limited to the cohort of women who enrolled in or after 2010 and
provided a blood spot. Of the 788 women who gave a blood sample
and had some follow-up data, 556 women also had a measure of
25(OH)D (Fig. 1).

Women were asked to complete an online daily diary and a monthly
diary for up to 4 months, but only monthly diaries afterwards until
a positive pregnancy test was observed or 12 months had elapsed,
whichever came first. In the daily diary, women recorded vaginal
bleeding, results of their pregnancy tests and vitamin supplement
intake. For the latter, participants searched a database based on
active ingredient or brand name. They chose each appropriate
vitamin from a drop-down menu and entered it into their daily
diary. Data from daily diaries was used to identify the start of each
menses (Crawford et al., 2016). The first of two consecutive days
with menstrual bleeding (not spotting) was considered the day of
menses onset. The monthly diary asked about tobacco use, alcohol
intake, caffeine consumption and exercise frequency in the preceding
month.
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Participants were asked to begin testing for pregnancy on Day 28 of
the menstrual cycle, and to then test every third day thereafter (i.e. Day
31, 34, etc.) until the test was positive or bleeding began. Women were
withdrawn from follow-up if they began fertility treatment or stopped
trying to conceive. Women in this analysis were enrolled between
February 2010 and July 2015. All study activities were approved by the
University of North Carolina IRB.

25(OH)D
25(OH)D was extracted from 6 mm punches from stored blood
spots, collected at enrollment, using previously described methods
at ZRT laboratories (Beaverton, OR) (Newman et al., 2009; Larkin
et al., 2011). 25(OH)D3 and 25(OH)D2 were quantified through
liquid chromatography-tandem mass spectrometry, using standard-
ization with the NIST vitamin D standard reference materials. ZRT
was certified by the Vitamin D External Quality Assessment Scheme
(DEQAS) at the time of the assays (2013–2016) and maintains that
certification today. 25(OH)D measured in dried blood spots shows
good agreement with plasma measures (Heath et al., 2014). Blinded
replicate samples indistinguishable from test samples were also sent to
the laboratory. Based on these samples, the intra-assay coefficient of
variation was 6.3% and the inter-assay coefficient of variation was 7.7%
and there were no differences among batches. Blood spots from 556
women were measured for 25(OH)D (Fig. 1).

Observed attempt time and conception
‘Observed attempt time’ was defined as the number of menstrual
cycles from blood draw until the occurrence of either a positive preg-
nancy test or a censoring event (12 cycles of attempt, withdrawal from
the study or beginning fertility treatment). Conception was presumed
when there was a positive home pregnancy test.

The number of cycles a woman had been trying to conceive at
the time of the blood draw was determined using several participant-
reported dates: (i) the date she stopped using contraception, (ii) the
date she started having regular intercourse without doing anything to
prevent pregnancy and (iii) the date her last pregnancy ended. Using
these dates and her average menstrual cycle length, we calculated the
number of menstrual cycles the participant had been attempting to
conceive prior to the study blood draw. In some cases, this assessment
of the cycle number of attempt was inconsistent with the participants’
self-report of being within three cycles of attempt when screened by
telephone. This inconsistency was addressed with a sensitivity analysis
described below. Of the 556 women with a blood spot, 8 women did
not provide any menstrual cycle information after their blood draw,
leaving 548 women (Fig. 1).

Covariates
Covariates of interest included age at the beginning of each menstrual
cycle and self-reported demographics at baseline: race (Caucasian,
African-American, other), gravidity, BMI and education. Each month,
participants also reported their number of alcoholic drinks per month,
number of caffeinated drinks per day and the number of cigarettes
smoked per day. Participants were asked about use of other nicotine
products, but none were reported. Since cigarette smoking was rarely
reported in the prospective diaries, smoking status at baseline (current,
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former, never) was used in all analyses. If women did not have at least
one prospective monthly report of caffeine or alcohol, her baseline
information was used.

Monthly reports were matched with each menstrual cycle of
attempt. Missing monthly reports were imputed by taking the previous
month’s values, and if this month was missing, the next previous
month was used, and so on. If a previous month was not available,
a subsequent month’s values were used. Of the 548 women available,
26 women were missing information on covariates, leaving 522 women
(Fig. 1). Each month, participants also reported, in categories, their
average amount of vigorous exercise (0 h, <1, 1–3, 4–7, >7 h per
week). Exercise was not captured on the baseline questionnaire and
was therefore more often missing (N = 514 women had exercise
information).

Ovulation was identified using ovulation predictor kits (Jukic et al.,
2018), basal body temperature or cervical mucus monitoring. For basal
body temperature, ovulation day was identified by replacing each day of
a cycle with a three-day average (the day prior, the day of interest and
the subsequent day) and then scanning for the steepest five-day slope
of those averages. For cervical mucus, ovulation day was identified as
the last day of fertile cervical mucus during the cycle. If ovulation day
could not be identified using these methods, we assigned Day 15 (the
mode of the population based on the ovulation predictor kit) as the
day of ovulation. Results did not differ when the imputed ovulation
days were used versus when they were excluded (data not shown).
Using the identified ovulation day, the pattern of sexual intercourse
during the fertile window was described based on frequency and timing
of sexual intercourse over the six day window ending with the day of
ovulation (Weinberg et al., 1994). This pattern can be used to estimate
the probability of conception in that cycle based on intercourse alone
(Weinberg et al., 1994). This probability was divided into quintiles for
analysis and is referred to as ‘fertile window intercourse’.

Statistical analysis
We estimated adjusted fecundability ratios (FR) and 95% CI using
log-binomial regression. In this model, conception (yes/no) was the
outcome and an intercept was estimated for each cycle of attempt
(rather than one overall intercept) by including attempt cycle as a
categorical predictor. Including the attempt cycle number allows for the
natural decrease in fecundability across cycles and also accommodates
delayed entry, which allows for left truncation. For example, a woman
whose blood draw occurred early in her third cycle, initiating her follow
up as a participant in the study, would only contribute information to
the model beginning at cycle 3. Women who were lost to follow-up
before conceiving were censored in their last fully observed cycle. Five
women contributed two pregnancies to the analysis and their attempts
were inverse-weighted by cluster size.

We examined 25(OH)D both as a continuous linear variable and
in categories (<20, 20–<30, 30–<40, 40–<50 and ≥50 ng/ml). The
lowest category (<20 ng/ml) corresponds to ‘at risk of vitamin D
deficiency’, based on the Institute of Medicine and Endocrine Society
guidelines and the 20–<30 category is the definition of ‘insufficiency’
based on the Endocrine Society guidelines (Dietary Reference Intakes
for Calcium and Vitamin D, 2011; Holick et al., 2011).

Covariates that were assessed as potential confounders were age,
race, time since contraceptive estrogen use, fertile window inter-
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course, education, obesity, alcohol, caffeine and exercise. We evalu-
ated several parameterisations of age with fecundability using a uni-
variable discrete time model described above. We used Akaike’s Infor-
mation Criterion (AIC) to choose the best-fitting parameterisation of
age in each model. All other continuous variables (BMI, caffeine, alcohol
and exercise) were evaluated in a similar way: several parameterisations
were compared using the AIC from the fecundability model, after
adjustment for age and race. Similarly, we examined the univariate asso-
ciations between each covariate and 25(OH)D. Variables that were not
independently associated with both vitamin D and fecundability were
not included in the final models. The final model included age, race,
education and fertile window intercourse. (Additional adjustment for
exercise is presented as a sensitivity analysis in Supplementary Table SI.)

To make the findings more clinically applicable, we used the adjusted
log-binomial model to estimate the proportion of women at each
specific 25(OH)D category who would not conceive within six cycles
of trying (with all other covariates fixed at their referent level). First,
the estimated probability of conception at each level of 25(OH)D and
at each cycle number was calculated, among couples in that category
who are still trying at that cycle number, i.e. conditional on having not
conceived earlier. Let that estimated probability of conception at cycle
k, given that they are still trying at cycle k, be denoted pk, and let 1
minus pk be denoted qk. Then the estimated proportion of couples
who would require more than six cycles to conceive is the product of
the qk over k = 1 to k = 6. Ninety-five percent CIs were calculated by
generating 1000 bootstrapped samples.

Sensitivity analyses
We performed several sensitivity analyses that are presented in
Supplementary Table SI.

First, a single measured value of 25(OH)D may become less relevant
over time, with possible changes in vitamin D levels due to season
of the year or alterations in supplement use. To account for this, we
estimated an extrapolated time-varying cycle-specific 25(OH)D level
using the measured 25(OH)D and the values of the predictors at the
time of the blood draw (see below and (Jukic et al., 2018)). The
measured 25(OH)D was used in all analyses, but the imputed cycle-
specific value is presented in Supplementary Table SI.

Second, women did not always attend the clinic visit at the first
menses after enrolment and could have been beyond three cycles of
attempt at the blood draw. To examine the influence of left truncation,
we performed a sensitivity analysis by restricting to women who had
been within six cycles of the start of their attempt when they had their
blood drawn.

Third, related to the previous analysis, we examined the association
between 25(OH)D and fecundability when limiting the cycles to those
that occurred within three cycles or 90 days of the blood draw.

Fourth, to examine the influence of women who may have been peri-
menopausal or who potentially had undiagnosed PCOS, we completed
a sensitivity analysis excluding women with AMH values that were low
(<0.7 ng/ml) or high (>7.5 ng/ml).

Fifth, adjustment for gravidity is not advisable when the exposure
may have affected previous pregnancies (Howards et al., 2012), thus
adjustment for gravidity was also presented as a sensitivity analysis.

Finally, we adjusted the results for level of exercise for those women
who provided this information.
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Estimating cycle-specific 25(OH)D
We estimated a time-varying cycle-specific 25(OH)D level for cycles
after the blood draw.

First, we identified variables for which we had longitudinal data
that could change with each menstrual cycle (season, supplement
use and time since estrogen use (Mikkelsen et al. 2013; Harmon
et al., 2016)). For the menstrual cycle in which the blood draw
occurred, season was defined by assigning the date of the blood
draw to a radian measure based on its distance from January 1.
Season for the menstrual cycles that occurred after the blood draw
were defined by the date of the first day of menses. Supplement
use was calculated from the daily diary as the average international
units (IUs) of vitamin D intake for each menstrual cycle. The average
IUs of vitamin D intake was calculated by summing the total IUs
consumed during a cycle, divided by the number of days a woman
recorded in the daily diary for that cycle. On the baseline questionnaire,
women reported their contraceptive use for each of the months
immediately before beginning their pregnancy attempt (since hormonal
contraception affects fecundability for ∼3 months post-cessation
(Mikkelsen et al., 2013)). This information was used to determine
how much time had elapsed since she had last taken an estrogen-
containing contraceptive, which may also affect 25(OH)D levels
(Harmon et al., 2016).

Second, using only the cycles in which the blood draw occurred,
we modeled the measured 25(OH)D values as a function of sea-
son (including the cosine and sine for the radian measure described
above (Galbraith, 1988)), supplement use and time since estrogen use.
We also included interactions between race and obesity with season
and/or supplement use where they were important (P < 0.2).

Third, the difference between the predicted 25(OH)D and the
observed 25(OH)D was calculated. We then used the predictive
model to estimate 25(OH)D in other observed menstrual cycles using
the date of the cycle, the time since estrogen use and the supplement
use reported for that menstrual cycle. The residual that had been
calculated in step three was added to the modeled 25(OH)D to obtain
the final estimated 25(OH)D level for the cycle. We refer to this
measure as ‘cycle-specific 25(OH)D’.

Ethical approval
The Institutional Review Board at the University of North Carolina at
Chapel Hill reviewed and approved this protocol.

Results

Univariable description
Of the 522 women, 257 conceived and the median number of cycles
in the study was 3. The mean age of the women was 33 years and the
mean 25(OH)D was 36 ng/ml and the SD was 11 ng/ml (median
(interquartile range): 35 ng/ml (29–41)). Women who entered
the study in their first attempt cycle tended to have slightly higher
25(OH)D than those entering later, mean 25(OH)D was 38 ng/ml in
cycle 1, 35 in cycle 2, 36 in cycle 3, 32 in cycle 4 and 36 for cycle 5
or higher. African-American women, women with less education and
overweight or obese women had lower 25(OH)D (Table I). Women

https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/dez170#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/dez170#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/dez170#supplementary-data
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with higher levels of exercise or who had recently used an estrogen-
containing contraceptive had higher 25(OH)D, as did women with
higher alcohol consumption. The average age among women who
did not conceive was 34.6 compared with 32.9 among women who
conceived. Women who did not conceive had a mean 25(OH)D of
34.4 ng/ml compared with 36.5 ng/ml among women who conceived.

25(OH)D and fecundability
Unadjusted, there was a 6% increase in fecundability for each 10 ng/ml
increase in 25(OH)D (FR (95% CI): 1.06 (0.98, 1.14)). With full
adjustment, there was a 10% increase in fecundability for each 10 ng/ml
increase in 25(OH)D (Table II).

In the unadjusted models, when compared with a 25(OH)D level
between 30 and 40 ng/ml, 25(OH)D <20 ng/ml was associated with
lower fecundability (FR(95% CI): 0.50 (0.21, 1.18)) while a 25(OH)D
of at least 50 ng/ml was associated with higher fecundability (FR (95%
CI): 1.26 (0.87, 1.81)). In the fully adjusted model, low 25(OH)D
was associated with lower fecundability (FR (95% CI): 0.55 (0.23,
1.32)), although the magnitude of effect was smaller, and the CI was
wide (Table II). The point estimate was unchanged when examined
as a dichotomous variable, i.e. when comparing women with clinical
deficiency (<20 ng/ml) to all other women (> = 20 ng/ml), FR (95%
CI): 0.52 (0.22, 1.23). On the other hand, in the fully adjusted model,
women with a 25(OH)D level of at least 50 ng/ml had 35% higher
fecundability (CI: 0.95, 1.91) (Table II). Additional adjustment for sea-
son did not materially alter these results (FR (CI): 1.32 (0.93, 1.87)).
These results were also not changed when excluding the seven current
smokers (FR (CI):1.35 (0.95, 1.91)) or when adjusting for paternal age
and obesity (FR (CI): 1.33 (0.93, 1.91)).

The estimated probability of taking longer than six menstrual cycles
to conceive was 51% in women with 25(OH)D <20 ng/ml (95%
CI: 0.17, 0.74), 28% in women with 25(OH)D of 30–40 ng/ml
(95% CI: 0.17, 0.39) and 15% in women with 25(OH)D >50 ng/ml
(95% CI: 0.10, 0.37).

The results were slightly weaker using the predicted cycle-specific
value of 25(OH)D, although the sample size of cycles was also smaller
(Supplementary Table SI). The results in Table II were robust to
the other sensitivity analyses, which resulted in FRs of 1.27 to 1.50
(Supplementary Table SI).

Table II Associations between 25(OH)D and fecund-
ability among participants from the Time to Conceive
cohort (N = 522 women).

Number of
cycles

FR (95% CI)a

...................................................................................
25(OH)D, per 10 ng/ml increase 1282 1.10 (0.96, 1.25)

<20 ng/ml 56 0.55 (0.23, 1.32)

20–30 318 1.17 (0.89, 1.53)

30–40 523 1

40–50 278 0.97 (0.73, 1.31)

≥50 107 1.35 (0.95, 1.91)

aAdjusted for age, race, education and fertile window intercourse.
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Discussion
In women of late reproductive age with no known fertility problems,
we found suggestive associations between low levels of 25(OH)D and
lower fecundability and between high levels of 25(OH)D and increased
fecundability. The level of 25(OH)D with the highest fecundability
(50 ng/ml or greater) and estimated cumulative probability of preg-
nancy is higher than the levels recommended by either the Institute
of Medicine or the Endocrine Society (Dietary Reference Intakes for
Calcium and Vitamin D, 2011; Holick et al., 2011). The relevance of
higher levels of 25(OH)D for fertility has not been previously explored
in a community-based sample. However, a previous study reported
that among women with PCOS undergoing IVF, a 25(OH)D level of
at least 40 ng/ml was associated with improved outcomes (Pal et al.,
2016). A recent meta-analysis of five studies also found that higher
25(OH)D improved IVF success (Lv et al., 2016), although the authors
noted heterogeneity across those studies. Our results are consistent
with this literature and suggest that higher levels of 25(OH)D may
also be relevant for improved reproductive function more generally.
Furthermore, low vitamin D levels have previously been associated
with long or irregular menstrual cycles (Jukic et al., 2015, 2016, 2018).
Thus, lower levels of vitamin D may lead to both long cycles and a
decreased probability of conception in each cycle. These effects would
generally combine to increase the calendar time required to achieve
conception.

Three other studies have examined 25(OH)D and fecundability. A
study of 132 healthy women in the Northeast US found three times the
odds of clinical pregnancy within six menstrual cycles among women
with a 25(OH)D of at least 30 ng/ml (compared with <30 ng/ml)
(Fung et al., 2017). The estimated fecundability ratio in that study was
1.19 (0.74, 1.92). Another study followed 145 Danish women attempt-
ing pregnancy and found no association of 25(OH)D with conceiving
within about 6 months (Moller et al., 2012); however, this analysis did
not examine time to pregnancy as a continuum. Finally, a recent study
of women with a history of pregnancy loss reported an increased
conception rate with higher 25(OH)D (Mumford et al., 2018). The
adjusted fecundability odds ratio comparing women with vitamin D
sufficiency (≥30 ng/ml) to women with insufficiency (<30 ng/ml) was
1.13 (CI: 0.95, 1.34). This is weaker than the result we have reported
here for women with high 25(OH)D levels. However, in the previous
studies, results were not presented for even higher levels of 25(OH)D.
It is possible that higher levels of 25(OH)D drove the associations with
conception or fecundability in all the previous studies.

Our results are also consistent with numerous animal studies that
have demonstrated an effect of lower vitamin D on fertility (Hallo-
ran and DeLuca, 1980; Hickie et al., 1983; Kwiecinksi et al., 1989;
Yoshizawa et al., 1997; Kinuta et al., 2000; Panda et al., 2001; Johnson
and DeLuca, 2002; Sun et al., 2010; Dicken et al., 2012). However,
the underlying mechanism of this association is unclear. The further
associations of vitamin D with menstrual cycles and ovulation timing
(Jukic et al., 2015, 2016, 2018) suggest that vitamin D may play a role
in ovulation or the hypothalamic–pituitary–ovarian axis. One study in
mice suggests that vitamin D may influence ovarian angiogenic factors
that in turn influence the development of ovarian follicles (Sun et al.,
2010). Other animal studies suggest that low vitamin D is associated
with hypergonadotropic hypogonadism, including decreased ovarian
aromatase gene expression and activity, decreased estrogen synthesis

https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/dez170#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/dez170#supplementary-data
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and increased pituitary LH and FSH (Kinuta et al., 2000; Sun et al.,
2010). Finally, one study of mice reported that the vitamin D receptor
is expressed in gonadotropin-releasing hormone (GnRH) neurons,
which might suggest a role for vitamin D in hypothalamic signaling
(Dicken et al., 2012).

In humans, little is known regarding vitamin D and hormone levels,
and the existing studies differ in their underlying study populations
and the timing of biospecimen collection. Higher circulating 25(OH)D
has been associated with both higher (Zhao et al., 2017) and lower
estradiol (Knight et al., 2010), but an absence of association has also
been reported (Chang et al., 2014). One study reported a decrease
in progesterone with higher 25(OH)D (Knight et al., 2010); however,
progesterone was measured on Day 21 of the menstrual cycle without
accounting for ovulation timing, which is important given the reported
association of low 25(OH)D with delayed ovulation (Jukic et al.,
2018). Interestingly, 25(OH)D has been positively correlated with
testosterone (Chang et al., 2014; Zhao et al., 2017).

Vitamin D has also been associated with uterine receptivity and
embryonic implantation, which might also be relevant mechanisms
for the observed associations with fecundability. An in vitro study
of human endometrium reported that active vitamin D upregulated
HOXA10 expression, which is known to influence uterine receptivity
and embryonic implantation (Du et al., 2005). Extravillous trophoblast
invasion is increased in vitro when treated with either active vitamin
D or 25(OH)D (Chan et al., 2015). Pregnancy rates may be lower in
vitamin D-deficient recipients of donor oocytes, suggesting that uterine
receptivity is influenced by vitamin D (Rudick et al., 2014), although
another study found no difference (Fabris et al., 2017). A random-
ized trial of vitamin D reported improved endometrial thickness in
women who received vitamin D supplementation (Abedi et al., 2019).
Fertilisation is another possible mechanism underlying the observed
associations as some IVF studies have reported improved fertilisation
rates in vitamin D sufficient women (Firouzabadi et al., 2014; Abadia et
al., 2016), although another study showed no association (Fabris et al.,
2017).

In the IVF literature more broadly, studies are conflicting. Several
studies report increased IVF success for women with higher serum
25(OH)D (Ozkan et al., 2010; Rudick et al., 2012; Garbedian et al.,
2013; Polyzos et al., 2014) or follicular fluid 25(OH)D levels (Ozkan
et al., 2010). However, other studies of women using artificial repro-
ductive technologies report no association of vitamin D with various
measures of IVF success (Fabris et al., 2014; Franasiak et al., 2015;
Abadia et al., 2016; Butts et al., 2019). The reason for these differences
is unclear but may be due to small sample sizes or the underlying
distribution of race or ethnicity or of causes of infertility in each study
sample. For example, women with PCOS specifically, may have a higher
probability of artificial reproductive technology success if they are not
vitamin D deficient (Ott et al., 2012; Butts et al., 2019; Cunningham
et al., 2019). It is also possible that women undergoing IVF differ
systematically across studies.

This study was larger than all but one prior study, by including over
500 women, with a wide distribution of 25(OH)D which enabled
detection of associations at the high end of 25(OH)D. This study is
further strengthened by the use of prospective daily diary information
as well as monthly reports, which were used to define menstrual
cycles during the attempt time. However, dietary information was not
collected in these diaries which could lead to residual confounding if
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foods that provide vitamin D influence fecundability independently of
vitamin D. We did have information regarding alcohol and caffeine
use. A limitation is that this analysis relies on a single blood sample
drawn early in the attempt to become pregnant. To address this, we
built an imputation model to estimate the cycle-specific 25(OH)D level
in post-blood sampling cycles as the seasons changed. This refined
estimate did not substantially change the results. Women in this study
were generally well-educated, which may limit generalizability to other
populations.

Conclusions
Although imprecise, there were suggestive associations of high
25(OH)D (at least 50 ng/ml) with increased fecundability and low
25(OH)D (<20 ng/ml) with reduced fecundability. Reproductive
function may be improved at 25(OH)D levels that are higher than
current clinical guidelines, which recommend at least 20 ng/ml
(Dietary Reference Intakes for Calcium and Vitamin D, 2011) or at
least 30 ng/ml (Holick et al., 2011) of 25(OH)D. Our results are
consistent with animal and human literature. Future studies should
confirm the association and investigate the mechanism underlying it.
Possible mechanisms include the influence of vitamin D on repro-
ductive endocrinology, follicle development and uterine receptivity in
humans.

Supplementary data
Supplementary data are available at Human Reproduction online.
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