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Abstract

Objective: To assess the association between maternal caffeine intake and risk of
pregnancy loss using a systematic review and meta-analysis.

Design: Categorical and dose-response meta-analysis of prospective studies.
Setting: Relevant articles were identified by searching MEDLINE and SCOPUS
databases through 30 January 2015. Two authors independently extracted
information from eligible studies. Random-effects models were used to derive
the summary relative risks (RR) and corresponding 95 % CI for specific categories
of caffeine consumption and for a continuous association using generalized least-
squares trend estimation.

Subjects: A total of 130 456 participants and 3429 cases in fourteen included studies.
Results: Compared with the reference category with no or very low caffeine intake,
the RR (95 % CI) of pregnancy loss was 1-02 (0-85, 1-24; I* =283 %) for low intake
(50-149 mg/d), 1-16 (0-94, 1-41; I*=49-6%) for moderate intake (150-349 mg/d),
1-40 (1-16, 1-68; 1*=18-6%) for high intake (350-699 mg/d) and 1-72 (1-40, 2-13;
I*=0-0%) for very high intake (>700 mg/d). In the dose-response analysis, each
100 mg/d increment in maternal caffeine intake (~1 cup of coffee) was associated
with 7% (95% CI 3%, 12 %) higher risk of pregnancy loss. Our results may have
been affected by publication bias, but the association remained significant for the
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subset of larger studies. Furthermore, adjustment for smoking and pregnancy Siillbirth
symptoms may have been incomplete, potentially resulting in residual confounding. Pregnancy loss
Conclusions: Albeit inconclusive, higher maternal caffeine intake was associated Pregnancy
with a higher risk of pregnancy loss and adherence to guidelines to avoid high Coffee
caffeine intake during pregnancy appears prudent. (affeine
Pregnancy loss or fetal death is defined as the death of the cocoa ™. Caffeine is absorbed rapidly upon ingestion and

D (

fetus before complete expulsion from its mother™ and is readily passes the placental barrier 67 Accumulation of
subdivided into spontaneous abortion (or miscarriage) and caffeine metabolites in the fetal brain has been

stillbirth. The estimated global incidence of spontaneous documented, probably due to the absence of the main
abortion was 12 to 15 % among clinical pregnancies'®, while caffeine-metabolizing enzyme, cytochrome P450 1A2
the stillbirth rate has been estimated to be 19 per 1000 births®. (CYP1A2), in both the placenta and the fetus®®”. The rate

Caffeine is the most commonly used psychoactive of caffeine metabolism decreases from the first to third

substance, found mainly in coffee, tea, cola soft drinks and trimester and the half-life of caffeine doubles in the mother
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during pregnancy®!'”| leading to higher exposure for

the fetus to maternally ingested caffeine. Exposure to
caffeine may lead to vasoconstriction in the uteroplacental
circulation, which can in turn affect fetal growth and
development*#'¥.

Spontaneous abortion and stillbirth may have different
underlying physiology and risk factors. For instance, while
spontaneous abortion is caused mainly by implantation
defects and chromosomal, autoimmune and endocrine
abnormalities, the important causes of stillbirth include pla-
cental insufficiency and abruption, and pre-eclampsia**'>.
However, spontaneous abortion and stillbirth share some
common risk factors such as advanced maternal age, smok-
ing and BMI"®. 1t is currently unclear if caffeine has a dif-
ferential influence on spontaneous abortion and stillbirth
through different mechanisms.

The possible harmful effects of caffeine intake on fetal
and birth outcomes warrant evaluation as many women
consume caffeine-containing foods and beverages during
pregnancy %17 Considerable inconsistency exists in the
literature concerning the relationship of maternal caffeine
intake and pregnancy loss"'”. While high maternal caffeine
intakes were more consistently associated with a higher risk
of pregnancy loss, results have been mixed for moderate
and low caffeine use, probably due to difficulties in mea-
suring caffeine intakes and differences in study settings and
participants. A recent meta-analysis summarized the effect of
maternal caffeine intake during pregnancy on a variety of
birth outcomes™®. However, that analysis included only a
dose-response analysis and not a categorical analysis and
evaluated only a limited number of potential sources of
heterogeneity in study results. We therefore conducted
a categorical and dose-response meta-analysis on the
association of maternal caffeine intake during pregnancy
and risk of pregnancy loss in prospective studies.

Methods

The present meta-analysis was conducted and reported
in accordance with the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA)"”
(see online supplementary Table S1) and Meta-analysis
of Observational Studies in Epidemiology (MOOSE)*”
guidelines (see online supplementary Table S2).

Search strategy

Two investigators searched MEDLINE and SCOPUS
databases through 30 January 2015 with no language
restriction. SCOPUS is an abstract and citation database
of peer-reviewed literature that includes all the contents
from the EMBASE database®". The search was based on
combinations of synonyms for caffeine (including its
chemical name, coffee and tea) and pregnancy loss
(including spontaneous abortion, miscarriage, stillbirth
and fetal death). The detailed search strategy is shown in
online supplementary Material S1.
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Selection criteria

Studies were included if they met the following criteria:
(O the study was an original, peer-reviewed study (i.e. not
review articles or meeting abstracts); (i) the study was a
prospective cohort study or nested case—control study; and
(iii) the authors reported the risk estimates of pregnancy
loss associated with maternal caffeine intake (estimated
total caffeine intake or coffee intake as a proxy for total
caffeine intake) during pregnancy or the periconceptional
period. We excluded studies that presented crude estimates
only or did not consider potential confounding by smoking,
and studies conducted in unhealthy populations (e.g. type 1
diabetes or infertility).

Pregnancy loss included both spontaneous abortion
and stillbirth. Spontaneous abortion was defined as
spontaneous loss of a fetus before the 20th week of
pregnancy and stillbirth was defined as the death of a fetus
during birth or during the last half of pregnancy. However,
the definitions for stillbirth and miscarriage are not standard
across the world, with miscarriage being defined as
pregnancy loss occurring at less than 20-28 weeks of
gestation.

The study selection was conducted independently by
two authors. We also considered non-English articles with
help from colleagues who are proficient in these languages.
The inter-rater agreement was fairly good (k = 0-66; k values
that range from 0-61 to 0-80 indicate ‘substantial
agreement™??). Discrepancies were resolved by discussion
with a third investigator.

Data extraction

For included studies, information on participants, study
design, measurement of exposure and outcome, effect
estimates and their st (or related statistics) were extracted
independently by two investigators using a standardized
extraction form. Discrepancies were resolved by discus-
sion with a third investigator. Study quality assessment was
conducted by considering characteristics such as study
design, number of cases and participants, method of
exposure assessment and adjustment for confounders.
Klebanoff et al*® did not report numbers for effect
estimates and we estimated the effect estimates and
corresponding CI from their figure.

Statistical analysis

The multivariable-adjusted OR, relative risks (RR) or hazard
ratios (HR) have been used in different studies. We chose
RR as a measure of risk estimates in the meta-analysis
because the incident rate was low (0-4 to 25-1 %; <20 % in
twelve out of fourteen included studies), and OR and HR
thus approximated RR*?.

Different studies used different cut-off points for the
caffeine intake categories. To combine the risk estimates
from different categories in different studies, we assigned
the median value for each category of caffeine intake.
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When lower and upper boundaries were presented for the
category, we assigned the midpoint as an estimate of
the median caffeine intake. If the upper boundary of
the highest category was not provided, we assumed that the
boundary had the same amplitude as the second-highest
category®”. If the lower boundary of the lowest category
was not provided, we assumed the lower boundary to be
zero?”. Two studies reported coffee consumption in cups
only but not total caffeine intake'*?® and we estimated
caffeine intake based on the commonly cited conversion
method (107 mg caffeine per cup of coffee)®”. Klebanoff
et al®® reported paraxanthine concentration (a metabolite
of caffeine) as the exposure and we estimated caffeine
intake based on the conversion method proposed in that
article. Briefly, for a 60-kg woman, caffeine intakes of
600 mg in non-smokers and 1100 mg in smokers were
estimated to translate to serum paraxanthine of 1845 ng/ml.
The conversion was extrapolated from the authors’ pilot
data in a pregnant population with an overall lower caffeine
intake®®. Several studies reported results for more than one
period of maternal caffeine exposure (Table 1). We used
the results for the assessment period most frequently used
(first trimester) in included studies. Nevertheless, we also
included results from the other assessment periods in
stratified analyses where possible. Although stillbirth and
miscarriage can have different aetiology, as only one
included study focused specifically on stillbirth and the
incidence of stillbirth is low compared with miscarriage in
included studies combining both outcomes, we did not
separate these outcomes in our main analysis.

We first conducted analyses based on different levels
of caffeine consumption. We identified five levels of
caffeine consumption based on assigned median caffeine
consumption level: (i) reference category (<50 mg/d);
(i) low caffeine consumption (50-149 mg/d); (iil) moderate
caffeine consumption (150-349 mg/d); (iv) high caffeine
consumption (350-699 mg/d); and (v) very high caffeine
consumption (>700 mg/d). Effect estimates of the individual
studies were combined using the random-effects method as
described by DerSimonian and Laird®”, which considers
both within-study and between-study variations. The
Cochran Q test and I statistic were used to evaluate
statistical heterogeneity among studies®**" and 1% values of
25 %, 50 % and 75 % correspond to low, moderate and high
degrees of heterogeneity, respectively".

We further conducted a dose-response analysis using
the generalized least-squares trend estimation (GLST)
method as described by Greenland and Longnecker®*3%
which computes the trend from the correlated log RR
estimates across caffeine consumption categories. The
caffeine dose used in this analysis was based on median
caffeine consumption level derived using the same
methods as category-based analysis described above. We
performed a two-stage GLST method that first estimates
study-specific slopes before deriving an overall average
slope®®, because this method allowed us to include effect
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estimates from studies that reported results for caffeine
intake only as a continuous variable. We tested for
a potential non-linear relationship between maternal
caffeine intake and pregnancy loss using a restricted cubic
spline random-effects model with three knots; the P value
for non-linearity was obtained by testing the null
hypothesis that the spline term is equal to 0.

We conducted stratified analyses and meta-regression
analyses to assess potential sources of heterogeneity
by different study-level characteristics. In addition, we
conducted sensitivity analysis to assess the influence of
each individual study by omitting one study at a time and
calculating the summary RR for the remaining studies. We
also excluded studies focusing on stillbirth or a combination
of miscarriage and stillbirth to evaluate the influence
of pooling effect estimates from different outcomes.
Publication bias was evaluated with Egger’s regression test,
Begg’s adjusted rank correlation test and visual inspection
of the funnel plot®**>. We excluded one small study®
with implausibly small se for effect estimates in the
assessment of publication bias. We further conducted
trim-and-fill analysis to generate summary effect estimates
adjusted for publication bias®”. All tests were performed
using the statistical software package STATA version 11-2
and two-sided P values <0-05 were considered statistically
significant.

Results

The flow diagram with details of the study selection
is shown in Fig. 1. We included fourteen prospective
studies 122320363847 o caffeine intake and pregnancy
loss involving 130456 participants and 3429 cases of
pregnancy loss (Table 1). One of the studies®® was
included for only qualitative review because it did not
report data for more than two categories of caffeine intake.
All studies in the present meta-analysis were conducted in
the USA or Europe.

Figure 2 shows the RR for the association between
maternal caffeine intake and pregnancy loss. The
summary RR was 1-72 (95 % CI 1-40, 2-13) for very high
caffeine intake (>700 mg/d), 1-40 (95 % CI 1-16, 1-68) for
high caffeine intake (350-699 mg/d), 1-16 (95 % CI 0-94,
1-41) for moderate caffeine intake (150-349 mg/d)
and 1-02 (95% CI 0-85, 1-24) for low caffeine intake
(50-149 mg/d), as compared with the reference category
with no or very low caffeine intake. The heterogeneity in
study results was low to moderate: the I was 28-3 % for
low caffeine intake, 49-6 % for moderate caffeine intake,
18:6% for high caffeine intake and 0% for very high
caffeine intake. Srisuphan and Bracken® also reported a
significant association between caffeine intake and risk of
late spontaneous abortion, but their study could not be
included in the meta-analysis because it considered only
two categories of intake.
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456 potentially relevant studies
identified in PubMed and SCOPUS
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v
439 studies

17 duplicates

A 4

80 studies

Excluded based on title or abstract:

* Non-human studies (n 37)

* Review/overview/editorial/comment
(n215)

¢ Did not study caffeine intake or
outcome of interest (n 80)

¢ Study design (n 26)

¢ Unhealthy population (n 1)

A 4

14 studies were included after full text
review

A 4

A 4

Excluded based on full text:

¢ Non-human studies (n 1)

* Review/overview/editorial/comment
(n13)

* Did not study caffeine intake or

outcome of interest (n 17)

Study design (n 15)

Unhealthy population (n 3)

* Presented crude estimate or did not
adjust for smoking (n 4)

¢ Insufficient data (exposure or
outcome) (n 10)

¢ Duplicate publication (n 3)

meta-analysis

1 study can only be used for qualitative review

11 studies used in category-based and dose-response

2 studies used in dose—response meta-analysis only

Fig. 1 Flowchart of study selection

We assumed a linear relationship in the dose-response
meta-analysis between maternal caffeine intake and preg-
nancy loss, because there was no evidence of statistically
significant departure from linearity (P =0-44). The summary
RR was 107 (95% CI 1-03, 1-12; Table 2 and Fig. 3)
per 100 mg/d. To facilitate comparison with the categorical
analysis this can also be expressed as 1:23 (95% CI 1-09,
1-39) per 300 mg/d or 1-42 (95 % CI 1-16, 1-74) per 500 mg/d
increment of maternal caffeine intake. The heterogeneity in
study results was higher (1*=80-9 %) for this analysis than
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for the comparisons of specific categories of caffeine
consumption.

The summary RR did not differ substantially in various
subgroups (Table 2), except for mean baseline age of
the participants. The association was stronger (P for
interaction=0-02) in studies of older women (mean
age >30 years, summary RR=1-23, 95% CI 1-09, 1-38)
than in studies of younger women (mean age <30 years,
summary RR=1-05, 95% CI 1.04, 1-07; Table 2). In
addition, there was a trend of borderline significance
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Table 1 Characteristics of prospective studies on caffeine intake in relation to pregnancy loss

Method of
Study No. of Total no. of Incidence exposure Period of exposure
Study Country  design cases participants (%) Age Exposure nent | Outcome Adjustments
Srisuphan USA Cohort 68 3135 22 <30 years: 71 % Caffeine Interview First trimester Spontaneous Gestational age at interview, maternal age, prior gynaecological surgery, member of Jewish
and >30 years: 29 % abortion religion, last pregnancy ending with a spontaneous abortion (maternal smoking was not
Bracken adjusted for as it did not significantly predict the outcome)
(1986)8
Wilcox et al. USA Cohort 43 171 251 <29 years: 49 % Caffeine Interviewer- Pre-pregnancy Spontaneous Maternal age (only minor change after adjustments for smoking, alcohol intake)
(1990)©9) >29 years: 51% administered abortion (<42 d)
questionnaire
Mills et al. USA Cohort 59 423 139 <30 years: 48 % Caffeine Interview First trimester Spontaneous Smoking, maternal age, parity, prior spontaneous abortion, alcohol use, maternal education,
(1993)1“0) >30 years: 52 % abortion income
Dlugosz et al. USA Cohort 135 2967 4.6 Mean 31 years Caffeine Interviewer- First month of pregnancy ~ Spontaneous Maternal age, gestational stage at interview, smoking, alcohol intake
(1996)“" administered abortion
questionnaire
Fenster et al. USA Cohort 499 5144 97 Mean 28 years Caffeine Interview Pre-pregnancy, first Spontaneous Maternal age, smoking, alcohol intake, gestational age, pregnancy history, ethnicity,
(1997)“2) (telephone) trimestert abortion employment, marital status, socio-economic status
Klebanoff USA Nested 591 3149 188 Cases: mean 27 years  Paraxanthine Serum NA but before the Spontaneous Smoking, maternal age, ethnicity
et al. case— Controls: mean 25 years paraxanthine occurrence of abortion
(1999)@) control spontaneous abortion
Wen et al. USA Cohort 75 650 115 Median 29 years Caffeine  Self- Pre-pregnancy, first Spontaneous NA (only unadjusted RR presented as they found no important confounding)
(2001)) administered trimestert abortion
FFQ
Tolstrup et al. Denmark Nested 303 1684 180 Mean age 24-5-26-0 Caffeine Self- Pre-pregnancy Spontaneous Maternal age, marital status, smoking, alcohol intake
(2003)44 case— years according to administered abortion
control caffeine consumption FFQ
Wisborg etal. Denmark Cohort 82 18478 04 <30 years: 57 % Coffee Self- First trimester Stillbirth Smoking, alcohol intake, parity, maternal age, marital status, education, employment status,
(2003)2® >30 years: 43 % administered maternal BMI
questionnaire
Bech et al. Denmark Cohort 1102 88482 1.2 <30 years: 54 % Coffee Interview First to early second All pregnancy losst, Maternal age, parity, smoking, pre-pregnancy BMI, alcohol intake, socio-occupational status
(2005)(12) >30 years: 46 % (telephone) trimester stillbirth
Savitz et al. USA Cohort 258 2407 107 <30 years: 61 % Caffeine Interview Pre-pregnancy, 4 weeks Spontaneous Maternal age, ethnicity, education, marital status, alcohol use, vitamin use, symptoms of
(2008)19) >30 years: 39 % (telephone) post LMP, and before abortion nausea and vomiting during early pregnancy (excluding smoking did not change results
16 weeks’ gestationt substantially)
Weng et al. USA Cohort 172 1063 16-2 <30 years: 42 % Caffeine Interview Early pregnancy (soon Spontaneous Maternal age, ethnicity, education, family income, marital status, previous miscarriage, nausea
(2008)14®) >30 years: 58 % after pregnancy is abortion and vomiting since LMP, smoking, alcohol intake, Jacuzzi use, exposure to magnetic fields
confirmed)
Greenwood UK Cohort 28 2635 11 Mean 30 years Caffeine Self- First trimester Late spontaneous Maternal age, parity, smoking (cotinine concentration), alcohol intake
etal. administered abortion (1224
(2010)47 questionnaire weeks) and
(validated) stillbirth
Pollack et al. USA Cohort 14 68 20-6 NA Caffeine Daily diaries Pre-pregnancy All pregnancy loss Maternal age, alcohol intake, smoking
(2010)©®

NA, not available; LMP, last menstrual period; RR, relative risk.
*Included for qualitative review only.
tData used for the main analysis.
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RR (95% Cl)

Wilcox et al. (1990)°)
Dlugosz et al. (1996)*"

1-50 (0-42, 5-32)
0-81 (0-54, 1-21)

L

Fenster et al. (1997)“?) —_— 101 (0-82, 1-25)
Klebanoff et al. (1999)©% 0-75 (0-50, 1-13)
Wen et al. (2001)¥ _43-—+— 1-50 (0-82, 2-76)
Savitz et al. (2008)“) —_— 0-90 (0-59, 1-37)
Weng et al. (2008)*® —— 1-42 (0-93, 2:16)
Greenwood et al. (2010)*”) 0 2.20 (0-69, 7-01)
Subtotal (/2 = 28-3%, P = 0-202) < 1-02 (0-85, 1-24)

Moderate caffeine intake
Wilcox et al. (1990)©®)

-~ 2.40 (0-81, 7-10)

Dlugosz et al. (1996)*" — 0-89 (0-48, 1-65)
Fenster et al. (1997)“?) —rﬁ— 1-18 (0-84, 1-66)
Klebanoff et al. (1999)?% —— 0-80 (0-53, 1-21)
Wen et al. (2001)“% _ 2.00 (0-99, 4-05)
Tolstrup et al. (2003)“4) —_— 126 (077, 2:06)
Wisborg et al. (2003)® —_—— 0-60 (0-31, 1-15)

Bech et al. (2005)("?
Savitz et al. (2008)*Y
Weng et al. (2008)“®)

1.03 (0-89, 1-19)
110 (0-71, 1-71)
2.23 (1:34, 3-70)

Greenwood et al. (201 0)(47)

Subtotal (/2 = 49-6%, P = 0-031) 4

High caffeine intake

1:70 (0-40, 7-16)

> 116 (0-94, 1-41)

Dlugosz et al. (1996)") _t 1.75 (0-88, 3-48)
Fenster et al. (1997)“?) ——— 1-29 (0-80, 207)
Klebanoff et al. (1999)@% —_— 1-10 (077, 1-58)
Wen et al. (2001)“% -0~ 2.50 (0-99, 6-32)
Wisborg et al. (2003)?® R A — 1-40 (079, 2-47)
Tolstrup et al. (2003)*4) ——— 1-45 (0-87, 2-41)
Bech et al. (2005)("? —— 1-33 (108, 1-63)
Greenwood et al. (2010)47) < > 5.10 (1-59, 16-33)
Subtotal (1 = 18-6%, P = 0-282) <> 1-40 (1-16, 1-68)
Very high caffeine intake
Klebanoff et al. (1999)@% —_—— 1-90 (1-24, 2:90)
Tolstrup et al. (2003)*4) —— 172 (1-00, 2-96)
Wisborg et al. (2003)?® & 2.20 (1-01, 4-77)
Bech et al. (2005)("? —_—— 1.59 (1-19, 2:13)
Subtotal (/ = 0-0%, P = 0-830) O 1.72 (1-40, 213)
| | | | | |
0-1 0-2 0-5 1 2 5 10

RR (95% Cl)

Fig. 2 Relative risk (RR) of pregnancy loss according to maternal caffeine intake: low caffeine intake, 50—149 mg/d; moderate
caffeine intake, 150-349 mg/d; high caffeine intake, 350-699 mg/d; very high caffeine intake, >700 mg/d. The study-specific
estimates and 95% CI are indicated by the black dots and the horizontal lines, respectively; the size of the grey squares
corresponds to the weight of the studies in the meta-analysis. The centre of the diamonds indicates the summary estimates and the

width of the diamonds the corresponding 95 % CI

(P for interaction=0-05) towards a stronger effect of
maternal caffeine intake assessed during pregnancy
(summary RR=1-11, 95 % CI 1-05, 1-17) as compared with
caffeine intake assessed during the pre-pregnancy period
(summary RR=1-02, 95% CI 0.97, 1.07). However,
when we modelled both study characteristics in the
meta-regression analysis, only maternal age >30 years
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remained significant (P = 0-02), while the interaction with
period of assessment was attenuated (P=0-52).

In a sensitivity analysis, the summary RR ranged from
1:06 (95% CI 1-02, 1-10) to 1-08 (95% CI 1-03, 1-14) per
100 mg/d increment in maternal caffeine intake when we
omitted studies one at a time. When we excluded studies
focusing on stillbirth or a combination of miscarriage and
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Table 2 Stratified meta-analysis of caffeine intake (per 100 mg/d increment) and risk of pregnancy loss

Characteristic No. of studies  Summary RR 95 % ClI P for difference P for heterogeneity /2 (%) 95 % ClI
All studies 13 1.07 1.03, 1-12 <0-01 80-9 68-4, 88-5
Region

USA 9 1-09 1.02, 117 Ref. <0-01 790 60-6, 88-8

Europe 4 1.06 1.02, 1-10 0-85 0-07 57-3 0-0, 858
Year of publication

In or after 2000 8 1.07 1.02, 1-13 0-30* <0-01 86-2 749, 92-4

Before 2000 5 1.07 1.03, 1-11 0-61 0-0 0.0, 79:2
Study population

<2500 7 1.08 1-00, 1-16 Ref. <0-01 783 55.0, 89-5

>2500 6 1.06 1.03, 1-10 0-90 0-21 29-4 0.0, 712
Study design

Cohort 11 1.09 1.03, 1-15 Ref. <0-01 81-8 68-5, 89-4

Nested case—control 2 1.05 1.02, 1-08 0-52 0-39 0.0 NA
Exposure

Caffeine intake 10 110 1.03, 117 Ref. <0-01 76-8 57-2, 87-4

Coffee intake 2 1.05 1-03, 1-08 0-62 0-33 0-0 NA

Paraxanthine level 1 1-06 1.02, 1-10 0-69 - - -
Outcome

Spontaneous abortion 9 1.08 1.04, 1-13 Ref. 0-13 358 0.0, 70-5

All pregnancy loss 3 1-03 0-96, 1-11 0-31 <0-01 931 831,972

Stillbirth 1 1-09 1.02, 1-16 0-91 - - -
Measure of association

Odds ratio 8 1.03, 1-09 Ref. 0-35 107 0-0, 711

Hazard ratio 2 114 0-94, 1-39 073 0-01 84.4 NA

Risk ratio 3 115 0-89, 1-48 0-62 0-02 759 205, 92.7
Aget

<30 years 8 1-05 1.04, 1.07 Ref. 045 0-0 0-0, 67-6

>30 years 4 1.23 1-09, 1-38 0-02 0-25 26 00, 72-3

NA 1 0-98 0-97, 1-00 <0-01 - - -
Method of exposure assessment

Interviewer-based 7 110 1.08, 117 Ref. 015 371 0-0, 73:5

Biomarker 1 1.06 1.02, 1-10 0-67 - - -

Self-administered 5 1-06 0-99, 1-14 0-58 <0-01 852 67-3, 93-3
Exposure period assessedt

First trimester 9 1-11 1.05, 1-17 Ref. 0-04 497 0.0, 765

Pre-pregnancy 6 1.02 0.97, 1.07 0.05 0-03 60-6 0.0, 819

NA 1 1.06 1.02, 1-10 0-52 - - -
Adjustment for nausea

No 11 1-06 1-02, 1-11 Ref. <0-01 815 68-0, 89-3

Yes 2 117 0-96, 1-43 0-21 012 58-6 NA
Adjustment for smoking§

Fine 7 1-0 1-00, 1-10 Ref. <0-01 848 704, 92:2

Crude 3 1-11 1.01, 1-21 0-40 0-07 62-9 0-0, 89-4

Not applicable 3 11 -98, 1-43 0-29 0-23 319 0-0, 92:9
Median population caffeine intake

<200 mg/d 7 118 1.07, 1-30 0-11* 0-11 41.5 0-0, 754

>200 mg/d 4 1-05 1.03, 1.07 0-63 0-0 0-0, 847

NA 2 1-01 -90, 1-13 0-22 32. NA

RR, relative risk; NA, not available; Ref., reference.

*P value was obtained by modelling year of publication and median of assigned doses as continuous variables.

tMean age <30 years or >30 years. If mean age is not available, classification was based on whether majority of the population (>50 %) is <30 years or
>30 years.

ITotal number of studies is more than thirteen because some studies reported additional (usable) results for a different exposure period.

§Fine adjustment for smoking refers to studies that adjusted for amount of smoking or studies that adjusted for smoking using a biomarker; crude adjustment
refers to studies that did not adjust for amount of smoking; ‘Not applicable’ refers to studies that presented estimates without adjustment for smoking as
adjustment for smoking did not change the results substantially.

stillbirth, the pooled effect estimates were not materially
different in both the dose-response (summary RR=1-08,
95% CI 1-04, 1-13) and category-based meta-analysis,
and the conclusion remained the same. There was a
suggestion of small-study effect such as publication bias
based on visual inspection of the funnel plot (Fig. 4) and in
both Egger’s test (P<0-01) and Begg’s test (P=0-047).
However, the summary effect estimate remained
significant in the subgroup of the larger studies (RR=1-06
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per 100 mg/d, 95% CI 1-03, 1-10; Table 2) or when we
conducted the trim-and-fill analysis (RR=1-06, 95% CI
1-02, 1-10) that imputed six inferred missing studies.

Discussion

The findings from the current meta-analysis of prospective
studies suggest that maternal caffeine intake is associated
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R (95% CI) of pregnancy loss

| | O | | | | | |
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Caffeine intake (mg/d)

Fig. 3 Dose-response relationship between maternal caffeine intake and pregnancy loss (n 11). Adjusted relative risk
(RR; —————)and 95% Cl (- - - - - - ) are reported. Caffeine intake was modelled with a linear trend (P for non-linearity = 0-44)
in a random-effects model. The vertical axis is on a log scale; — — — — indicates RR=1. The open circles represent the effect
estimates from each study and the size of the circles is proportional to the precision of the estimates. The studies by Mills et al.*?

and Pollack et al.®® were not included in this plot as they did not provide results for categories of caffeine intake
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Fig. 4 Funnel plot with pseudo 95 % confidence limits (- ———— )

for maternal caffeine intake and pregnancy loss (RR, relative
risk). There was a suggestion of publication bias in Egger’s
(P<0-01) and Begg’s test (P=0-047)

with a higher risk of pregnancy loss. High maternal intake
of caffeine (350-699 mg/d) was associated with a 40 %
higher risk of pregnancy loss. In our dose-response ana-
lysis, a 100 mg/d increment in maternal caffeine intake
(~1 cup of coffee) was associated with a 7 % higher risk for
pregnancy loss. However, our results should be inter-
preted with caution in consideration of methodological
limitations of the original studies and other potential issues
such as residual confounding and publication bias that
may have influenced our results.

Most previous reviews on maternal caffeine intake and
pregnancy loss included only a qualitative summary of the
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evidence7 4 used estimates that were not adjusted

for potential confounders®” or included only five studies
on preconception caffeine intake®”. A recent meta-analysis
reported  significant  associations stronger than those
observed in our meta-analysis between higher maternal
caffeine intakes and higher risks of miscarriage (summary
RR=1-14 per 100 mg caffeine/d, 95 % CI 1-10, 1-19 in that
study compared with 1-08, 95 % CI 1-04, 1-13 in our study)
and stillbirth (summary RR =1-19, 95 % CI 1-05, 1-35 in that
study compared with 1-09, 95% CI 1-02, 1-16 in our
study)"'®. However, that meta-analysis also included
retrospective studies which are more prone to recall and
selection bias. Similar to our study, high heterogeneity was
reported in the dose-response analysis and publication
bias may have affected the observed associations. We also
conducted a complementary analysis using specific
categories of caffeine consumption which resulted in
substantially lower heterogeneity. This suggests that the
estimation of dose-response relationships based on
the results for categories of caffeine consumption reported
in the original studies may have introduced additional
heterogeneity. The correlation matrices of the adjusted
and unadjusted log RR are assumed to be approximately
equal in the GLST method proposed by Greenland and
Longnecker, and approximation using this method tends
to be unstable if there is small number of cases in the
referent exposure level®?. To date, there has been no
randomized controlled trial conducted to evaluate the
effect of a reduction in maternal caffeine intake on preg-
nancy loss®*>%.
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Our meta-analysis has several strengths. We searched
databases with no language restriction to increase the
completeness of the identification of studies. Moreover,
we included only prospective studies and thus reduced
the influence of selection bias, recall bias and reverse
causation. The included studies were reasonably large,
with study size of more than 1000 participants in ten out
of fourteen studies. Lastly, we did not only compare
the highest categories with the lowest categories but
divided maternal caffeine intake into five levels and also
conducted a dose-response analysis.

Our study results should be interpreted with consideration
of several potential limitations. First, our results could have
been affected by measurement error of caffeine intake
assessment in the original studies. The included studies relied
mostly on questionnaires for caffeine assessment. However,
validation studies have shown that self-reports of major
sources of caffeine such as coffee and tea are in general
reasonably accurate and reliable®>>®. Another potential
limitation is that two of the included studies conducted in
Denmark used coffee consumption as the proxy of total
caffeine intake. However, coffee consumption is high in
Denmark and in a similar Swedish study coffee was the
predominant source (accounting for 76 %) of all caffeine
ingested by pregnant women®”. In our stratified analyses,
the summary estimates did not differ substantially by dietary
assessment method or by assessment of coffee v. total
caffeine intake. The caffeine assessments in the remaining
studies were reasonably comprehensive. Most studies
considered at least the intakes of coffee, tea and caffeinated
soft drinks®0** #3457 while some also additionally
considered other sources such as cocoa products(40'43’46’47)
and caffeine-containing medication® %%, Energy drinks
containing relatively high amounts of caffeine have increased
in popularity, especially since the mid-2000s°%>. However,
most studies included in our meta-analysis were conducted
before that period. Furthermore, the contribution of energy
drinks to total caffeine intakes was found to be small
in studies conducted in pregnant women or women of
childbearing age®*®?,

Another potential limitation of our meta-analysis is
residual confounding resulting from unmeasured or
imperfectly measured covariates. A majority of the included
studies adjusted for potential confounders rather
comprehensively. We only included studies that considered
potential confounding by smoking, either by adjusting for it
in multivariable models or reporting that such adjustment
had minimal influence on the results. Moreover, most
studies adjusted for maternal age, parity, alcohol intake and
SOCiO-economic status.

Smoking tends to correlate with caffeine intake®*”
a known risk factor for pregnancy loss®**®. Smoking
is therefore a potentially important confounder of the
association between caffeine intake and pregnancy loss.
The six included studies!22036404449) har investigated a
possible interaction between caffeine intake and smoking

and is
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in relation to pregnancy loss either did not suggest
differences in association between smokers and non-
smokers 1220364049 5, suggested a stronger association in
non-smokers“®. It is reassuring that the association between
caffeine intake and pregnancy loss was observed in
non-smokers, because residual confounding by intensity of
smoking is not a concern in this group. However,
non-disclosure rate of active smoking was higher among
pregnant women compared with non-pregnant women in a
study comparing self-reported and biomarker-determined
smoking status®”. Thus, residual confounding by smoking
may still be a concern due to under-reporting of smoking in
pregnant women. Nevertheless, in Greenwood et al.’s study
higher maternal caffeine intake was associated with a higher
risk of late miscarriage and stillbirth even after adjustment
for salivary cotinine, a biomarker for smoking®”.
Pregnancy symptoms including nausea, vomiting, and
aversions to smells and taste are more common in healthy
pregnancies than in pregnancies that end in spontaneous
abortion’”. Women with viable pregnancies may be more
likely to decrease their caffeine consumption in response to
pregnancy symptoms''”. Pregnancy symptoms can affect
the interpretation of the relationship between caffeine and
pregnancy loss in two ways. First, pregnancy symptoms are
associated with both pregnancy loss and maternal caffeine
intake and thus potentially are a confounder. Second, loss
of fetal viability (which precedes the actual detection of
pregnancy loss) can result in reduced pregnancy symptoms
and subsequently increased caffeine intake; this scenario
represents reverse causality. If pregnancy symptoms
confound the relationship between caffeine and pregnancy
loss, their influence can be studied through adjustment or
stratification for these symptoms. Wen et al. reported a
substantial association between caffeine intake measured
after nausea occurrence and the risk of spontaneous
abortion in women with nausea, but not for caffeine
intake assessed earlier or in women without nausea™?.
In contrast, Klebanoff et al. observed similar associations
in women who did or did not experience vomiting?®.
Other studies that investigated the influence of pregnancy
signals using self-reported information on nausea, vomiting
and fatigue did not support the argument that confounding
by pregnancy-related symptoms results in spurious
associations between maternal caffeine intake and the risk
of spontaneous abortion®%®>” Furthermore, the
association between maternal caffeine intake and
pregnancy loss was not significantly different for studies
that did and did not adjust for nausea and vomiting in
our meta-regression analysis (Table 2). Nevertheless,
assessment of relevant pregnancy symptoms is unlikely to
be without measurement error and residual confounding
by symptoms reflecting fetal viability thus cannot be
completely excluded. Moreover, the possibility that higher
caffeine intake is a consequence rather than a cause of
pregnancy loss (reverse causality) cannot be excluded.
A study with detailed serial measurement of both caffeine
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intake and fetal viability based on ultrasounds may help
to disentangle the cause-and-effect sequence, but such
measurements are unlikely to be feasible in big epidemio-
logical studies.

In addition to methodological limitations of the original
studies, our results may have been affected by small-study
effect such as publication bias as suggested by the funnel
plot and statistical tests. Publication bias is only one of the
possible reasons for small-study effect and there can be a
real difference in effect size in smaller studies due to
methodological or clinical diversity. It is possible that smaller
studies have a larger effect size due to more complete
and comprehensive measurement of caffeine intake.
Nevertheless, in our stratified analysis the association
between caffeine intake and pregnancy loss was similar in
the larger studies that are less likely to be affected by this
bias, but as in any meta-analysis the possibility of the bias
cannot be completely excluded even for the subset of larger
studies. If the observed small-study effect is really due to
publication bias, our trim-and-fill analysis suggested that the
bias did not affect the pooled effect estimate substantially.

The exact mechanism through which caffeine may
increase risk of pregnancy loss remains unclear. Caffeine
can increase the release of catecholamines, which may
lead to vasoconstriction in the uteroplacental circulation
and fetal hypoxia and subsequently affect fetal development
and growth"*'® Indeed, after maternal ingestion of just
200 mg of caffeine, a 25 % reduction in intervillous placental
blood flow has been documented®'®. Another proposed
mechanism is that caffeine increases the cellular
concentration of cyclic adenosine monophosphate (CAMP)
by inhibiting an enzyme (phosphodiesterase) responsible
for the breakdown of cAMP%. A build-up of cCAMP may
affect fetal growth through its influence on cell division
or catecholamine-mediated vasoconstriction®®”. Further-
more, caffeine may also affect the fetal cardiovascular
system directly by increasing fetal heart rate accelerations
and causing tachycardia(ZG’GS‘@), As mentioned before,
spontaneous abortion and stillbith may have different
aetiology. Caffeine may influence these outcomes through a
common mechanism such as vascular disorder or via
different pathways, but there is limited evidence to postulate
further. If maternal caffeine intake is indeed causally
associated with pregnancy loss, the effect can also be
possibly exerted by its metabolites. These may have
important implications as wide inter-individual variation
in caffeine metabolism due to either genetic variation (e.g.
polymorphism in CYP1A2) or lifestyle factors (e.g. smoking)
has been reported””. Thus, in order to provide a more
complete picture on caffeine metabolism, future studies
should consider assaying for circulating caffeine, its meta-
bolites and genotype information on top of well-planned
caffeine intake and lifestyle factors measurements.

It is not clear why the association between caffeine
intake and pregnancy loss was more pronounced in
studies of older women than in studies of younger women
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and this observation requires confirmation in further
studies with individual-level data on age. It may be that
older mothers drink more coffee“®”? or that older age
inherently exacerbates the negative influence of caffeine
on pathways leading to pregnancy loss. It is known
that advancing maternal age increases risk of fetal
chromosomal abnormalities and thus results in higher risk
of spontaneous abortion. However, caffeine is generally
not considered to be mutagenic and cytotoxic at usual
human exposure level7?.

Conclusions

The present systematic review and meta-analysis supports
the hypothesis that high maternal caffeine intake during
pregnancy is associated with a higher risk of pregnancy loss.
The results of recent meta-analyses also indicate that higher
maternal coffee consumption may increase the risk of
low birth weight in offspring*®’. Currently, the WHO
recommends a caffeine intake of less than 300 mg (~3 cups
of coffee) per day. Our results suggested that high caffeine
intake (~3-5 to 7 cups of coffee) and very high caffeine
intake (=7 cups of coffee) were associated with a
substantially higher risk of pregnancy loss. Our results may
have been affected by publication bias and the possibility of
residual confounding by smoking or pregnancy symptoms
cannot be ruled out. Nevertheless, in combination with the
biological plausibility of adverse effects on the fetus and
evidence for effects of maternal caffeine intake on reduced
fetal growth, it appears prudent to adhere to public
recommendations to limit caffeine intake during pregnancy
to low levels.
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