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evaluate the role of maternal exposures during pregnancy on offspring health.
reporting of methodologic challenges in this area.
Data sources: We searched PubMed, EMBASE, Medline Ovid, Cochrane Central,
Web of Science, and Google Scholar.
Study selection and data extraction: Eligible studies met the following criteria: (a) a
maternal pregnancy exposure; (b) an outcome assessed in offspring of the pregnancy;
and (c) a genetic variant or score proposed as an instrument or proxy for an exposure.
Synthesis: We quantified the frequency of reporting of MR conditions stated, techniques used to examine assumption plausibility, and reported limitations.
Results: Forty-three eligible studies were identified. When discussing challenges or
limitations, the most common issues described were known potential biases in the
broader MR literature, including population stratification (n = 29), weak instrument
bias (n = 18), and certain types of pleiotropy (n = 30). Of 22 studies presenting point
estimates for the effect of exposure, four defined their causal estimand. Twenty-four
studies discussed issues unique to prenatal MR, including selection on pregnancy
(n = 1) and pleiotropy via postnatal exposure (n = 10) or offspring genotype (n = 20).
Conclusions: Prenatal MR studies frequently discuss issues that affect all MR studies, but rarely discuss problems specific to the prenatal context, including selection
on pregnancy and effects of postnatal exposure. Future prenatal MR studies should
report and attempt to falsify their assumptions, with particular attention to issues
specific to prenatal MR. Further research is needed to evaluate the impacts of biases
unique to prenatal MR in practice.
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1 | BAC KG RO U N D
Many pregnancy exposures, including maternal nutrition, substance
use, and chronic health conditions, are associated with offspring adverse birth outcomes and health across the life course.1-4 However,
mothers who differ in specific prenatal behaviours and traits are
also likely to differ in socio-economic status and many other health
behaviours, including substance use, exercise habits, diet, social
support, and engagement with medical professionals, that could

Synopsis
Study question
How do Mendelian randomisation (MR) studies of prenatal
exposures report and attempt to mitigate potential sources
of bias?

likewise affect or be associated with offspring outcomes.5 These

What's already known

confounders of the relationship between pregnancy exposures

MR is an increasingly popular approach to study effects of

and offspring outcomes are complex constructs that are difficult to

the prenatal environment. However, prenatal MR studies

measure, as they often relate to an individual's latent tendency to

are vulnerable to some unique sources of bias.

engage in healthy behaviours or to be exposed to risk factors associated with socio-economic position. Therefore, estimates of causal

What this study adds

effects of exposures during pregnancy using more traditional ana-

Prenatal MR studies frequently discuss and attempt to

lytic techniques that require measuring and adjusting for confounders may be biased.
Instrumental variable analysis proposing genetic variants as
instruments, also known as Mendelian randomisation (MR), is an
alternative approach to estimate causal effects of exposures on out-

limit biases common in the general MR literature, but rarely
discuss problems unique to the prenatal context, including
issues related to offspring genotype, the effects of postnatal exposure, and selection on pregnancy.

comes. In prenatal MR designs, the mothers’ genetic variants (eg single nucleotide polymorphisms [SNPs]) are proposed as instruments
to examine the effect of an exposure during pregnancy on an offspring outcome. Under specific conditions, MR allows for unbiased
estimation of an average causal effect of an exposure on an outcome, even in the presence of unmeasured confounding of the exposure-outcome relationship.6 An MR study requires an instrument,
defined as a variable that meets the following conditions:
1. The instrument Z (ie the genetic variant) must be associated
with the exposure X
2. The instrument Z does not affect the outcome Y except through
its possible effect on the exposure X (also known as the exclusion

F I G U R E 1 Causal Directed Acyclic Graph representing a
Mendelian randomisation study where Z is a valid instrument for
the effect of X on Y

restriction)
3. Individuals at different levels of the instrument Z are exchangeable (ie comparable) with regard to counterfactual outcome.

guidelines for MR analyses recommend explicit reporting of this
“fourth” point-identifying condition and the targeted effect esti-

One important implication of condition 3 is that the instrument

mand.10-12 Of further note, there are several estimators allowing for

Z and the outcome Y cannot share any unmeasured causes. A causal

relaxation of MR conditions 2 and 3, although these require some

structure that meets these requirements is portrayed in Figure 1.

alternative assumptions and often the availability of multiple possi-

Under these three conditions, investigators can test whether

ble instruments.13-16

there is an effect of the exposure on the outcome for at least one

Although the application of MR to pregnancy exposures is

individual in the study population,7 and can estimate bounds for

growing, to our knowledge, no existing study has examined the fre-

the average causal effect.8,9 In order to obtain a point estimate of

quency of this design, or the assumptions and analytic strategies

an average causal effect, investigators must assume one of a set of

commonly employed in such applications. As guidelines for MR sug-

additional conditions holds. These conditions vary in strength and

gest that the key conditions need to be assessed on a case-by-case

plausibility, and some choices of weaker conditions will produce

basis relative to the study design and research question,12,17-20 and

estimates of average causal effects in unidentifiable subgroups of

prenatal MR studies present several unique challenges relative to

the study population (see Supporting Information for further detail).

other types of MR designs, 21,22 it is important to understand how

This choice of condition alters the population to which the estimated

prenatal MR studies report on both study-specific and general chal-

effect applies, and a subgroup average causal effect can differ dra-

lenges to the validity and interpretation of MR results. In addition,

matically from the population average causal effect. Therefore,

by identifying key areas of concern reported by researchers, we
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may be able to determine which sources of bias in prenatal MR are

broad range of characteristics of the prenatal environment, which

in most need of further research. Therefore, the aim of this study

complicate comparisons to MR analyses of other specific prenatal

was to review the use of MR designs to study the effect of the pre-

exposures, we excluded studies using birthweight as an exposure

natal environment on offspring outcomes, and to describe the na-

from this review. We also required that the study includes analysis

ture and reporting of key potential strengths and weaknesses of the

of real data, and we eliminated any duplicate analyses. All studies

design in this context.

were independently reviewed by two coauthors (ED & AN), and any
disagreements between coauthors were resolved by third author

2 | M E TH O DS

(JL) review and discussion (see Figure 2). Details of the search terms
and identified studies are available in the Supporting Information.
Authors extracted data from each included study using a form

To investigate the use of MR in studies of pregnancy exposures, we

with open response fields for each data point. Data collected from

searched PubMed, EMBASE, Medline Ovid, Cochrane Central, Web

eligible studies included the study exposure, study outcome, sample

of Science, and Google Scholar. Each database was searched from its

size, methodologic approach used, falsification tests and sensitivity

start date to 14 May 2019. Inclusion in our review required the study

analyses performed, and limitations mentioned. For each of the MR

met the following criteria: (a) the exposure of interest was a charac-

conditions, rather than pre-specifying a list of possible types of viola-

teristic of the maternal environment that occurred during or proxi-

tions and noting whether a particular article described said violation,

mate to pregnancy, (b) the outcome was assessed in the offspring of

reviewers listed all sources of bias described by the article under

the pregnancy, and (c) a genetic variant or genetic variant score was

review that would violate the MR conditions. Although this approach

proposed as an instrument and used either as a proxy for an expo-

relies on the ability of the reviewer to correctly identify sources of

sure or to conduct an instrumental variable analysis of the effect of

violation that are not explicitly described in the language of instru-

exposure on outcome. The inclusion of proxy approaches is espe-

mental variables (particularly with regard to the fourth assumption),

cially important for a review of prenatal MR designs, because some

it allows for identification of novel and subject-specific approaches

early studies did not conceptualise this approach as an application

and potential sources of bias, rather than restricting responses to

of previously established instrumental variable methods, but rather

a predefined set of possible violations of the MR conditions. Data

viewed genetic variants as unconfounded proxies for the exposure

were extracted by the first author (ED); to assess accuracy in ex-

of interest. Testing the association between such a genetic variant

traction, five included studies were randomly chosen for indepen-

and an outcome is equivalent to sharp null hypothesis testing in MR

dent extraction by a coauthor (JL) (see Supporting Information for

and requires the same MR conditions hold. 20 Because birthweight

details of extraction comparison procedure). Both authors agreed on

is used both as a characteristic of the offspring and as a proxy for a

56/60 data points (93%) across five articles.

FIGURE 2
eligibility

Flow chart depicting article
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3 | R E S U LT S

allow for specific types of violations of MR condition 2 under alternative conditions13-15 (Table S1 Column 16). Ten analyses (23%)

Initial searches resulted in 772 potentially eligible articles. Of these,

controlled for offspring genotype, incorporated offspring genotype

680 articles were excluded based on review of the abstract. Of the

into a structural equation model, or used only non-transmitted hap-

92 articles that underwent full manuscript review, 43 articles met

lotypes as assumed instruments to mitigate violations of MR condi-

eligibility criteria and were included in this review (Figure 2).

tion 2 by offspring genotype.
Twenty-six of the included studies (61%) used some method to

3.1 | Study settings

avoid violations of MR condition 3 by population stratification, a type
of confounding of the proposed instrument-outcome relationship by
ancestry group, primarily (n = 19, 44%) via restricting the maternal

The included studies covered a wide range of exposures, includ-

sample to white European women. Twelve studies (27.9%) included a

ing alcohol or tobacco use (n = 12, 28%), caffeine use (n = 1, 2%),

sensitivity or primary analysis adjusting for GWAS-derived principal

C-reactive protein (n = 2, 5%), diabetes (n = 4, 9%), thyroid hormone

components, to limit residual confounding by population stratifica-

levels (n = 1, 2%), anthropometric traits (n = 8, 19%), placental meth-

tion. Three studies discussed possible violations of MR condition 3

ylation (n = 1, 2%), haemoglobin levels (n = 3, 7%), blood lipid lev-

by assortative mating, a bias resulting from parents selecting mates

els (n = 2, 5%), blood pressure (n = 1, 2%), and micronutrient levels

based on particular characteristics that can result in confounding

(n = 13, 30%) (Table 1 Column 4). Of the micronutrient studies, six

of the proposed instrument-outcome relationship. One study used

focused on folate, two on vitamin B-12, two on homocysteine, two

linear mixed modelling to mitigate bias resulting from relatedness

on vitamin D, and one on polyunsaturated fatty acids. Outcomes of

within the sample.

interest included DNA methylation, autoimmune conditions, cognitive development, anthropometric measures (eg adiposity-related
outcomes), birthweight, bone density, behavioural disorders, smoking initiation, adverse birth outcomes, orofacial cleft, wheezing, and

3.3 | Causal parameters of interest and reporting of
additional key conditions

blood pressure (Table 1 Column 5). The majority (n = 34, 79%) of the
studies used data from a birth cohort, with a few studies using case–

Twenty-one studies (49%) reported proposed instrument-outcome

control designs (n = 4) or cross-sectional data (n = 5). Three studies

associations only, and 22 (51%) used IV estimation to derive a point

(7%) used a 2-sample design, in which the association between the

estimate of an effect of the exposure on the outcome (Table S1

proposed instrument and exposure, and between the proposed in-

Column 10). Of the studies that reported such a point estimate,

strument and outcome, is estimated in independent samples.

four explicitly reported their estimand of interest (See Supporting

The type and number of proposed instruments used varied

Information Sections III-IV for details).

across included studies. Most (n = 31, 72%) studies proposed only
maternal genetic factors as instruments, while the remainder used
offspring genetic factors either alone or in tandem with maternal
genetic factors. Overall, 19 studies (44%) proposed a single SNP as

3.4 | Reported sensitivity analyses and
falsification tests

an instrument, while 24 (56%) used multiple genetic loci.
While MR conditions 2 and 3 cannot be empirically verified, they

3.2 | Studies’ discussion of key conditions

can be falsified or indirectly assessed using a variety of techniques.18,25 However, some of these techniques only detect extreme biases, and, particularly in the case of covariate balance,

Eighteen studies (42%) mentioned weak instrument bias, with

can be difficult to interpret.18,25 Three analyses (7%) reported the

10 studies (23%) reporting F-statistics as a measure of pro-

results of a falsification test (Table 2). One study (2%) estimated a

posed instrument strength (range: 0.66-74) (Table S1 Column 11).

weighting function, and two (5%) used overidentification tests. 26,27

Seventeen studies (40%) incorporated methods explicitly to limit

No studies reported instrumental inequalities. 22,28 Twenty-one

weak instrument bias into their analysis by leveraging multiple ge-

studies (49%) reported the balance of covariates across levels of

netic loci as either a genetic risk score or using limited informa-

their proposed instrument, 17 of which compared this to covari-

tion maximum likelihood and weak instrument robust confidence

ate balance across levels of exposure; no studies used bias or bias

intervals. 23,24

component plots to report these comparisons25 (Table S1, Column

Of 15 studies using genetic risk scores, rather than individual

13).

SNPs, two explicitly removed SNPs with known pleiotropic effects,

Eleven studies (26%) reported analyses stratified across levels of

that is, SNPs known both to be associated with the exposure and to

the exposure or conducted tests of instrument-exposure interaction

impact the outcome through paths other than the exposure, from

or interaction between the instrument and a potentially confounded

the genetic risk scores. Ten studies (23%) used alternative methods—

determinant of exposure. One study (2%) stratified across a level of

Egger regression, weighted median regression, and sisVive—which

maternal behaviour in which the exposure was expected not to exist,

|
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TA B L E 1

Included studies

First author

Year

Exposure

Outcome

2 step : glucose genetic risk score
(GRS), methylation GRS

2 step: maternal fasting glucose,
methylation

2 step: methylation, cord blood leptin

2012

C282Y

Iron

Blood pressure, waist circumference,
body mass index (BMI)

Bech64

2006

NAT2, CYP1A2, GSTA1

Caffeine

Stillbirth

Bedard65

2018

maternal 12 SNP weighted GRS

Haemoglobin

Wheezing, asthma, atopy, low lung
function

Bernard66

2018

8 FADS variants

Omega 3 and omega 6
polyunsaturated fatty acids

Gestational duration, birthweight,
birth length

Binder67

2013

MTHFR rs1801133, rs1801131

Folate

Genome-wide methylation

Bonilla68

2012

GRS

Fasting glucose, type 2 diabetes

Intelligence quotient (IQ) at age 8

69

62

2015

Alwan63

Allard

Proposed instrument(s)
a

2012

rs492602, rs1801198, rs9606756

Vitamin B12

IQ at age 8

Caramaschi70

2017

2 step: rs492602, rs1047781
for vitamin b12; rs5750236,
rs1890131 for methylation

2 step: vitamin B12, methylation

2 step: methylation, IQ

Caramaschi71

2018

rs1051730

Smoking heaviness

Autism spectrum disorder

72

Evans

2018

403 SNP GRS

Maternal type 2 diabetes

Birthweight

Geng73

2018

35, 25, and 41 SNP GRS

Waist-to-hip ratio adjusted for BMI,
hip circumference adjusted for BMI,
waist circumference adjusted for
BMI

Birthweight, birth length, head
circumference

Granell74

2008

MTHFR C677T

Folate

Atopy, asthma

Howe

2019

rs1229984

Alcohol

Facial morphology

Humphriss76

2013

ADH1B rs1229984

Alcohol

3 composite balance scores (dynamic
balance, static balance eyes open,
static balance eyes closed)

Hwang77

2019

96, 82, and 60 SNP GRS

High-density lipoprotein (HDL)
cholesterol, low-density lipoprotein
(LDL) cholesterol, triglycerides

Birthweight

Korevaar78

2014

GRS

Thyroid-stimulating hormone (TSH),
free thyroxine (FT4)

Soluble fms-like tyrosine kinase-1
(sFlt1), placental growth factor
(PlGF)

Lawlor79

2008

FTO

BMI

Fat mass at age 9-11

Lawlor21

2017

GRS

BMI

BMI, fat mass index

80

Bonilla

75

2013

MTHFR C677T

Homocysteine

Birthweight

Lewis81

2009

MTHFR C677T

Folate intake

Total weight, total body fat mass,
total lean mass

Lewis82

2012

10 SNPs in ADH4, ADH1A,
AHD1B, ADH7 (rs4699714,
rs3763894, rs4148884,
rs2866151, rs975833,
rs1229966, rs2066701,
rs4147536, rs1229984,
rs284779)

Alcohol

IQ at age 8

Lewis83

2014

GRS based on rs1799945,
rs1800562, rs4820268

Iron

IQ at age 8

Mamasoula84

2013

MTHFR rs1801133

Folate

Congenital heart disease

Morales85

2011

rs1205

C-reactive protein (CRP)

Wheezing, lower respiratory tract
infection

Morales86

2016

rs1983204, rs344008, rs6795327,
rs7637701, rs11929637

Methylation at top-ranked cpg site for
placental methylation in smokers

Birthweight

Lee

5

(Continues)
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TA B L E 1

(Continued)

First author

Year

Proposed instrument(s)

Exposure

Outcome

2016

GRS including ADH1A rs2866151,
rs975833, AHD1B rs4147536,
ADH7 rs284779

Alcohol

Conduct problem trajectories
(6 measures of Strengths and
Difficulties Questionnaire)

Richmond88

2016

GRS

BMI

HIF3A methylation

89

2017

GRS

BMI

BMI, fat mass index

von Hinke
Kessler
Scholder 90

2014

ADH1B rs1229984

Alcohol

Academic achievement
(KS1,KS2,KS3, GCSE)

Shaheen91

2014

ADH1B rs1229984

Alcohol

Childhood atopic disease

Steenweg-de
Graaff 92

2012

MTHFR C677T

Folate

Emotional and behavioural score
(Child Behavior Checklist)

Steer 93

2011

MTHFR C677T

Folate

Bone mineral content, bone mineral
density, bone area

Taylor 94

2014

rs1051730

Smoking

Latent class of offspring smoking
initiation

Thompson95

2019

Separate 7 SNP GRS

Vitamin D, calcium

Birthweight

2016

GRS

BMI, fasting glucose, diabetes,
triglycerides, HDL, blood pressure,
vitamin D, adiponectin

Birthweight

Wehby 97

2011

14 SNPs

Smoking

Birthweight

98

2011

4 SNPS (rs1435252, rs1930139,
rs1547272, rs2743467)

Smoking

Orofacial cleft

Wehby 99

2013

smoking: rs12914385, rs1051730,
alcohol: ADH1B rs1229984,
BMI: rs8050136

Smoking, alcohol use, obesity

Birthweight

Yajnik100

2014

MTHFR rs1801133

Homocysteine

Birthweight

Zerbo101

2016

rs3116656, rs2794520

CRP

Autism spectrum disorder

102

2015

GRS

Maternal height

Birth length, birthweight

2013

rs1229984

Alcohol (1st trimester)

IQ at age 8, educational attainment

Murray

87

Richmond

Tyrrell

96

Wehby

Zhang

Zuccolo103

a
2 step Mendelian randomisation designs are a specific subtype of Mendelian randomisation designs proposed to investigate mediation of the
relationship between maternal exposures and offspring outcomes by offspring DNA methylation, under additional strong assumptions.104 In this
approach, maternal genetic variants are proposed as instruments for the effect of maternal exposures on offspring methylation across all measured
sites. For any methylation sites where a non-null effect was detected for any individual in the population, offspring genetic variants associated with
methylation at that site are then proposed as instruments for the effect of methylation at that site on offspring outcomes.

and one study (2%) adjusted for several possible consequences of the

characteristics, and 6 (14%) noting their exposure was assumed

proposed instrument and exposure. Because stratifying on or con-

constant over the course of the pregnancy (Table 3). Thirty-four

trolling for the exposure or a consequence of the exposure (as in a

studies (79%) discussed versions of potential violations of MR

test of instrument-exposure interaction) can induce collider bias, these

condition 3, with most (n = 29, 67% of total) focusing on popula-

analyses will provide a valid falsification test only if there is no con-

tion stratification. Twenty-eight studies (65%) mentioned low sta-

founding of the exposure-outcome relationship, which is extremely

tistical power. Eleven studies (26%) discussed possible selection

unlikely given the typical motivation for conducting an MR analysis.11

bias related to missingness of exposure and outcome data. One
study (2%) explicitly mentioned selection bias related to the use

3.5 | Reported limitations

of a cohort defined by successful pregnancy completion. Sixteen
studies (37%) discussed the vulnerability of their analysis to model
misspecification resulting from nonlinearity or heterogeneity or

Thirty-nine studies (91%) discussed versions of potential viola-

violation of proportional hazards. Four studies (9%) noted that

tions of the MR condition 2, with 30 (70%) describing pleiotropy,

they used genetic risk scores weighted based on large GWAS of

10 (23%) noting possible postnatal effects of the proposed ge-

men and non-pregnant women, which might result in model mis-

netic instrument, 14 (33%) discussing possible exposure meas-

specification when applied to prenatal MR. Of the three studies

urement error, 3 (7%) noting possible preconceptional effects

using two-sample designs, one discussed bias resulting from non-

of the proposed genetic instrument on egg quality or maternal

comparability of the samples.

|
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TA B L E 2 Falsification approaches and sensitivity analyses
reported by included articles
Falsification tests and sensitivity analyses

Per cent studies
reporting (n)

TA B L E 3 Possible sources of violation of the MR conditions
reported by the included articles
Assumption

Per cent studies
reporting (n)

Assumption 1

Falsification technique
Overidentification test

5 (2)

Weak instrument bias

Weighting function

2 (1)

Can't prove assumption 1

7 (3)

Winner's curse

2 (1)

Covariate balance

49 (21)

42 (18)

Assumption 2

Sensitivity analysis
Alternative methods (MR-Egger, weighted
median, nontransmitted haplotype, SisVive,
mode-based estimator)

7

23 (10)

Pruned GRS

5 (2)

Simulations to evaluate impact of specific type
of violation

9 (4)

Pleiotropy

70 (30)

Exposure measurement error

33 (14)

Postnatal effects of genotype

23 (10)

Preconceptional effects of genotype
Exposure assumed constant over pregnancy

14 (6)
47 (20)

Adjustment for additional factors

14 (6)

Offspring genotype

Exposure stratification (would only be valid if
no unmeasured confounding of exposure and
outcome)

26 (11)

Assumption 3
Population stratification
Assortative mating
Residual confounding

4 | CO M M E NT

7 (3)

Relatedness

67 (29)
7 (3)
16 (7)
2 (1)

Other concerns

4.1 | Principal findings

Modelling assumptions

37 (16)

Selection bias—loss to follow-up

26 (11)

The use of MR designs is becoming more frequently applied to study

Selection on pregnancy

a wide range of types of prenatal exposures and is most often con-

Outcome measurement error

19 (8)

ducted in large, well-characterised birth cohorts. Overall, investiga-

Low power

65 (28)

tors appear to be aware of possible bias due to pleiotropy and weak

Limited generalisability

19 (8)

associations between proposed instruments and exposures, as well

Use of GWAS in nonpregnant adults may be
inappropriate

9 (4)

Noncomparable cohort populations (2 sample
designs only)

2 (1)

as the low power of MR studies, and demonstrate efforts to address
the potential impact of these issues. However, some violations of the
MR conditions that are more specific to and perhaps more common
in prenatal MR, including violation of MR condition 2 by postnatal
or preconceptional exposure status, and selection on pregnancy, are

2 (1)

4.3 | Limitations of the data

rarely mentioned. The fourth condition used to report point estimates is rarely stated.

However, this extraction strategy is, by definition, somewhat subjective. Because this approach relies on the expertise of the re-

4.2 | Strengths of the study

viewer, reproducibility may be impacted. However, when data from
five articles were independently extracted by a second coauthor,
there was a high degree of agreement between reviewers. As with

This study is, to our knowledge, the first to investigate the use

all systematic reviews, it is also possible that our search algorithm

of the prenatal MR design and the possible violations discussed

was incomplete, and we did not identify all relevant articles. This

by applications of this design. The use of prenatal MR is increas-

limitation is especially relevant to early prenatal MR studies, which

ing, and a clear evaluation of reported and unreported sources of

did not always use the same language to describe their analysis

potential bias is a key consideration for future authors and con-

or conceptualise their analysis as an application of instrumental

sumers of prenatal MR studies. By using an open-ended extrac-

variables.

tion strategy, rather than predefining biases of interest, we were

Our study focused exclusively on reporting and therefore could

able to identify novel sources of bias specific to this setting. This

not determine whether any potential bias meaningfully impacted

flexible approach enabled reviewers to identify violations of point-

the results of a particular study. However, key MR conditions are

identifying assumptions that were not explicitly described in the

unverifiable, meaning the absence of all potential biases cannot be

language of instrumental variables.

proven. Given this, MR studies should, whenever possible, attempt

8
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to falsify their assumptions, and provide sensitivity analyses quantifying the impact of possible biases. If the impact of particular bias is
believed to be minor, justification of this assumption based on subject matter knowledge is vital to the interpretation of study findings.

4.4 | Interpretation
Violations of MR condition 2 were some of the most noted problems
in this review. Pleiotropy, where genetic loci proposed as an instrument affect both the exposure and another maternal factor associated with the outcome, is a well-recognised problem for all MR studies
and was mentioned by nearly three-quarters of the studies (70%) in
this review. However, several types of violations of MR condition 2
are relatively unique to the prenatal MR design, some of which remain

F I G U R E 3 Causal Directed Acyclic Graph depicting a maternal
genetic loci that violates the MR conditions. Here, offspring
genotype (Zchild ) is an open backdoor path between the proposed
instrument (Zmother) and the outcome (Y), violating MR condition 2.
However, conditioning on Zchild may induce a collider bias if paternal
genotype (Zfather) is also related to Y, potentially via paternal exposure

rarely acknowledged. When maternal genetic factors are proposed as

resulting from alcohol consumption) may also violate MR condition

instruments, MR condition 2 could be violated if the offspring's own

2. For studies proposing offspring genetics as instruments, a similar

21

This type of bias

violation can occur if the offspring's genetic factors continue to im-

may be especially common in settings where the maternal exposure

pact their exposure after birth. For example, as with biases resulting

and offspring outcome are similar, including studies of the effect of

from the causal effect of maternal genotype on offspring genotype,

maternal pregnancy BMI on offspring BMI.21 However, this type of

in studies of the effect of micronutrients that propose offspring ge-

bias could also occur in any setting where offspring exposure level

netic factors as instruments will be biased if offspring micronutrient

might impact the outcome, or where the mechanism by which a ge-

levels after birth impact their outcome, as offspring genotype likely

netic variant proposed as an instrument impacts exposure might also

continues to affect micronutrient levels after birth. Further, MR con-

impact the outcome. In MR studies of the effect of prenatal micro-

dition 2 can be violated if the mother's preconceptional exposure

nutrient exposures on offspring outcomes in later life, MR condition

status affects her offspring, through mechanisms like alterations in

2 would be violated if offspring micronutrient levels after birth also

oocyte quality.

genotype has an effect on the outcome (Figure 3).

affect the outcome, because offspring genotype likely impacts their

Although an MR estimate of a maternal exposure with postnatal or

micronutrient levels after birth. Some approaches to limit this bias

preconceptional effects could retrieve a valid estimate of the effect of

have been proposed, including controlling for offspring genotype,

maternal exposure from oocyte formation to outcome measurement,

the use of non-transmitted haplotypes, and a specific linear struc-

such an approach implies exposures remain the same over several

tural equation model. However, both the nontransmitted haplotype

years (in the case of preconceptional effects, from the mother's own

approach and controlling for offspring genotype can induce collider

gestation to outcome measurement) and do not change as a result of

bias via paternal genotype, as both condition on offspring genotype.

pregnancy, an unreasonable assumption for many exposures of inter-

The structural equation modelling approach proposed by Warrington

est.38 In addition, if the relationship between the proposed genetic

29

et al

avoids this issue, but requires much stronger assumptions re-

instruments and maternal exposure status varies over the course of

garding linearity and relationships between covariates than conven-

pregnancy, prenatal MR will produce biased estimates even if the ex-

tional MR.

30

posure has no postnatal effect.20,38 Time-varying gene-exposure rela-

For maternal proposed genetic instruments, if the outcome of in-

tionships were not explicitly mentioned in any of the articles reviewed

terest occurs after birth, MR condition 2 can be violated if the moth-

here, though 10 studies mentioned pleiotropy via postnatal or pre-

er's postnatal exposure status also affects the offspring (Figure 4).19

pregnancy effects as a possible limitation, and six noted the exposure

This is because the mother's genes would logically affect her expo-

was assumed constant over the course of pregnancy. In settings where

sure after birth, and the postnatal effect of the exposure creates

postnatal exposure status is believed to substantially affect offspring

an open path between the proposed instrument and the outcome

outcomes, and the gene-exposure relationship varies over time (either

not via prenatal exposure. For example, if the exposure of interest

before or after birth), prenatal MR with the usual MR estimators will

impacts the content of the mother's breastmilk, this would violate

likely be an inappropriate approach, and investigators should consider

MR condition 2. That path is particularly relevant for studies of the

alternative methods.

effects of obesity, diabetes, substance use, and vitamin B12, all of

Violations of MR condition 3 by population stratification, a problem

which have been associated with altered breastmilk content.31-37 In

recognised in the broader MR literature, were well-discussed by studies

contrast, previous work has not found any association between ma-

included in this review (n = 29, 67%).21,39-42 Violations by selection bias

ternal iron status and breastmilk content.

36

Altered social exposures

related to participant loss to follow-up, another known problem in MR,

and parenting behaviours resulting from maternal postnatal expo-

were also mentioned by almost a third of studies in this review (n = 11,

sure status (eg altered socio-economic status or attachment style

26%).21,39-42 However, because many exposures also negatively impact
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research on their exposure and fertility in similar populations to evaluate
the robustness of findings to selection bias.61 However, to this point, no
research has examined the magnitude of bias resulting from selection
on pregnancy completion in prenatal MR, or optimal bias mitigation and
sensitivity analysis strategies in the context of cohorts recruited based
on the presence of a pregnancy. It is therefore unclear to what extent
F I G U R E 4 Causal Directed Acyclic Graph depicting a maternal
genetic locus proposed as an instrument (Z) that violates the MR
conditions. Here, Z affects maternal exposure levels both during
and after pregnancy, and maternal postnatal exposure also impacts
offspring outcomes. Thus, maternal postnatal exposure (Xpostnatal )
creates an open backdoor path between Z and the outcome (Y),
violating MR condition 2

prenatal MR studies are biased by selection on pregnancy, and what
measures future studies should take to limit or identify this bias.
Some sources of bias in prenatal MR may be particularly difficult
to identify via the types of sensitivity analyses and falsification tests
used by articles in this review. Comparisons of covariate balance
across levels of the instrument and exposure, used by nearly half of
the studies in this review, can be difficult to interpret, as even small
differences in balance can result in substantial bias.25 Other methods
used in this review, such as overidentification tests, which evaluate
the null hypothesis that effect estimates from multiple different instruments are identical, and certain alternative methods allowing for
relaxation of MR condition 2, assume that different estimates are not
biased in the same way. While this assumption might be reasonable
for some forms of horizontal pleiotropy, it will be violated if MR condition 2 or 3 is violated as a result of a shared mechanism like postnatal

F I G U R E 5 Causal Directed Acyclic Graph depicting a maternal
genetic locus proposed as an instrument (Z) that violates the MR
conditions. Here, the maternal exposure Xpre-pregnancy impacts a
woman's ability to become pregnant. As outcomes (Y) can only be
measured in children of women who successfully conceive and
carry a pregnancy to term, a prenatal MR study must necessarily
select on pregnancy status, which will generate collider bias in this
scenario, violating the MR conditions

effects of the exposure, or by selection on pregnancy.61 Two studies in
this review attempted to limit pleiotropy by manually removing SNPs
proposed as instruments that had known pleiotropic effects from genetic risk scores. This approach is a useful way of leveraging existing
research to identify invalid IVs. However, identifying potentially pleiotropic SNPs in this way requires large GWAS of traits on potential
pleiotropic pathways, which may be unavailable for many exposures
used in prenatal MR.
While over half of the studies presented point estimates for a

fertility or ability to carry a pregnancy to term, prenatal MR studies are

causal effect of exposure, few analyses explicitly discuss their es-

also uniquely vulnerable to bias resulting from selecting on successful

timand (n = 4, 9% of total) or any form of model misspecification

pregnancy completion (Figure 5), which would result in a violation of

(n = 15, 35% of total). As previously stated, because certain choices

the MR condition 3, a limitation mentioned by only one study in this

of weaker modelling assumptions will identify point estimates in dif-

review.43 This bias could also occur if women with particular substance

ferent subsets of the population, explicit reporting of investigator

use and dietary behaviours were less interested in becoming pregnant,

assumptions is important to critical evaluation of MR analyses. This

or have other lifestyle factors that make it difficult to become pregnant.

is especially true in prenatal MR, where certain subpopulations are

Previous research suggests that women who are obese are less likely

not characterised in the same way as conventional MR, and, in the

to become pregnant than women who are not obese.44 Folate status,

case of certain exposures, including maternal alcohol consumption

diabetes, alcohol use, and smoking have been associated with worsened

and smoking, there is evidence that some modelling assumptions are

fertility, miscarriage, or stillbirth in experimental animal models and pre-

unreasonable (see Supporting Information).

45-56

vious observational research.

Research on becoming pregnant in

relation to other exposures included in this review, such as iron status,
caffeine use, and C-reactive protein, is less conclusive.57-60 Because the
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vast majority of prenatal MR studies are conducted in cohorts recruited
based on the presence of a pregnancy, direct correction of estimates

The use of prenatal MR is especially popular in the study of the ef-

using inverse probability weights, a correction approach used in other

fects of adiposity, micronutrient sufficiency, and substance use

applications of instrumental variable methods,43 will rarely be possible.

during pregnancy on offspring health. Because offspring are only

Under specific conditions, the recently proposed MR GENIUS estima-

directly exposed to maternal genetic factors and certain exposures

tor may retrieve unbiased estimates of the causal effect in the presence

during gestation, prenatal MR is an appealing method to examine

of selection bias, though this motivation for applying the estimator has

the impact of maternal behaviours on offspring outcomes in the

not been thoroughly evaluated.16 As an alternative, authors using pre-

presence of unmeasured exposure-outcome confounding. Authors

natal MR might consider using sensitivity analyses informed by previous

explicitly discuss and attempt to combat issues that could affect all
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MR studies, including population stratification, weak instruments,
and certain types of pleiotropy, but much less frequently discuss
some of the more specific challenges of prenatal MR designs, such
as postnatal effects of the exposure and selection bias related to
becoming pregnant. The evaluation of prenatal MR point estimates
is also complicated by infrequent reporting of the authors’ modelling
assumptions and effect of interest, although this pattern has been
seen in MR studies and even in other types of instrumental variable
analyses more generally.12,20
Future studies in this area should include explicit reporting and
justification of the authors’ assumptions, including those specific
to the prenatal context, as well as falsification tests and sensitivity
analyses to evaluate the impact of violations of those assumptions.
Further research is needed to evaluate how selection bias related
to fertility affects prenatal MR estimates, and to determine the
best choice of analysis in the presence of violations of the MR conditions in studies of prenatal exposures. Altogether, the relatively
frequent reporting of non-specific challenges while underreporting challenges specific to prenatal MR designs may also serve as an
important lesson to the developers, teachers, and methodologic
collaborators of MR analyses: while published MR applications
may be increasingly better at reporting “standard” strengths and
limitations of MR studies, critical assessment of the unique challenges of an MR study nonetheless needs to be done on a caseby-case basis.
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