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ABSTRACT

Background: Glycemic load (GL) reflects the quantity and quality
of carbohydrates in the diet; dietary fiber and added sugar are
components of GL. Few epidemiologic studies have assessed the
association between these dietary factors and fecundability.
Objective: We prospectively evaluated the associations of GL, total
carbohydrates, dietary fiber, and added sugar with fecundability.
Methods: Snart Foraeldre (SF) and Pregnancy Study Online
(PRESTO) are parallel web-based prospective preconception cohorts
of couples attempting to conceive in Denmark and North America. At
baseline, female participants completed a web-based questionnaire
on demographic and lifestyle factors and a validated FFQ. We calcu-
lated GL, total carbohydrate intake, total dietary fiber, carbohydrate-
to-fiber ratio, and added sugar based on reported frequencies for
individual foods, standard recipes for mixed foods, and average
serving sizes. The analysis included 2709 SF participants and 4268
PRESTO participants. We used proportional probabilities regression
models to estimate fecundability ratios (FR) and 95% Cls.

Results: Compared with an average daily GL of <100, FRs for an
average daily GL of >141 were 0.89 (95% CI: 0.73, 1.08) in SF and
0.87 (95% CI: 0.77, 0.98) in PRESTO participants. Compared with
consuming <16 g/d of dietary fiber, FRs for consuming >25 g/d were
0.99 (95% CI: 0.81, 1.22) in SF and 1.06 (95% CI: 0.94, 1.20) in
PRESTO. Compared with a carbohydrate-to-fiber ratio of <8, FRs
for a ratio of >13 were 0.86 (95% CI: 0.73, 1.01) in SF and 0.87
(95% CI: 0.78, 0.98) in PRESTO. Compared with <27 g/d of added
sugar, FRs for >72 g/d were 0.87 (95% CI: 0.68, 1.10) in SF and 0.86
(95% CI: 0.75, 0.99) in PRESTO participants.

Conclusions: Among women attempting to conceive in Denmark
and North America, diets high in GL, carbohydrate-to-fiber ratio, and
added sugar were associated with modestly reduced fecundability.
Am J Clin Nutr 2020;112:27-38.
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Introduction

Approximately 10-15% of couples experience infertility, the
inability to conceive within 12 mo of unprotected intercourse
(1). Although infertility imposes a large financial and emotional
burden for affected couples, few modifiable risk factors have been
identified.

The glycemic index (GI) is the relative ranking of carbohy-
drates based on how a carbohydrate affects blood sugar. GI is the
measure of the glycemic effect of a specific food’s carbohydrate
content compared with the equivalent carbohydrate quantity
in standard glucose (2). High-fiber foods tend to lower blood
glucose, resulting in lower GI, while simple carbohydrates tend
to raise blood glucose, resulting in higher GI. Glycemic load
(GL) is a more accurate way to assess the effect of diet on
blood glucose concentration because it accounts for carbohydrate
quality through the GI and carbohydrate quantity through portion
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size. Low carbohydrate quality and high GL have been linked via
insulin resistance to increased risk of diabetes (3), cardiovascular
disease (4), and polycystic ovary syndrome (PCOS) (5).

Insulin resistance may be an important determinant of
ovulatory function, as high insulin concentration may upregulate
free testosterone production, resulting in hyperandrogenism (6,
7). Improving insulin sensitivity through medications or dietary
interventions has been shown to decrease circulating testosterone
concentrations and improve hormonal function for individuals
with obesity or PCOS (7). One cross-sectional study (8), 1
randomized control trial (9), and 2 case-control studies (10,
11) reported increased cycle regularity among women with
PCOS who were treated with metformin, an insulin sensitivity—
improving drug. In a randomized controlled trial that assigned
overweight or obese women to a low-GI diet or a conventional
healthy diet, insulin sensitivity was improved with the low GI
diet (12).

While several studies have examined how dietary changes
affect the hormonal milieu (8—11), few studies have assessed the
influence of GL on fertility. One prospective analysis, conducted
within the Nurses’ Health Study II, showed that individuals
with the highest quintile of carbohydrate intake and the highest
quintile of daily GL had nearly double the risk of ovulatory
infertility compared with those in the lowest quintile of each
respective factor (13).

We evaluated the extent to which GL and its major de-
terminants, total carbohydrates, fiber, and added sugar, were
associated with fecundability in 2 internet-based preconception
cohort studies of women attempting to conceive in Denmark and
North America.

Methods

Study population

Snart Foraeldre (SF) (“Soon Parents”) is an ongoing internet-
based prospective preconception cohort study of couples at-
tempting to conceive in Denmark. Launched in 2011, SF is
an expansion of the Snart Gravid (“Soon Pregnant”) study,
described in detail elsewhere (14). Eligible participants are
women aged 18—45 y who are attempting pregnancy and not
using fertility treatment. Participants were recruited primarily
through advertising on a popular health-related website and social
media (15, 16). Upon enrollment, female participants complete
an online self-administered baseline questionnaire. Beginning
in February 2013, participants were asked to complete a food-
frequency questionnaire (SF-FFQ) that was designed for and
validated in this population (17). Of the 6354 eligible women who
completed the baseline questionnaire, we excluded 128 whose
last menstrual period (LMP) was >6 mo before study entry
and 140 women with missing or implausible LMP information.
We excluded 1554 women attempting to achieve pregnancy
for >6 mo at study entry, and 995 women who filled out the
baseline questionnaire prior to SF-FFQ implementation. We
further excluded 761 women who did not complete the SF-FFQ
(response rate of 78%), 34 women with implausible total energy
intake (<600 or >3800 kcal/d), and 33 who had >12 missing
food items on the SF-FFQ, for a final analytic sample of 2709
women (Supplementary Figure 1).

The Pregnancy Study Online (PRESTO) is an ongoing
internet-based prospective preconception cohort study of couples
attempting to conceive in the United States and Canada.
PRESTO was initiated in 2013 and modeled after SF. Study
methods have been described in detail elsewhere (18). Women
aged 21-45 y who are attempting pregnancy and not using
fertility treatment are eligible for participation. Participants were
recruited primarily through advertising on social media and
pregnancy related websites (18). Female participants complete
a baseline questionnaire and may complete the National Cancer
Institute’s Diet History Questionnaire II (DHQII) (19). A total of
8773 eligible women completed the baseline questionnaire. We
excluded 102 women whose baseline LMP was >6 mo before
study entry, 35 women with insufficient or missing LMP data,
and 1762 women attempting to achieve pregnancy for >6 mo at
study entry. We further excluded 2514 women who did not fill
out the DHQII (response rate of 63%) and 92 women with total
energy intake <600 or >3800 kcal/d, for a final analytic sample
of 4268 women (Supplementary Figure 1).

In both cohorts, baseline questionnaires are used to as-
certain information on demographic, lifestyle, reproductive,
and medical histories. Female participants complete bimonthly
follow-up questionnaires to ascertain self-reported pregnancy
status, regardless of outcome, for up to 12 mo or reported
conception. SF is registered at Aarhus University (2016-051-
000001, number 431) and complies with Danish and European
Union legislation on data protection. SF and PRESTO were
approved by the Institutional Review Board at Boston Medical
Center. Participants in both cohorts provided online informed
consent.

Exposure assessment

We estimated food groups and macro- and micronutrient
intakes using the nutrient composition of all food items in each
cohort. In SF, we used the Danish Nutrient Database (20), and
in PRESTO, we used the National Cancer Institute’s DietxCalc
software (version 1.5.0). A priori, we evaluated the association
between GL and its 2 primary components, dietary fiber and
added sugar, and fecundability. In addition, we examined the
association between other measures of carbohydrate quality,
including total carbohydrate intake, GI, and carbohydrate-to-
fiber ratio, for a more comprehensive analysis and to provide
comparability with prior literature. We estimated GL, total
carbohydrate intake, dietary fiber (including fruit, vegetable, and
cereal fiber), and added sugar in both cohorts. In PRESTO, we
estimated soluble fiber, insoluble fiber, sucrose, and fructose
(data not available in SF). We derived an average daily GI by
dividing average daily GL by the average daily carbohydrate
intake (21). We used pure glucose as the scale for measuring GI
and GL. We calculated carbohydrate-to-fiber ratios by dividing
average daily carbohydrate intake by average daily dietary fiber
intake. Nutrients, including total carbohydrates, fiber, and added
sugar, were validated within each population (17-22). The SF-
FFQ was validated against a 4-d food record in Denmark among
100 study participants, with deattenuated Pearson correlation
coefficients for total carbohydrates, fiber, and added sugar
of 0.70, 0.70, and 0.47, respectively (17). The DHQII was
validated against repeated 24-h dietary recalls in the United
States, with deattenuated Pearson correlation coefficients for
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total carbohydrates, fiber, and added sugar of 0.69, 0.77, and
0.79, respectively (19). In Denmark, GL was calculated using
published GI values (23) for each SF-FFQ food item. For foods
specific to the Danish diet, published values (24) were used. If
published GI values did not exist, GI values for similar foods
were chosen based on nutritional content. In PRESTO, GL was
calculated using published GI values (23) for each DHQII food
and, if published GI values did not exist, decision criteria (25)
were used to assign GI values. Serving size—specific GL values
were calculated for each food item (25). We adjusted nutrient
intakes utilizing the nutrient residual method, standardizing to
2000 kcal in both cohorts (26).

Fecundability assessment

At baseline, women reported their LMP and the number of
cycles they attempted pregnancy at study entry. Women with
regular cycles, defined as being able to “predict about when
the next period would start” during times when they were
not using hormonal contraception, were also asked about their
usual cycle length. On each follow-up questionnaire, participants
reported their LMP and whether they had conceived since
the last questionnaire. For women with irregular cycles, we
estimated cycle length based on reported LMP at baseline
and over follow-up. Fecundability, the primary outcome for
this research, was estimated based on total discrete menstrual
cycles at risk, calculated as: cycles of attempt at study entry
+ [(LMP date from most recent follow-up questionnaire —
date of baseline questionnaire completion)/usual cycle length]
+1. Females contributed observed cycles from baseline until
reported conception, initiation of fertility treatment, cessation of
pregnancy attempt, withdrawal, loss to follow-up, or 12 cycles,
whichever came first.

Covariate assessment

At baseline, participants reported their age, weight, height,
race, ethnicity, marital status, education, income, smoking status,
alcohol intake, physical activity, parity, gravidity, last form of
contraception, intercourse frequency, use of any methods to
time intercourse (e.g., ovulation testing, menstrual charting),
and multivitamin use. BMI was calculated as kg/mz. In SF,
total metabolic equivalents (METs) were calculated using the
International Physical Activity Questionnaire short form by
summing MET-hours from walking, moderate physical activity,
and vigorous physical activity (27). In PRESTO, MET-hours
were calculated by multiplying the average hours per week
spent in various activities by metabolic equivalents estimated
by the Compendium of Physical Activity (28). Based on the
dietary questionnaires, we assessed diet quality [measured via
the Nutrient Rich Diet Score (NRDS) in SF and the Healthy
Eating Index 2010 (HEI) in PRESTO] and total energy intake
(29, 30). To avoid overadjustment, we calculated an adjusted
diet quality measure by removing the proportion of the diet
quality score contributed by whole grains and added sugar for the
GL—fecundability and carbohydrate—fecundability associations;
the proportion of the score contributed by whole grains for the
fiber—fecundability association; and the proportion of the score
contributed by added sugar for the added sugar—fecundability

association. All other potential confounders were identical, with
the exception of race/ethnicity (not ascertained in SF) and
education, income, and marital status, which were ascertained
differently across studies.

Data analysis

We used proportional probabilities regression models to esti-
mate fecundability ratios (FRs) and 95% CIs for the association
between selected dietary factors and fecundability. The FR is
the ratio of the average per-cycle probability of conception
comparing the exposed category with the unexposed (reference)
category. An FR <1 indicates a longer time to pregnancy
among exposed relative to unexposed women. The discrete-time
proportional probabilities model in Weinberg et al. (31) includes
indicator variables for each cycle at risk, thereby accounting
for the decline in fecundability over time in the population still
being followed. The Andersen—Gill data structure outputs a single
menstrual cycle per observation and accounts for left truncation
from delayed entry into the study.

We conducted parallel analyses across cohorts and then, as the
cohorts were designed to have virtually identical data collection
methods and instruments, harmonized the data to conduct a
pooled analysis (32). We additionally conducted a fixed-effect
meta-analysis to allow for heterogeneity in the exposure and
covariates. To facilitate comparison, we used the same categories
for GL, carbohydrate intake, dietary fiber, carbohydrate-to-fiber
ratio, and added sugar within each cohort, based on daily
recommended values for each nutrient (2, 33, 34). We used
the same categories for GI, fruit fiber, and vegetable fiber in
both cohorts, based on the distribution across cohorts. Due
to nonoverlapping distributions, we categorized cereal fiber
based on the cohort-specific distribution. We categorized soluble
fiber, insoluble fiber, fructose (total, contribution from fruit,
and contribution from other sources), and sucrose based on
the distribution in PRESTO. We examined the associations of
dietary factors in either 5-unit (total dietary fiber, carbohydrate-
to-fiber ratio, and soluble, insoluble, cereal, fruit, and vegetable
fiber) or 10-unit increments (GL, GI, carbohydrates, and
added sugar) and fecundability. We additionally examined the
associations of GL, dietary fiber, and added sugar as continuous
variables by fitting restricted cubic splines to allow for nonlinear
associations (35).

Final models were adjusted for age (<25, 25-29, 30-34, 35—
39, 0or >40y), BMI (<18.5, 18.5-24.9, 25-29.9, 30-34.9, or >35
kg/mz), income (<25, 25-39, 40-64, or >65 k DKK/mo in SF
and <50, 50-99, 100-149, or >150 k US$/y in PRESTO), energy
intake (kilocalories per day), smoking status (never, current,
occasional, or past), parity (parous or nulliparous), alcohol intake
(number of drinks per week), physical activity per week (<10,
10-19, 20-39, or >40 MET-h/wk), last form of birth control
(natural, barrier, or hormonal), married or live together (yes or
no), intercourse frequency (<1, 1, 2-3, or >4 times/wk), using
method to improve chances of pregnancy (yes or no), daily use
of prenatal or multivitamins (yes or no), education (<12, 13—
15, 16, or >17 y of education), and adjusted dietary quality
(HEI or NRDS). PRESTO models were additionally adjusted
for race/ethnicity (non-Hispanic white or other race/ethnicity).
In a secondary analysis, multivariable models for carbohydrate

0202 AINr 80 uo 1senb Aq 8%,2969G/.2/L/Z 1 L AoBASqE-8[oIME/UD(E/W0d"dNO"0IWLSPEOE)/:SARY WOI) PAPEOUMOQ



30 Willis et al.

intake were additionally adjusted for total protein and trans-
fatty acid intake to simulate the substitution for carbohydrates
at the expense of naturally occurring fats. In pooled analyses, we
additionally adjusted for cohort.

We previously reported an association between sugar-
sweetened soda intake (both partners) and fecundability in
PRESTO (limited data on male diet were available in SF)
(36); therefore, in the present analysis we conducted sensitivity
analyses within PRESTO where we I) removed the portion
of added sugar contributed by sugar-sweetened soda and 2)
restricted the cohort to women with complete partner data
(n = 1380) and adjusted for male sugar-sweetened beverage
(SSB) intake (36).

We assessed the extent to which the association between GL,
carbohydrate intake, dietary fiber, carbohydrate-to-fiber ratio,
and added sugar varied by BMI (<25 compared with >25 kg/mz),
as adiposity may modify the GL—fecundability association (2).
Because Chavarro et al. reported that parity modified the effect of
GL on ovulatory infertility (13), we conducted analyses stratified
by parity (parous compared with nulliparous). Finally, to assess
the potential for reverse causation, we stratified by attempt time
at study entry (<3 compared with 3-6 cycles).

We used multiple imputation to impute missing data on
covariates and pregnancy outcomes (37). We generated 5 imputed
datasets for SF and PRESTO, and combined coefficient and
SE results across imputed datasets within each cohort (38). For
women with no follow-up data (SF, n = 177; PRESTO, n = 460),
we assigned them 1 cycle of follow-up and imputed their
pregnancy status (38). Missingness for covariates ranged from
<1.0% (prior pregnancy) to 10% (income) in SF and from <0.1%
(prior pregnancy) to 4% (income) in PRESTO. There were no
missing values for age or energy intake. All statistical analyses
were performed using SAS version 9.4 (39). We interpreted re-
sults following the recommendations of the American Statistical
Association regarding statistical significance testing (40). Based
on these guidelines, we eschewed significance testing, instead
interpreting our findings based on the magnitude, precision, and
potential for bias in the estimates we report.

Results

During 2013 to 2018, 2709 SF participants contributed a
total of 1818 pregnancies and 9609 cycles, and 4268 PRESTO
participants contributed a total of 2652 pregnancies and 17,390
cycles. Average GL intake was similar across cohorts (SF: 120,
IQR: 110-129; PRESTO: 121, IQR: 104-135), but average
carbohydrate and dietary fiber intakes were slightly higher in
SF (SF: 238 g/d; IQR: 221-256 g/d; PRESTO: 229 g/d; IQR:
204-254 g/d and SF: 25 g/d; IQR: 21-28 g/d; PRESTO: 21 g/d;
IQR: 17-25 g/d, respectively) and average added sugar intake
was higher in PRESTO (SF: 36 g/d; IQR: 23-42 g/d; PRESTO:
53 g/d; IQR: 33-63 g/d). Dietary fiber intake was higher in SF
due to greater intake of cereal fiber; fiber intake from fruit and
vegetables was comparable across cohorts.

In SF, the top food contributor to GL and dietary fiber was
rye bread and the top contributor to added sugar was SSB; in
PRESTO, the top food contributor to GL and added sugar was
sugar-sweetened soda and the top food contributor to dietary fiber
was nuts and seeds. In SF, high GL was positively associated

with parity and PCOS diagnosis and inversely associated with
alcohol intake, intercourse frequency, and education (Table 1).
In PRESTO, high GL was positively associated with parity
and current smoking, and inversely associated with education,
income, and alcohol intake.

In both cohorts, relative to a GL of <100, a GL of >141
was associated with a slight reduction in fecundability (SF: FR:
0.89; 95% CI: 0.73, 1.08; PRESTO: FR: 0.87; 95% CI: 0.77,
0.98) (Table 2). Results were similar in the pooled analysis
(FR: 0.86; 95% CI: 0.78, 0.95). Findings were consistent when
displayed using restricted cubic splines, with a slight reduction
in fecundability observed among consumers with the highest GL
values in SF and a stronger dose—response reduction observed
in PRESTO (Figure 1). Results were similar for the association
between GI and fecundability across cohorts and in the pooled
analysis.

In SF, we observed no appreciable association between total
carbohydrate intake and fecundability (Table 2). We observed a
slight inverse association between intake of total carbohydrates
and fecundability within PRESTO (FR: 0.87; 95% CI: 0.77,
0.97). When examining the role of carbohydrate intake at the
expense of intake of naturally occurring fats (Supplementary
Table 1), we observed that results were similar to the analysis
examining the association between total carbohydrate intake and
fecundability. Within both cohorts, total fiber intake was not
appreciably associated with fecundability. FRs for fiber intake
of >25 g/d compared with <16 g/d were 0.99 (95% CI: 0.81,
1.22) in SF and 1.06 (95% CI: 0.94, 1.20) in PRESTO. In the
pooled analysis, we observed a slight increase in fecundability
among women with fiber intakes of 21-24 g/d (FR: 1.11; 95%
CI: 1.02, 1.22) and >25 g/d (FR: 1.13; 95% CI: 1.02, 1.23)
compared with those with fiber intakes of <16 g/d. In PRESTO,
little association was observed between soluble or insoluble fiber
and fecundability. Results were similar when separating total
fiber into cereal, fruit, and vegetable fiber within both cohorts
(Table 2). When data were displayed using restricted cubic
splines, there was little association between fecundability and
total dietary fiber (Figure 1). In both cohorts and in the pooled
analysis, fecundability declined with increasing carbohydrate-to-
fiber ratio: relative to carbohydrate-to-fiber ratios of <8, FRs for
carbohydrate-to-fiber ratios of >13 were 0.86 (95% CI: 0.73,
1.01) in SF, 0.87 (95% CI: 0.78, 0.98) in PRESTO, and 0.85 (95%
CI: 0.78, 0.92) in both cohorts combined.

In both cohorts, fecundability declined with increasing con-
sumption of added sugar (Figure 1). In comparison with consum-
ing <27 g/d, FRs for consuming >72 g/d in SF were 0.87 (95%
CI: 0.68, 1.10) and in PRESTO were 0.86 (95% CI: 0.75, 0.99)
(Table 2). In the pooled analysis, the inverse association between
added sugar intake and fecundability persisted (FR: 0.83;95% CI:
0.75, 0.92). When the portion of sugar contributed by soda intake
in PRESTO was removed, the monotonic association was still
evident, although slightly attenuated (Supplementary Table 2).
Among PRESTO participants with partner-level data, additional
adjustment for male SSB intake did not appreciably change the
FR (Supplementary Table 3).

Results for all exposures were generally consistent across the
pooled analysis and fixed-effect meta-analysis (Supplementary
Table 4).

In PRESTO, when examining the association between added
sugar intake and fecundability, little association was observed
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TABLE 1 Baseline demographics for the SF and PRESTO cohorts based on glycemic load'

SF

PRESTO

Average daily glycemic load

Average daily glycemic load

<100 101-114 115-125 126-140 >141 <100 101-114 115-125 126-140 >141
Women, n 299 730 776 665 239 897 888 828 832 823
Age,y 293 +£ 34 292 £ 3.7 289 + 3.8 287 £ 3.4 28.6 + 4.1 303 £ 3.7 30.1 £ 3.9 30.1 £ 3.8 30.0 £ 3.9 30.0 £ 4.3
BMLI, kg/m? 244 £ 4.6 242 + 49 239 £ 4.6 239 £ 49 241 £55 261 £6.1 264 £ 6.6 269 £ 7.0 273 £ 7.1 29.0 £ 7.8
HEI (PRESTO) — — — — — 694 £ 69.7 68.6 £ 10.0 68.1 & 103 658 + 100 59.8 + 12.1
NRDS (SF) 1050 + 74 1054 + 56 1040 + 60 1020 + 72 944 + 122 — — — — —
Energy intake, kcal/d 1820 &+ 559 1923 £ 571 1892 £ 493 1831 £ 460 1727 £ 500 1579 £ 539 1593 £ 513 1580 £ 488 1577 & 525 1578 & 550
Smoking status
Current 8.5 5.6 4.0 5.3 5.5 2.7 2.8 3.1 4.1 10.2
Never 67.9 68.7 76.5 75.7 77.5 774 77.6 79.0 89.3 85.4
Occasional 72 8.0 4.5 5.5 42 33 32 3.7 34 3.0
Past 16.4 17.5 15.0 13.6 12.8 16.5 16.5 14.3 10.7 14.6
Parous 223 29.2 33.8 375 37.0 233 27.9 28.1 31.6 36.7
Alcohol intake, drinks/wk 34+ 36 3.0 £33 2.8 + 3.6 23 +33 1.9 £ 26 48 + 7.1 37 £ 43 3.1 £39 24 £+ 37 1.9 + 3.0
SSB intake, drinks/wk 03 £ 0.8 05+ 1.1 08 £ 1.6 1.1+ 1.7 21 +£29 08 + 1.9 14 +25 19 + 28 27 £ 46 5.1+ 6.7
Physical activity, MET-h/wk
<10 6.7 9.4 11.6 9.5 16.6 75 10.5 10.5 11.8 18.0
10-19 11.9 11.8 12.9 16.5 13.4 17.5 18.9 16.7 20.7 19.7
20-39 339 27.1 26.4 25.0 26.1 35.9 35.1 36.7 35.7 32.0
>40 47.5 51.7 49.0 48.9 43.9 39.2 355 36.2 31.7 303
Most recent birth control method
Natural 2.7 33 44 32 5.5 225 22.6 183 18.6 19.5
Hormonal 60.0 57.3 56.0 60.5 57.7 329 353 389 43.0 45.1
Barrier 374 395 39.7 36.4 36.8 44.6 42.1 42.8 384 354
Intercourse frequency, times/wk
<1 159 19.5 18.6 17.8 244 204 20.1 21.2 20.2 235
1 19.9 18.7 21.8 21.6 21.9 204 19.2 18.0 17.5 18.7
2-3 46.1 45.1 46.8 48.1 46.2 442 459 48.5 47.8 41.3
>4 18.1 16.7 12.7 12.5 7.5 15.1 14.8 12.3 14.6 16.5
Using method to improve 73.0 71.9 74.2 72.0 71.7 76.6 75.2 76.8 74.8 74.9
pregnancy chances
Daily use of multivitamin 73.7 68.9 71.9 70.1 65.3 872 85.8 83.7 84.1 78.8
Non-Hispanic white — — — — — 86.9 87.6 87.5 87.9 82.7
Married? 96.0 97.9 98.3 97.3 95.5 94.9 94.7 93.5 93.1 89.3
Education, y
<12 2.4 2.4 2.6 52 6.3 1.9 1.4 1.8 2.7 6.7
13-15 153 14.0 14.0 16.2 21.1 132 154 17.1 19.0 26.5
16 373 37.7 36.9 39.0 36.5 345 373 34.8 332 30.9
=17 45.0 46.0 46.4 39.6 36.2 50.5 459 46.3 45.1 36.0
Income, DKK/mo or US$/y
<25/50 k 14.6 12.8 12.6 12.6 11.4 9.7 12.9 14.7 16.4 28.0
25-39/50-99 k 23.6 232 20.3 22.6 22.9 37.8 40.3 39.0 44.1 374
40-64/100-149 k 384 40.8 438 453 46.9 29.0 26.2 29.6 25.3 235
>65/150 k 234 233 233 19.5 18.8 235 20.7 16.8 14.1 11.1
History of diabetes diagnosis 1.6 0.5 0.8 0.7 0.0 2.1 14 0.8 1.0 22
History of PCOS diagnosis 9.9 5.7 3.1 32 3.7 7.6 59 4.9 7.6 8.9

TAll covariates, except age, are age adjusted to cohort at baseline and values are means + SEMs or percentages. HEI, Healthy Eating Index (range: 28-92); MET, metabolic equivalent;
NRDS, Nutrient Rich Diet Score (range: 397-1231); PCOS, polycystic ovary syndrome; PRESTO, Pregnancy Study Online; SF, Snart Foraeldre; SSB, sugar-sweetened beverage.

2For SF cohort, live together.

between fructose from fruit and fecundability (Supplementary
Table 5). Higher intake of fructose from other sources was as-
sociated with decreased fecundability. No consistent association
was observed between sucrose and fecundability.

When stratified by BMI (Table 3), the direction and magnitude
of FRs were similar across cohorts for GL, carbohydrate intake,
and added sugar, although FRs for GL in PRESTO were
slightly lower among women with BMI >25 kg/m?. Results
for fiber intake were consistent across BMI strata for PRESTO.
For SF, increased fiber intake was associated with improved
fecundability for women with BMI >25 kg/m?. Within both
cohorts, increasing carbohydrate-to-fiber ratio was associated
with decreased fecundability for women with BMI <25 kg/m?.
Results were attenuated for women with BMI >25 kg/mz. FRs
for added sugar intake were similar across BMI strata in both
cohorts.

When stratifying by parity (Supplementary Table 6), FRs
were similar across cohorts for GL, carbohydrate intake, and
added sugar. Across cohorts, results for GL were weaker among
nulliparous women. FRs were stronger among parous women
for carbohydrate-to-fiber ratio and, in PRESTO, for added sugar
intake. For fiber, we observed no appreciable association when
stratified by parity.

FRs across cohorts were similar for GL, carbohydrate intake,
dietary fiber, and added sugar when stratifying by attempt time
at study entry (Supplementary Table 7). FRs for GL, total
carbohydrates, carbohydrate-to-fiber ratio, and added sugar were
slightly stronger among those attempting pregnancy for <3
cycles at study entry. Higher fiber intake was associated with a
slight increase in fecundability in women trying for <3 cycles at
study entry, although results were attenuated when adjusting for
the modified diet quality score.
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FIGURE 1 Association between glycemic load, dietary fiber, and added sugar and fecundability among 2709 female SF participants (left) and 4268 female
PRESTO participants (right), fitted by restricted cubic splines. The reference level for the fecundability ratio is the lowest value in the data. The splines are
trimmed at the 99th percentile and have 4 knot points at the 25th, 50th, 75th, and 90th percentiles. Adjusted for female sex, age, BMI, energy intake, smoking
status, parity, alcohol intake, physical activity, last form of birth control, marital status, intercourse frequency, using method to improve pregnancy chances,
daily use of prenatal or multivitamin, education, race/ethnicity, income, and diet quality. For glycemic load, for SF, knot points are at 110, 120, 129, and 140,
and for PRESTO, knot points are at 104, 120, 135, and 153. For dietary fiber, for SF, knot points are at 20, 24, 28, and 32 g/d, and for PRESTO, knot points
are at 17, 21, 25, and 30 g/d. For added sugar, for SF, knot points are at 22, 31, 41, and 59 g/d, and for PRESTO, knot points are at 34, 46, 65, and 95 g/d.
PRESTO, Pregnancy Study Online; SF, Snart Foraeldre.
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TABLE 3 (Continued)

g/m?

BMI >25 k

BMI <25 kg/m?

PRESTO

SF

PRESTO

SF

Adjusted?

Adjusted?

Adjusted?

Adjusted?

Cycles, n FR 95% CI

Pregnancies, n

FR 95% ClI ~ Pregnancies,n  Cycles, n FR 95% ClI ~ Pregnancies,n  Cycles, n FR 95% CI

Cycles, n

Pregnancies, n

Added sugar, g/d

Ref
0.83, 1.19

1.00
0.

1060
1982
1982
1963
2276

160
288

Ref
0.71, 1.06

0.56, 0.94
0.63, 1.13

1.00
0.87
0.72

0.

1045
969
442
320
203

206

Ref
0.82, 1.09

1.00
0.95

0.82
0.8

1268
2021

245

Ref
091, 1.15

1.00

1.03

0.

3055

601

397
161
87

<273

99

174
63

403
363
253

1982
814
509
270

28-39
40-51

0.81, 1.16

0.97
0.99
0.88

265
269
237

0.71, 0.95
0.69, 0.95

2193
1539
1106

0.81, 1.12

96
92

0.82,1.18

84

53

1

0.74, 1.14

0.

52-71

36 091

0.84

0.80
ay, glycemic index; HEI, Healthy Eating Index 2010; MET, metabolic equivalent; NRDS, Nutrient Rich Diet Score; PRESTO, Pregnancy Study Online; Ref, reference; SF, Snart Foraeldre.

40

>72

0.72, 1.07

0.64, 1.29

0.70, 1.00

0.58, 1.10

s =

MET-h/wk), last form of birth control (natural, barrier, hormonal), married, intercourse frequency (<1, 1, 2-3, >4 times/wk), using method to improve pregnancy chances, daily use of prenatal or multivitamin, race/ethnicity (non-Hispanic
white or other race/ethnicity), education (high school or less, some college, college graduate, graduate school), income (<25, 25-39, 40-64, >65 k DKK/mo in SF and <50, 50-99, 100-149, >150 k US$/y in PRESTO), altered HEI or

2 Adjusted for age (<25, 25-29, 30-34, 35-39, >40 y), BMI (continuous), energy intake (kcal/d), smoking status (never, current, occasional, past), prior birth, alcohol intake (ml/d), physical activity per week (<10, 10-19, 20-39, >40

=

s Z

NRDS score.

3Daily recommended values.

Willis et al.

Discussion

In 2 preconception cohorts of women attempting to conceive
in Denmark and North America, increasing carbohydrate-to-fiber
ratio and higher intake of added sugar were associated with
reduced fecundability in a dose-response pattern. In PRESTO,
higher GL was associated with reduced fecundability in a
dose-response pattern. Results persisted for added sugar when
removing the proportion of sugar from sugar-sweetened soda,
and was strongest for nonfruit sources of fructose. We observed
a slight decrease in fecundability with increasing carbohydrate
intake in PRESTO and in the pooled analysis. While we
observed slightly improved fecundability with increased intake
of fiber in the pooled analysis, primarily driven by vegetable
fiber intake, we observed no appreciable association for dietary
fiber within each cohort. There was little evidence of effect
measure modification by BMI for any of the associations of
interest.

Our findings for GL agree with those from the Nurses’ Health
Study II, a prospective cohort study of 18,555 women, which
found that those in the highest quintile of GL consumption
had a 90% increased risk of ovulatory infertility compared
with those in the lowest quintile (13). While Chavarro et al.
observed no appreciable association between carbohydrate intake
and ovulatory infertility when carbohydrates were substituted
for the average intake of other energy sources (i.e., fats and
proteins), they did report an increase in ovulatory infertility when
carbohydrate intake was increased at the expense of naturally
occurring fats (13). In the present analysis, we observed little
change in the measure of association between total carbohydrates
and fecundability when we substituted carbohydrates for natu-
rally occurring fats and fecundability. While we observed a slight
decrease in fecundability with increasing carbohydrate intake
in PRESTO, we observed little association in Denmark. Unlike
total GL intake, which accounts for quality, total carbohydrate
intake does not account for carbohydrate quality and the overall
quality of carbohydrates consumed in Denmark likely differs
from that in North America. The Nurses’ Health Study II
additionally concluded that increased intake of dietary fiber was
not associated with increased risk of ovulatory infertility. In
the BioCycle Study, a prospective cohort that followed women
through 2 menstrual cycles, dietary fiber intake was inversely
associated with concentrations of hormones, including estradiol,
progesterone, luteinizing hormone, and follicle stimulating
hormone, and was associated with increased risk of anovulation
(41), although the associations were imprecise. Within the pooled
analyses, we observed that increased dietary fiber intake was
associated with higher fecundability. We additionally observed
that a higher carbohydrate-to-fiber ratio, another measure of
carbohydrate quality, was associated with reduced fecundability.
The American Heart Association recommends consuming meals
with a total carbohydrate-to-fiber ratio of <10:1, a measure
to evaluate the balance of whole grains compared with added
sugars and refined grains in a product (42). One study conducted
among couples undergoing infertility treatment examined the
association between maternal whole-grain intake and outcomes
of in vitro fertilization (IVF) (43). The authors observed that
higher preconception whole-grain intake was associated with
increased probability of implantation. When intermediate IVF
endpoints were examined to understand potential mechanisms
for higher implantation rates, the authors found that whole-grain
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intake was associated with endometrial thickness, an indicator of
endometrial receptivity. Although we were unable to evaluate the
cause of subfertility in our cohorts, endometrial receptivity is a
key mechanism by which carbohydrate quality, including GL and
carbohydrate-to-fiber ratio, could influence fecundity (44).

Diets high in sugar are associated with increased risks for
insulin resistance and dyslipidemia, established risk factors
for ovulatory disorders (7). Four studies have evaluated the
association between female soda intake, a major contributor to
added sugar intake in North America, and fecundability (36, 45—
47). These 4 studies reported reduced fecundability or increased
risk of ovulatory infertility. The BioCycle study found that
women with above average consumption of added sugar (73.2
g/d) had 9% higher mean free estradiol and increased odds of
anovulation (OR: 0.57; 95% CI: 0.31, 1.06) relative to women
with below average intake (48). A study conducted among
women undergoing IVF observed that higher intake of sugar-
sweetened sodas was associated with fewer oocytes retrieved and
fertilized and a lower proportion of clinical pregnancies and live
births (49). A previous analysis conducted in PRESTO examined
the association between SSB and fecundability and observed that
both female and male intake of SSB were associated with reduced
fecundability (36). In the present analysis, we found reduced
fecundability for added sugar intake even after removing the
portion contributed by sugar-sweetened soda. Additionally, when
we adjusted for male SSB intake in the subset with both male
and female participation in PRESTO, the association between
female intake of added sugars and lower fecundability persisted.
To our knowledge, the present study is the first to prospectively
examine the association between total dietary added sugar and
fecundability, even when taking into account sugar intake from
sugar-sweetened soda and male intake of SSB.

Although the food frequency questionnaire is a validated
instrument well suited to collecting long-term dietary data (50),
misclassification of diet intake is expected. Validation studies
have raised questions about the appropriateness of using GI to
estimate glycemic response after mixed meals (51, 52). Errors in
measuring GI introduce error into GL, but the magnitude of these
errors is likely similar to measurement error in other standard
nutrient values (25). Because diet was evaluated prospectively,
misclassification is likely nondifferential, attenuating associa-
tions for extreme exposure categories. Some women, entering
later in their pregnancy attempt, may have changed their diet
in response to subfertility. When we stratified by attempt time
at study entry, findings were stronger among women trying <3
cycles, indicating that reverse causation is an unlikely explanation
of our findings. Our results may be affected by unmeasured
confounding, such as male dietary factors. When controlling
for male SSB intake in PRESTO, we saw no appreciable
difference in our main associations (36). Another limitation
was the inability to assess all fiber components within SF,
although no appreciable effect was observed when examining
individual components (e.g., soluble and insoluble fiber) in
PRESTO. Additionally, the greater consumption of cereal fiber
in SF necessitated the use of different categories for cereal fiber.
These factors limit comparability of total and cereal fiber across
cohorts. While all pregnancies included in the present analysis
were self-reported, we expect misclassification to be minimal as
96% of participants in SF and PRESTO reported using home
pregnancy tests on follow-up questionnaires to confirm their

pregnancy status. Additionally, in a prior analysis using self-
reported PRESTO data compared with daily diary-recorded data
on the app FertilityFriend.com (FF), >97% of FF users who
conceived reported their LMP on the PRESTO questionnaire
within 1 d of the LMP recorded via FF (18). Lastly, we did not
collect data on the cause of subfertility, and as dietary factors may
have different mechanisms in specific etiologies of subfertility
(e.g., anovulation, uterine factors, tubal factors), we are limited
in our ability to compare our results to those reported in prior
literature (13).

In conclusion, diets high in GL, carbohydrate-to-fiber ratio,
and added sugar were associated with modestly reduced fe-
cundability among women attempting to conceive in Denmark
and North America. These findings are consistent with existing
literature on GL and added sugar intake and fertility. Given that
diet is a modifiable risk factor for infertility, our findings may
have important public health implications.
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