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Abstract
Purpose  Diet quality is increasingly recognized as important for human reproductive capacity. We studied the association 
between intake of protein-rich foods and risk of spontaneous abortion (SAB).
Methods  During 2013–2020, we recruited pregnancy planners from the United States and Canada (Pregnancy Study Online; 
PRESTO) and Denmark (SnartForaeldre.dk; SF). Participants completed a baseline questionnaire and a validated cohort-
specific food frequency questionnaire. We estimated preconception intake of red meat, poultry, processed meat, seafood, 
eggs, plant-based proteins, and dairy from individual foods and mixed recipes. We included 4,246 PRESTO and 2,953 SF 
participants who reported a pregnancy during the study. Data on SAB were derived from questionnaires and population 
registries. We used Cox proportional hazards regression to estimate hazard ratios (HRs) and 95% confidence intervals (CI), 
representing the effect of substituting one type of protein-rich food for another.
Results  SAB risk was 23% in PRESTO and 16% in SF. In PRESTO, substitution of seafood with other protein-rich foods 
was associated with higher SAB risk [for example, the HR for replacing 100 g of seafood/week with 100 g of red meat was 
1.10 (95% CI 1.00, 1.20)]. In contrast, in SF, substituting seafood with other protein-rich foods was associated with lower 
SAB risk [HR for replacing 100 g of seafood/week with 100 g of red meat was 0.89 (95% CI 0.82, 0.98)]. Other protein-rich 
food substitutions were not meaningfully associated with SAB risk.
Conclusions  Preconception intake of protein-rich foods was largely unrelated to SAB risk, with the exception of seafood, 
which was associated with higher risk of SAB in Denmark, but a lower risk in North America.
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Introduction

Spontaneous abortion (SAB) is the natural death of an 
embryo or fetus before it is able to survive independently [1]. 
Estimates of the proportion of clinically-recognized preg-
nancies that end in SAB range from 11 to 22% [2–5], but the 
true incidence of post-implantation SAB is higher (> 30%) 
[6]. According to estimates from a nationally-representative 
study, incidence of SAB in the United States increased by 
1% per year between 1990 and 2011 [2], but it is unclear 
whether this is due to improved sensitivity of home preg-
nancy tests over time or truly higher risk of loss. The con-
sequences of SAB are both physical and psychological, and 
SAB is a risk factor for future obstetric complications and 
long-term health [7]. Therefore, identification of modifiable 
risk factors to reduce incidence of SAB is an important pub-
lic health goal.
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Diet quality is increasingly recognized as an important 
determinant of human reproductive capacity [8]. Most 
research on diet and reproduction has focused on dietary 
patterns. For example, adherence to a Mediterranean diet 
has been associated with lower risk of SAB among couples 
undergoing in vitro fertilization [9–11]. While studies of 
dietary patterns are informative in documenting that overall 
diet quality is relevant for SAB, it is unclear from these stud-
ies which specific components of the diet are most relevant 
to the outcome. A recent focus in nutritional epidemiol-
ogy emphasizes the utility of examining diet via substitu-
tion models, wherein increased intake of a particular food 
comes at the expense of another food, while total energy 
intake remains stable [12]. Analysis of food substitution can 
provide informative data on food choice and dietary compo-
sition for individuals, and can inform public health policy.

Protein-rich foods vary widely in nutritional composition 
and environmental contamination and, unsurprisingly, dif-
ferent types of protein-rich foods show varying associations 
with chronic disease risk. For example, seafood intake is 
related to lower risk of cardiovascular disease [13], whereas 
red meat intake is associated with higher risk [14]. There 
has been limited study of intake of protein-rich foods and 
reproductive outcomes. In the Environment and Reproduc-
tive Health (EARTH) study, a cohort study of 357 couples 
undergoing fertility treatment at a Massachusetts hospital, 
higher seafood intake (when eaten in place of other protein-
rich foods) was associated with improved fertility treatment 
outcomes [15]. Greater red meat intake was also associated 
with improved treatment outcomes, whereas egg intake was 
associated with poorer outcomes.

Because the etiology of SAB may differ for pregnancies 
conceived spontaneously relative to those conceived with 
the use of fertility treatment [16], it is important to study 
the association between diet and SAB in a cohort of couples 
conceiving spontaneously. Herein, we examined the associa-
tion between intake of protein-rich foods and SAB risk in 
two interrelated preconception cohorts of pregnancy plan-
ners residing in North America and Denmark.

Subjects and methods

Study design

Data were derived from two web-based prospective precon-
ception cohort studies: Pregnancy Study Online (PRESTO) 
in the United States and Canada [17], and SnartForæl-
dre.dk (SF) in Denmark [18]. Eligible women were aged 
21–45 years (PRESTO) or 18–45 years (SF) and attempting 
to conceive without fertility treatment. Participants com-
pleted a baseline questionnaire on socio-demographics, 
lifestyle, and reproductive and medical factors, as well as 

bimonthly follow-up questionnaires for up to 12 months to 
identify pregnancies. Ten days after enrollment, women were 
invited to complete a validated food frequency questionnaire 
(FFQ) in each cohort: the National Cancer Institute’s Diet 
History Questionnaire II (DHQ II) [19] in PRESTO and an 
FFQ designed specifically for SF (SF-FFQ) [20]. Women 
who reported a conception on their follow-up questionnaire 
were asked to complete an early pregnancy questionnaire. In 
PRESTO, women completed a late pregnancy questionnaire 
at approximately 32 weeks’ gestation. In SF, women pro-
vided their Civil Personal Registration (CPR) number, a ten-
digit unique identifier assigned to all residents of Denmark, 
permitting linkage to population registries used to identify 
pregnancy outcomes [21].

From June 2013 through June 2020, 11,978 women com-
pleted the PRESTO baseline questionnaire. We restricted 
our sample to women who reported a conception during 
12 months of follow-up (n = 6325). We excluded 1,764 
women who did not complete the FFQ (28% did not 
complete), 96 women with reported energy intake < 600 
or > 3800 kcal/day and 219 women who completed the FFQ 
at least six weeks into their pregnancies or after experienc-
ing an SAB (to reduce the potential for reverse causation). 
Our analytic sample included 4246 women (Fig. 1). This 
includes pregnancies conceived spontaneously and via 
assisted reproductive technologies.

From August 2011 through September 2020, 7587 eli-
gible women completed the SF baseline questionnaire. 
We excluded 2388 women who did not complete the FFQ 
(23% did not complete among those who were invited). We 
restricted to women who reported a pregnancy on a ques-
tionnaire during follow-up (n = 3,085), and excluded 78 
women with reported energy intake < 600 or > 3,800 kcal/
day and 54 women who completed their FFQ at least six 
weeks into their pregnancies or after experiencing an SAB 
(to reduce the potential for reverse causation). Our analytic 
sample included 2953 women (Fig. 1). This number includes 
pregnancies conceived spontaneously and via assisted repro-
ductive technologies.

The institutional review board at the Boston University 
Medical Campus approved the study protocol. SF is regis-
tered at Aarhus University to comply with Danish law on 
data protection. All participants provided online informed 
consent.

Assessment of diet

In both cohorts, intake of protein-rich foods was assessed 
using the nutrient composition of individual foods and 
mixed recipes reported on the cohort-specific FFQs. All 
questions were asked with respect to the previous year. We 
estimated intake of red meat, poultry, processed meat, sea-
food, eggs, plant-based proteins (nuts, seeds, legumes, and 
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soy), and dairy (milk, cheese, and yogurt). In PRESTO, the 
deattenuated correlation coefficients comparing data from 
the DHQ with repeated daily food diaries ranged from 0.45 
(eggs) to 0.79 (red meat) [22], and was 0.60 for total protein 
[19]. In SF, when comparing the SF-FFQ data with a 4-day 
food diary, deattenuated correlation coefficients ranged from 
0.49 (high-fat dairy) to 0.75 (seafood) and was 0.56 for total 
protein [20].

Assessment of spontaneous abortion

In both cohorts, we used data from self-administered ques-
tionnaires to identify SAB, defined as a pregnancy loss 
before 20 weeks’ gestation. On follow-up questionnaires, 
we asked women the date of their last menstrual period 
(LMP), if they were currently pregnant, and if they had 
experienced any pregnancy losses since their last question-
naire. Currently pregnant women were directed to the early 
pregnancy questionnaire, where we asked for the date of first 
positive pregnancy test, method of pregnancy confirmation, 
and pregnancy due date.

In PRESTO, we obtained additional information on preg-
nancy loss via the late pregnancy questionnaire, which was 
sent to participants at 32 weeks’ gestation. On this question-
naire, we asked women if they were still pregnant, and if not, 
why (response options: “I had a miscarriage or a chemical 
pregnancy”, “I had an induced or therapeutic abortion”, “I 
had an ectopic pregnancy”, “I had a blighted ovum”, “I had 
a stillbirth”, and “I already had my baby”. We defined SAB 
as miscarriage, chemical pregnancy, or blighted ovum. If 

women reported a pregnancy loss on any questionnaire, we 
asked how long the pregnancy lasted and the date of the loss. 
We attempted to identify outcome information on women 
who were lost to follow-up by searching on social media, 
for online baby registries, or by contacting women via email 
or telephone. If we were able to contact a participant, we 
asked if she was pregnant and if she had experienced any 
intervening pregnancy loss, including the date of the loss 
and weeks’ gestation at the time of the loss. Finally, we 
identified women who did not experience SAB by linking 
participant data with birth registries in select states (Califor-
nia, Florida, Massachusetts, Michigan, Ohio, Pennsylvania, 
and Texas) [23]. If we found a live birth in the registry that 
corresponded with an LMP date during the study period and 
the participant was lost to follow-up, we assumed that the 
woman had a study-related birth.

In SF, we linked participant CPR numbers to the Danish 
National Patient Registry (DNPR) and the Danish Medical 
Birth Registry (DMBR) [23]. The DNPR provides infor-
mation on inpatient and outpatient diagnoses and services, 
including labor and delivery, SAB, induced abortion, and 
weeks’ gestation at pregnancy loss. The DMBR contains 
information about live births and stillbirths after 22 weeks’ 
gestation. We used International Classification of Disease 
10th edition codes O03, O020, O021 and O022 for SAB, 
O04-O06 for induced abortions, O00 for ectopic pregnan-
cies, and O01 for molar pregnancies. Women who were 
only registered with code O08 (complications after abor-
tion, type unspecified) were excluded because we could not 
ascertain the pregnancy outcome or gestational age at loss. 

11,978 women completed Pregnancy 
Study Online baseline questionnaire 

(June 2013 – June 2020)

6,325 women conceived 
within 12 months

4,561 women (72%) completed 
food frequency questionnaire

4,465 women with total caloric intake 
between 600 and 3,800 kcal/day

4,246 women in analytic sample

- 5,653 women did not 
conceive within 12 months

- 1,764 women did not complete 
food frequency questionnaire

- 96 women with total energy 
intake <600 or >3,800 kcal/day

- 219 women completed FFQ after 
SAB or at >6 weeks’ gestation

7,587 women completed Snart 
Foraeldre baseline questionnaire 

(January 2011 – June 2020)

5,199 (69%) women completed 
food frequency questionnaire

3,085 women conceived within 12 
menstrual cycles

3,031 women completed FFQ before 
SAB and at ≤6 weeks’ gestation

2,953 women in analytic sample

- 2,388 women did not complete 
food frequency questionnaire

- 2,114 women did not conceive 
within 12 menstrual cycles

- 54 women completed FFQ after 
SAB or at >6 weeks’ gestation

- 78 women with total energy 
intake <600 or >3,800 kcal/day

Fig. 1   Flow chart showing the exclusion criteria and final analytic sample for Pregnancy Study Online (left) and SnartForaeldre.dk (right)
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The positive predictive value of SAB diagnosis in the DNRP 
is 97.4% [24]. Registry data were available through the end 
of 2018; women with self-reported conceptions after July 30, 
2018 (20 weeks before December 31, 2018) were censored 
at their weeks’ gestation at last contact. When we had data 
from both the registry and self-report, we prioritized the 
registry data.

Assessment of covariates

We collected covariate information on the baseline ques-
tionnaire, including socio-demographic characteristics (age, 
race/ethnicity, education, income), lifestyle factors (caffeine, 
alcohol, smoking, sugar-sweetened soda, body mass index, 
physical activity, multivitamin or supplement intake), and 
reproductive history (parity, last method of contraception).

Statistical analysis

We conducted a time-to-event analysis with gestational 
weeks as the time scale. We used Cox proportional hazards 
models to estimate hazard ratios (HRs) and 95% confidence 
intervals (CIs). We first fit restricted cubic splines to assess 
the shape of the association between intake of protein-rich 
foods and SAB, estimating the effect of increasing intake 
of a particular type of protein while holding all other types 
of protein and total energy intake constant (in other words, 
substituting a particular type of protein for fats and carbohy-
drates). We then estimated the effect of increasing one type 
of protein-rich food at the expense of another, holding total 
protein intake and total energy intake constant.

We began follow-up from the weeks’ gestation at first 
positive pregnancy test (when available), or 4 weeks’ gesta-
tion, otherwise. We ended follow-up at (a) the weeks’ ges-
tation of SAB, induced abortion, or ectopic pregnancy for 
women who experienced these outcomes, (b) the weeks’ ges-
tation at last contact for women who were lost to follow-up 
during their pregnancy, or (c) 20 weeks’ gestation for women 
who did not experience a pregnancy loss.

We selected potential confounders a priori based on a 
directed acyclic graph (Online Resource 1). Because we 
measured diet during preconception, we examined covariates 
collected at baseline rather than early pregnancy, to ensure 
that covariates were not on the causal pathway between diet 
and SAB. We adjusted for total energy intake, age (< 25, 
25–29, 30–34, 35–39, ≥ 40 years), education (≤ 12, 13–15, 
16, ≥ 17 years), household income (< $50,000, $50,000-
$99,999, $100,000-$149,999, ≥ $150,000 USD/year 
or < 25,000, 25,000–39,999, 40,000–79,999, ≥ 80,000 DKK/
month), pre-pregnancy BMI (< 25, 25–29, 30–34, ≥ 35 kg/
m2), physical activity (< 10, 10–19, 20–39, ≥ 40 MET-hours/
week), smoking history (never, former, current occasional, 
current regular), alcohol intake (drinks/week), multivitamin 

or folic acid intake, parity, individual components of diet 
quality scores (Healthy Eating Index-2010 [HEI-2010] 
score in PRESTO [25] and Danish Dietary Guidelines Index 
[DDGI] score in SF [26]), and caffeine intake. In PRESTO, 
we additionally adjusted for race/ethnicity (non-Hispanic 
white, non-Hispanic Black, non-Hispanic Asian, non-His-
panic other race, Hispanic), which we conceptualized as a 
proxy for exposure to structural racism which determines 
access to healthy foods and societal resources. Additional 
adjustment for census tract-level median household income 
(available for women whose addresses could be geocoded) 
and residence in a USDA-defined food desert (an area in 
which it is difficult to access healthy food; available for U.S. 
women) did not meaningfully change measures of associa-
tion; therefore, these variables were left out of final models.

We stratified final models by BMI (< 25 vs. ≥ 25 kg/
m2), with the hypothesis that associations might be stronger 
among overweight women who are higher risk of SAB. In 
addition, because the causes of early and late losses may 
differ [27], we compared the overall results with models 
restricted to < 8 weeks’ gestation. We conducted sensitivity 
analyses restricting to women who conceived within 90 days 
of completing their FFQ and women who had been trying to 
conceive for < 3 menstrual cycles at study entry (to minimize 
the possibility of reverse causation).

We used multiple imputation to account for missing data 
on covariates and outcome using fully conditional speci-
fication methods [28]. In PRESTO, gestational weeks at 
pregnancy loss were missing for 5% of women; covariate 
missingness ranged from < 1% (physical activity) to 3% 
(income). In SF, gestational weeks at pregnancy loss were 
missing for < 1% of women; covariate missingness ranged 
from 1% (BMI and education) to 5% (income). We gener-
ated twenty imputation data sets and statistically combined 
estimates and standard errors across data sets.

Results

Most participants in both cohorts identified as non-His-
panic white, had ≥ 16 years of education and had an annual 
household income of more than $75,000 USD/year or 
40,000 DKK/month. Mean body mass index was 26.5 kg/
m2 (SD = 6.4) in PRESTO and 24.1 kg/m2 (SD = 4.8) in SF. 
Forty-nine percent of PRESTO women had been pregnant 
before and 32% had a previous live birth. In SF, 55% of 
women had been previously pregnant and 39% had a previ-
ous live birth.

The distribution of intake of each type of protein-rich 
food is shown in Online Resource 2. Participant responses to 
FFQ items related to intake of protein rich foods is shown in 
Online Resource 3 (PRESTO) and Online Resource 4 (SF). 
In PRESTO, consumption of specific types of protein-rich 
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food was strongly related to sociodemographic characteris-
tics and factors related to a healthy lifestyle (Table 1). For 
instance, red meat intake was inversely associated with age, 
census tract median household income, personal household 
income, education, physical activity, daily multivitamin 
intake, and HEI-2010 score, and positively associated with 
living in a food desert, BMI, cigarette smoking, caffeine 
intake, and parity. Opposite associations were observed for 
seafood intake in PRESTO (e.g., seafood intake was posi-
tively associated with education and inversely associated 
with BMI). In SF, correlations between intake of protein-
rich foods and sociodemographic or lifestyle factors tended 
to be weak (Table 2).

The proportion of women who experienced a SAB was 
23% in PRESTO and 16% in SF, estimated using life-table 
methods to account for censoring; however, gestational 
week-specific estimates of SAB risk were similar across 
cohorts (Fig. 2). Median gestational weeks at loss was 6 in 
both cohorts (interquartile range: 5–9 weeks). In PRESTO, 
67% of SABs were reported on a follow-up or early preg-
nancy questionnaire, 32% were reported on the late preg-
nancy or postpartum questionnaires, and 1% were identified 

based on discrepancies between LMP dates and infant birth 
dates in the birth registry or were self-reported by the par-
ticipant via email or telephone. The follow-up and early 
pregnancy questionnaires were more likely to identify early 
losses (< 8 weeks’ gestation), whereas the late pregnancy 
and postpartum questionnaires were more likely to identify 
later losses. In SF, 63% of SABs were identified via ques-
tionnaire only, 22% were found in the registry only (SABs 
occurring after completion of the early pregnancy question-
naire), and 15% were identified via questionnaire and regis-
try. The distribution of the timing of loss for losses reported 
on the follow-up or early pregnancy questionnaires in SF 
were similar to that in PRESTO. Late losses (≥ 8 weeks’ ges-
tation) were more likely to be identified in the registry than 
reported on the follow-up or early pregnancy questionnaires.

Associations between intake of protein-rich foods and 
SAB varied across cohorts (Online Resource 5). Restricted 
cubic splines (Fig. 3) showed roughly linear associations for 
most protein-rich foods, with the exception of egg intake in 
SF. In PRESTO, increasing intakes of red meat and eggs 
were associated with slightly higher hazard of SAB, whereas 
increasing intake of seafood was associated with lower 

Table 1   Distribution of baseline characteristics by preconception weekly intake of red meat and seafood, Pregnancy Study Online

a Characteristics are standardized to the age distribution of the cohort
b Restricted to participants whose addresses could be geocoded
c Restricted to participants from the U.S.

Red meat intake (g/wk) Seafood intake (g/wk)

Characteristica < 100 100–199 200–399 ≥ 400 < 50 50–99 100–199 ≥ 200

Number 1131 1486 1290 339 1891 1046 893 416
Age (year), mean 30.2 30.0 29.9 29.4 29.5 30.3 30.4 30.5
Race/ethnicity, %
 Non-Hispanic white 86.8 88.7 88.5 83.4 89.2 86.7 87.1 85.3
 Non-Hispanic Black 2.3 1.7 1.1 0.9 1.6 1.6 1.9 1.3
 Non-Hispanic Asian 1.8 1.5 1.5 2.1 1.2 1.5 1.7 3.3
 Non-Hispanic mixed/other race 3.7 3.5 3.9 4.5 3.2 3.6 4.0 5.2
 Hispanic 5.5 4.7 5.0 9.1 4.8 6.5 5.4 4.9

 ≤ 12 year education, % 14.0 18.0 20.3 33.4 22.7 17.5 14.8 14.8
Annual household income < 50,000 U.S. dollars, % 11.0 14.3 14.2 20.9 15.9 13.8 10.0 12.4
Census tract median household income (U.S. dollars)b 67,000 67,400 65,700 60,500 64,600 66,900 67,600 69,200
Census tract defined as food desert, %c 7.4 8.0 9.8 12.5 10.0 8.3 7.2 6.0
Body mass index (kg/m2), mean 25.3 26.3 27.4 28.9 27.1 26.3 26.0 25.9
Physical activity (metabolic equivalent of task-h/week), mean 38.1 35.1 34.0 31.8 32.9 35.0 37.9 41.5
Current regular cigarette smoker, % 2.3 2.8 4.6 7.2 4.5 3.0 3.5 1.6
Alcohol intake (drinks/week), mean 3.1 3.2 3.2 3.3 2.6 3.5 3.6 3.8
Caffeine intake (mg/day), mean 119 123 133 145 117 130 140 134
Daily multivitamin/folic acid intake, % 88.1 86.5 85.6 79.9 84.4 85.9 88.7 89.5
% Energy from protein, mean 14.7 15.7 16.4 17.3 15.2 15.8 16.4 17.3
Healthy Eating Index 2010, mean 69.8 66.8 64.4 62.1 64.0 67.0 69.1 70.9
Total energy intake (kcal/day), mean 1340 1480 1700 2140 1450 1570 1690 1834
Parous, % 26.4 31.1 35.3 40.9 34.6 33.2 29.5 23.0
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hazard of SAB. On the other hand, in SF, processed meat 
and seafood were associated with higher hazard, whereas 
egg and dairy intakes were associated with slightly lower 
hazard of SAB.

In PRESTO, substitution of seafood with other types of 
protein-rich foods was generally associated with higher risk 
of SAB (Fig. 4). For example, replacing 100 g of seafood/
week with 100 g of red meat was associated with 1.10 times 
the hazard of SAB (95% CI: 1.00, 1.20). In contrast, in SF, 
substituting seafood with other types of protein-rich foods 
was associated with lower SAB risk. Replacing 100 g of sea-
food/week with 100 g of red meat was associated with 0.89 
times the hazard of SAB (95% CI 0.82, 0.98). In PRESTO, 

egg intake was associated with slightly higher risk of SAB 
when substituted for other protein sources, whereas the 
opposite was true in SF. The hazard of SAB did not change 
substantially when substituting other types of protein-rich 
foods with each other.

Associations between seafood intake and SAB in 
PRESTO were stronger when we restricted to women who 
conceived within 90 days of completing the FFQ; the asso-
ciation between seafood intake and SAB in SF was approxi-
mately null when we made the same restriction (Online 
Resource 6). Associations did not differ appreciably in either 
cohort when restricting to women who had been attempting 
to conceive for < 3 cycles at study entry (Online Resource 6).

The inverse association between seafood intake and 
SAB risk in PRESTO was stronger among women with 
BMI < 25 kg/m2, compared with BMI ≥ 25 kg/m2 (Online 
Resource 7). Other associations in PRESTO and all asso-
ciations in SF were similar across strata of BMI (Online 
Resource 7). In both cohorts, results were similar when 
restricted to early SAB (Online Resource 8).

Discussion

In parallel analyses of two preconception cohort studies 
from North America and Denmark, associations between 
preconception intake of protein-rich foods and SAB risk 
varied by cohort and type of food. Intake of seafood was 
associated with increased risk of SAB in Denmark, but 
lower risk of SAB in North America. Egg intake was 

Table 2   Distribution of baseline characteristics by preconception weekly intake of red meat and seafood, SnartForaeldre.dk

a Characteristics are standardized to the age distribution of the cohort

Characteristica Red meat intake (g/week) Seafood intake (g/week)

< 100 100–199 200–399 ≥ 400 < 50 50–99 100–199 ≥ 200

Number 158 171 1087 1537 361 594 1217 566
Age (years), mean 29.7 29.7 29.7 29.6 29.0 29.6 29.6 30.0
 ≤ 12 years of education, % 6.1 5.5 3.3 4.8 8.9 2.9 4.1 3.7
Monthly household income < 25,000 Dan-

ish kroner, %
9.2 13.3 10.1 8.6 8.3 10.8 9.4 9.3

Body mass index (kg/m2), mean 23.2 22.9 23.7 25.0 25.3 24.4 24.0 24.1
Physical activity (metabolic equivalent of 

task-hours/week), mean
75.1 67.2 58.9 63.5 66.9 59.4 58.0 69.3

Current regular cigarette smoker, % 3.7 2.8 5.0 6.2 7.8 6.4 5.4 3.6
Alcohol intake (drinks/week), mean 2.9 2.9 2.6 2.6 2.7 2.5 2.6 2.7
Caffeine intake (mg/day), mean 206 189 191 176 166 174 188 192
Daily multivitamin/folic acid intake, % 74.7 71.9 74.0 70.8 69.3 70.8 72.1 74.8
% Energy from protein, mean 13.2 14.8 16.1 16.8 15.4 16.3 16.3 16.8
Danish Dietary Guidelines Index, mean 4.0 4.5 4.4 3.9 3.5 3.8 4.1 4.6
Total energy intake (kcal/day), mean 1555 1758 1823 2019 1598 1782 1895 2170
Parous, % 33.3 28.1 34.6 39.5 33.9 35.9 37.6 36.4

Fig. 2   Risk of SAB by gestational week, Pregnancy Study Online 
(solid line) and SnartForaeldre.dk (dashed line)
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Fig. 3   Associations between 
intake of protein-rich foods and 
risk of spontaneous abortion, fit 
using restricted cubic splines, 
Pregnancy Study Online (left 
panels) and Snart Foraeldre 
(right panels). HRs represent 
the association between increas-
ing intake of a specific protein-
rich food while keeping intake 
of all other protein-rich foods 
and total energy intake constant. 
Each spline has three knots, 
located at the 10th, 50th, and 
90th percentiles. The reference 
group for each spline is 0 g. 
Splines are adjusted for total 
energy intake, age, education, 
income, BMI, physical activity, 
smoking history, alcohol intake, 
multivitamin or folic acid 
intake, caffeine intake, parity, 
individual components of the 
HEI score or DDGI score unre-
lated to protein intake, and other 
protein-rich foods. PRESTO 
models are adjusted for race/
ethnicity

a) Red meat intake and SAB risk in PRESTO b) Red meat intake and SAB risk in SF

FS ni ksir BAS dna ekatni yrtluoP )dOTSERP ni ksir BAS dna ekatni yrtluoP )c

e) Processed meat intake and SAB risk in PRESTO f) Processed meat intake and SAB risk in SF

Processed meat (grams/week) Processed meat (grams/week)

Poultry (grams/week) Poultry (grams/week)

Red meat (grams/week) Red meat (grams/week)

g) Seafood intake and SAB risk in PRESTO h) Seafood intake and SAB risk in SF

Seafood (grams/week) Seafood (grams/week)
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associated with higher risk of SAB in North America, but 
lower risk of SAB in Denmark.

Most previous studies on intake of protein-rich foods 
and SAB have focused on dietary patterns, and have gen-
erally found that seafood intake, as part of a healthy diet, 
was associated with lower risk of SAB [9–11, 15, 29]. 
The one study that used substitution models to examine 
specific types of protein-rich foods in relation to SAB was 
EARTH, a cohort study of 357 couples undergoing in vitro 
fertilization at a Massachusetts hospital [15]. The authors 
reported that pre-treatment seafood intake was associated 
with greater odds of live birth. This finding is consistent 
with our results in PRESTO, but not SF.

The conflicting findings across PRESTO and SF were 
unexpected, given that biologic effects of specific nutrients 
on SAB should not vary across these populations. Differ-
ences could reflect chance variation, rather than causal 
mechanisms. However, there are several other possible 
explanations for the conflicting findings. First, we used 
different FFQs in PRESTO and SF due to the stark dif-
ferences in dietary patterns between North American and 
Danish women; this could have lead to exposure misclas-
sification that varied in magnitude and direction across the 
two cohorts. For example, if there is heterogeneity in SAB 
risk across different types of seafood—in other words, if 
some seafood is related to higher risk of SAB and other 
seafood is related to lower risk of SAB—and our accuracy 

FS ni ksir BAS dna ekatni ggE )jOTSERP ni ksir BAS dna ekatni ggE )i

k) Plant-based protein intake and SAB risk in PRESTO l) Plant-based protein intake and SAB risk in SF

Eggs (grams/week) Eggs (grams/week)

Plant-based protein (grams/week) Plant-based protein (grams/week)

FS ni ksir BAS dna ekatni yriaD )nOTSERP ni ksir BAS dna ekatni yriaD )m

Dairy (grams/week) Dairy (grams/week)

Fig. 3   (continued)
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in measuring these specific types of seafood varied across 
cohorts, we could see differences in the direction of asso-
ciations. Completeness of ascertainment may also vary by 
cohort: the PRESTO FFQ included 6 items on seafood, 
whereas the SF FFQ included 12 items on seafood.

Second, seafood is an important source of environmental 
contaminants, including mercury and polychlorinated biphe-
nyls, which have been related to SAB in some [30, 31], but 
not all [32, 33] studies. Therefore, if the seafood consumed 
by the Danish population is more heavily contaminated 
than that consumed in North America, this could explain 
the higher SAB risk with increasing seafood intake in SF 
but not PRESTO. However, existing evidence on the extent 
of seafood contamination in Denmark does not suggest that 
the risks of increasing consumption of environmental con-
taminants outweighs the benefits [34]. In addition, we are 
unable to evaluate this hypothesis specifically in our study, 
as we did not collect detailed information on the specific 
types or sources of seafood, nor did we measure biomarkers 
of exposure to chemical contaminants.

Third, there may be unmeasured confounding by other 
aspects of the diet or healthy lifestyle that differed across 
cohorts in magnitude and direction. We attempted to reduce 
the likelihood of unmeasured confounding by adjusting for 
individual components of the dietary quality scores, but it is 
possible that these adjustments do not sufficiently control for 
unmeasured confounding by other dietary factors. Likewise, 
we adjusted for socioeconomic status and factors related to a 
healthy lifestyle, but found little difference in our unadjusted 

and adjusted models, indicating either that confounding by 
factors we included in our models was minimal, or that we 
did not have adequate measures of the confounders.

The main limitation of this study is likely exposure mis-
classification. We did not collect detailed information on 
type or source of seafood, as described above. We relied 
on FFQs to determine average intake over the year before 
enrollment in the study and collected dietary informa-
tion only once during the preconception period. For some 
women, particularly those who took a long time to conceive, 
these data could have been collected many months before 
conception, and thus may be outside the relevant window 
of susceptibility for SAB. Although the FFQ was designed 
to assess typical dietary intake in the 1-year period before 
enrollment, it is possible that diet changes with increasing 
pregnancy attempt time [35], which could result in reverse 
causation. Therefore, we may not have captured periconcep-
tional diet for all women. In our sensitivity analysis restrict-
ing to women who conceived within 90 days of completing 
their FFQ, the protective association of seafood intake on 
SAB risk was stronger in PRESTO than the main analysis, 
whereas the adverse association of seafood on SAB in SF 
was weaker than the main analysis. In addition, we did not 
repeat the FFQ in early pregnancy, and therefore we did not 
directly ascertain the association between early pregnancy 
seafood intake and SAB risk.

The extent of exposure misclassification may vary by par-
ticipant characteristics. For instance, previous work shows 
that individuals with high BMI tend to underestimate their 

FSOTSERP

Increasing red meat 
at the expense of:

Increasing poultry 
at the expense of:

Increasing processed meat 
at the expense of:

Increasing seafood 
at the expense of:

Increasing eggs 
at the expense of:

Increasing plant-based protein 
at the expense of:

Fig. 4   Association between intake of protein-rich foods and sponta-
neous abortion (SAB) in PRESTO (left panel) and Snart Foraeldre 
(right panel). HRs estimate the association of substituting 100  g of 
one type of protein for 100 g of another type. Models are adjusted for 
total energy intake, age, education, income, BMI, physical activity, 

smoking history, alcohol intake, multivitamin or folic acid intake, caf-
feine intake, parity, individual components of the HEI score or DDGI 
score unrelated to protein intake, other protein-rich foods (exclud-
ing the one being cut out of the diet), and total intake of protein-rich 
foods. PRESTO models are adjusted for race/ethnicity
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caloric intake more so than individuals with low BMI [36]. 
If misclassification in our study is BMI-dependent, BMI may 
appear to modify the association between intake of protein-
rich foods and SAB even in the absence of true effect modi-
fication [37].

Although preconception enrollment and early and fre-
quent use of home pregnancy tests in these cohorts likely 
allowed us to capture a higher percentage of early SABs 
than in studies enrolling women with clinical pregnancies, 
nonetheless we almost certainly under-ascertained SAB. 
Without collecting daily urine specimens to measure human 
chorionic gonadotropin, which allows for identification of 
pregnancy soon after implantation, we could not identify 
losses that occurred before pregnancy was recognized. How-
ever, the median weeks’ gestation at first positive pregnancy 
test was not associated with seafood intake; therefore, we 
suspect that any outcome misclassification due to imperfect 
sensitivity is likely non-differential.

In addition, we observed different incidence of SAB 
across the two cohorts. While this could reflect true dif-
ferences in incidence, there may be methodologic expla-
nations as well. Use of home pregnancy tests and timing 
of pregnancy detection was similar across the cohorts, so 
these variables are not a likely explanation for the observed 
differences. However, to capture losses that occurred after 
completion of the early pregnancy questionnaire, we relied 
on self-reported data from late pregnancy and postpartum 
questionnaires in PRESTO and registry data in SF. These 
differences in ascertainment could potentially account for 
the differences in incidence across cohorts. However, when 
we restricted our analysis to SAB that occurred before 
8 weeks’ gestation (for which ascertainment was more simi-
lar between the two cohorts), results were similar.

In conclusion, we found little association between risk of 
SAB and intake of protein-rich foods, including red and pro-
cessed meat, poultry, plant-based proteins, eggs and dairy. 
We found an association between preconception seafood 
intake and SAB risk that varied across cohorts, in opposite 
directions. The divergence of results across our two study 
cohorts reduces the plausibility that either of these associa-
tions is causal.
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