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Social Media Quote In large Mendelian randomisation studies, nonparametric bounds may show us how much we do not know.  
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Abstract
Background: As large- scale observational data become more available, caution re-
garding causal assumptions remains critically important. This may be especially true 
for Mendelian randomisation (MR), an increasingly popular approach. Point estimation 
in MR usually requires strong, often implausible homogeneity assumptions beyond 
the core instrumental conditions. Bounding, which does not require homogeneity as-
sumptions, is infrequently applied in MR.
Objectives: We aimed to demonstrate computing nonparametric bounds for the 
causal risk difference derived from multiple proposed instruments in an MR study 
where effect heterogeneity is expected.
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1  |  BACKGROUND

The increasing availability of large- scale genetic data in pregnancy 
cohorts presents many novel opportunities for pre-  and perinatal 
epidemiologic research. However, it is important to remember that 
large sample sizes alone will not resolve structural biases resulting 
from violations of the core assumptions of any given causal infer-
ence method. Indeed, as increasing sample sizes allow us to narrow 
statistical uncertainty, and potentially inform policy and treatment 
decisions based on the results of observational studies, greater cau-
tion is needed to ensure an honest and transparent portrayal of the 
assumptions upon which any causal inference rests. One setting in 
which this caution may be especially important is Mendelian ran-
domisation (MR), an approach that leverages genetic variants pro-
posed as instrumental variables1 to estimate causal effects in the 
presence of unmeasured confounding. Because MR requires genetic 
data and larger sample sizes than other causal inference designs,2 
the viability and appeal of the approach were limited prior to the 
current era of big data.

When proposing one single nucleotide polymorphism (SNP) as 
an instrument, MR requires that the SNP is associated with the ex-
posure, does not affect the outcome except through the exposure, 
and individuals at different levels of the SNP are exchangeable with 
regards to the counterfactual outcome.3 To obtain a point estimate 
for the average causal effect of exposure A on outcome Y in the 
population (E(Ya − Ya′)), investigators must additionally make one 
of a set of possible homogeneity assumptions, described in detail 
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Methods: Using data from the Norwegian Mother, Father and Child Cohort Study 
(n = 2056) and Avon Longitudinal Study of Parents and Children (n = 6216) to study 
the average causal effect of maternal pregnancy alcohol use on offspring attention 
deficit hyperactivity disorder symptoms, we proposed 11 maternal SNPs as instru-
ments. We computed bounds assuming subsets of SNPs were jointly valid instru-
ments, for all combinations of SNPs where the MR model was not falsified.
Results: The MR assumptions were violated for all sets with more than 4 SNPs in 
one cohort and for all sets with more than 2 SNPs in the other. Bounds assuming one 
SNP was an individually valid instrument barely improved on assumption- free bounds. 
Bounds tightened as more SNPs were assumed to be jointly valid instruments, and 
occasionally identified directions of effect, though bounds from different sets varied.
Conclusions: Our results suggest that, when proposing multiple instruments, bounds 
can contextualise plausible magnitudes and directions of effects. Computing bounds 
over multiple assumption sets, particularly in large, high- dimensional data, offers a 
means of triangulating results across different potential sources of bias within a study 
and may help researchers to better evaluate and emphasise which estimates are com-
patible with the most plausible assumptions for their specific setting.
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ALSPAC, bounds, instrumental variables, Mendelian randomisation, MoBa

Synopsis

Study question

Do nonparametric bounds provide useful information in the 
context of large- scale MR studies of prenatal exposures?

What's already known

Point estimation in MR typically requires strong, unveri-
fiable homogeneity assumptions beyond the core MR as-
sumptions. Bounds, which do not require homogeneity 
assumptions, are rarely applied in MR.

What this study adds

We computed bounds on the average causal effect of al-
cohol consumption during pregnancy on offspring ADHD 
symptoms in two European cohorts, using 11 proposed 
genetic instruments. Our results suggest that, when pro-
posing multiple instruments, bounds can contextualise 
plausible magnitudes and directions of effects. Bounds 
may also highlight the importance of carefully evaluating 
the assumptions necessary for estimating causal effects, 
especially as larger, more comprehensive data on perinatal 
health becomes available.
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    |  3DIEMER et al.

in the Supplementary Materials and elsewhere.4– 7 Unfortunately, 
these point estimating conditions are often biologically implausi-
ble in MR.8,9

In contrast, the bounding of the average causal effect can be 
conducted under the 3 primary MR conditions alone. Historically, 
bounding approaches have been unpopular, possibly because 
bounds based on a single binary proposed instrument are often 
wide.10 However, in the high- dimensional data setting in which 
multiple SNPs could be proposed as instruments, there are under-
recognised opportunities. First, because including larger numbers 
of proposed joint instruments increases instrument strength and al-
lows us leverage multiple assumption sets simultaneously, we might 
tighten bounds by proposing joint sets of genetic instruments.11– 13 
Second, by comparing bounds computed under different assump-
tions, we might learn more about our reliance on assumptions in in-
forming plausible effect sizes.14– 16

This approach may be especially helpful for MR studies of the 
effect of pregnancy alcohol consumption on offspring outcomes. 
While several non- MR studies have found positive associations 
between maternal pregnancy alcohol use and offspring attention 
deficit hyperactivity disorder (ADHD),17– 19 these estimated effects 
may be confounded by other maternal health behaviours. However, 
because offspring alcohol exposure depends both on the amount 
of alcohol consumed by the mother and the speed of the mother's 
alcohol metabolism, most versions of homogeneity assumptions re-
quired for point estimation using MR are violated when proposing 
alcohol dehydrogenase- related SNPs as instruments: The effect of 
alcohol exposure would likely be heterogeneous across offspring of 
mothers with different genetic variants.8,10 Additionally, because 
the effect of alcohol exposure is likely heterogeneous across other 
sociodemographic and health characteristics, homogeneity assump-
tions are also suspect when proposing non- alcohol dehydrogenase 
SNPs as instruments.8 Here, we demonstrate the use of bounds 
derived from multiple proposed instruments in an MR study of ma-
ternal pregnancy alcohol consumption on offspring ADHD where 
effect heterogeneity is expected and provide adaptable software 
for the implementation of the bounds across combinations of pro-
posed instruments. For those more familiar with target trial emu-
lation, we summarise key protocol elements in the Supplementary 
Materials.20,21

2  |  METHODS

2.1  |  Data

The Avon Longitudinal Study of Parents and Children (ALSPAC) is a 
longitudinal birth cohort, which aimed to recruit all pregnant women 
in former Avon County with a due date between 1 April 1991 and 
31 December 1992 and continues to follow the offspring. 75.3% of 
contacted women agreed to participate, resulting in a total of 14,541 
pregnancies enrolled during this period. When the oldest children 
were approximately 7 years old, the study recruited additional eligible 
children who had not previously participated. The study now includes 
data on the offspring of 15,454 pregnancies. Further detail is avail-
able elsewhere.22– 24 The study website contains details on available 
data through a fully searchable data dictionary and variable search 
tool (http://www.brist ol.ac.uk/alspa c/resea rcher s/our- data/). We re-
stricted analyses to singleton pairs of self- reported white European 
origin with complete data on maternal genotype, maternal pregnancy 
drinking behaviour, and offspring outcomes, resulting in a total ana-
lytic sample of 2056 mother– child pairs (Figure S1; Table 1).

The Norwegian Mother, Father and Child Cohort Study (MoBa) 
is a population- based pregnancy cohort study conducted by the 
Norwegian Institute of Public Health. Participants were recruited 
from all over Norway from 1999 to 2008. The women consented 
to participation in 41% of the pregnancies. The cohort now includes 
114,500 children, 95,200 mothers and 75,200 fathers. Detailed in-
formation is available elsewhere.25,26 The current study is based on 
version 12 of the quality- assured data files released for research in 
January 2019. For this study, we restricted our sample to singleton 
pairs with complete data on maternal genetics, maternal pregnancy 
drinking behaviour and offspring outcomes, resulting in a final ana-
lytic sample of 6216 mother– child pairs (Figure S2; Table 1).

2.2  |  Measures

2.2.1  |  Genetic variants

We selected SNPs based on a recent genome- wide association (GWA) 
study of alcohol use in UK Biobank.27 Of the 14 SNPs identified at 

ALSPAC MoBa

% (n) % (n)

n 2056 6216

Alcohol Use During 2nd and 3rd Trimesters of 
Pregnancy

0 g/week 45.1 (927) 90.1 (5603)

≤32 g/week 23.1 (474) 9.0 (562)

>32 g/week 31.9 (655) 0.8 (51)

Offspring ADHD symptoms 2.3 (47) 2.6 (163)

TA B L E  1  Prevalence of maternal 
alcohol use and offspring attention deficit- 
hyperactivity (ADHD) symptoms in the 
Avon Longitudinal Study of Parents and 
Children (ALSPAC) and the Norwegian 
Mother, Father and Child Study (MoBa).
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genome- wide significance in that analysis, we excluded 3 SNPs pre-
viously found to be associated with traits that could violate MR as-
sumptions via pleiotropy or were within genes that were associated 
with such traits.28– 33 The 11 independent SNPs we thus proposed 
as instruments were rs145452708, rs193099203, rs11940694, 
rs29001570, rs3114045, rs140280172, rs9841829, rs35081954, 
rs9991733, rs149127347 and chr18:72124965. ALSPAC mothers 
were genotyped using the Illumina human660W- quad and imputed 
to the 1000 Genome Project. MoBa mothers were genotyped using 
either Illumina HumanCoreExome or Illumina Global Screening Array, 
and genotypes were imputed to Haplotype Reference Consortium 
(HRC) version 1.1. Details of ALSPAC and MoBa genotyping proce-
dures are available in the Supplementary Materials.

In contrast to GWA studies, measurement error of SNPs pro-
posed as instruments will not bias average causal effect estimates 
of the exposure of interest on the outcome, as long as measurement 
error of the SNPs is at most differentially associated with the expo-
sure and not with the outcome.8 For this reason, we did not exclude 
proposed instruments with minor allele frequencies under 5% or im-
putation quality below 0.8. However, assortative mating can violate 
MR assumptions.34 While Hardy Weinberg equilibrium tests for all 
SNPs proposed as instruments were conducted as part of the qual-
ity control pipeline in both cohorts, these tests may be underpow-
ered to detect small deviations.35 Such deviations could cause large 
biases in MR. We estimated the correlation between maternal and 
paternal genotype for each SNP proposed as an instrument in one 
cohort to identify SNPs which may be particularly vulnerable to this 
bias (Supplementary Materials).

Because there is incomplete overlap of loci between 
1000Genomes and HRC, not all 11 SNPs were available in MoBa. 
Proxies for unavailable SNPs were selected using LDProxy, based 
on maximum r2.36 Within MoBa, rs145441283 was used as a 
proxy for rs193099203 and rs1154447 was used as a proxy for 
rs35081954. Because chr18:72124965 was unavailable in either co-
hort, rs201288331 was used as proxy in ALSPAC, and rs12955142 
was used as a proxy in MoBa.

2.2.2  |  Alcohol use

Alcohol use in the second and third trimesters was assessed 
via postal questionnaire around gestational weeks 18 and 32 in 
ALSPAC, in which mothers reported their average volume and fre-
quency of alcohol consumption in the last few weeks. In MoBa, 
mothers reported average volume and frequency of alcohol con-
sumption between gestational weeks 13– 24 and after Week 25 
via a postal questionnaire at Week 30. Although drinking in preg-
nancy is not truly a binary process, and mild drinking likely incurs 
different effects than heavy drinking, the bounding approach used 
here (described below) requires a binary exposure. For that reason, 
mothers were categorised as ever drinkers if they reported drink-
ing any amount of alcohol during the second or third trimesters, 
and never drinkers if they did not report any drinking during either 

trimester. Because heavy and moderate drinking were included in 
the same category, this approach may be vulnerable to bias from 
poorly defined interventions. To evaluate whether this caused viola-
tions of the instrumental inequalities, we applied the instrumental 
inequalities when grouping alcohol consumption into 4 categories 
(never drinking, <1 drink per week, 1– 2 drinks per week, > 2 drinks 
per week) and 7 categories (never drinking, <1 drink per week, 1– 2 
drinks per week, 3– 4 drinks per week, 5– 6 drinks per week, 7– 13 
drinks per week, > 13 drinks per week). In secondary analyses, we 
restricted the study population to compare never drinking and mod-
erate drinking, defined as drinking less than or equal to 32 grams of 
alcohol per week (approximately 2 drinks per week). Restricting the 
analytic population in this way can generate selection bias,37 which 
is why this is not the primary approach.

2.2.3  |  ADHD

In ALSPAC, mother- reported ADHD symptoms at age 7 were as-
sessed using the Development and Well- being Assessment.38 In 
MoBa, mother- reported ADHD symptoms at age 5 were assessed 
using the Child Behaviour Checklist attention deficit hyperactivity 
subscale.39 Children with subscale T scores at or above the 98th 
percentile within the full MoBa cohort (raw score 8, equivalent to 
the 84th percentile in published norm data) were considered to have 
ADHD symptoms.39

2.3  |  Statistical analysis

When multiple SNPs are believed to be individually valid instru-
ments, several MR models using different subsets of SNPs, and thus 
slightly different assumptions, are possible. We could conduct MR 
models separately for each SNP proposed as an instrument. If we 
were willing to assume several SNPs were individually and jointly 
valid instruments, we could also conduct MR analyses proposing the 
set of SNPs as joint instruments. Generally, if we assume faithful-
ness, any set of independent SNPs that are individually valid instru-
ments will also be jointly valid instruments. However, individually 
valid instruments will not necessarily be jointly valid instruments if 
the SNPs are dependent.13

Our analysis plan included computing bounds under combina-
tions of assumptions related to the 11 SNPs being proposed as 
instruments, as described below. Prior to computing any of these 
bounds, we applied the instrumental inequalities to attempt to 
falsify each assumption set.40,41 In brief, the instrumental inequal-
ities are a set of mathematical constraints implied by the 3 pri-
mary MR conditions. Violations of the instrumental inequalities 
indicate that the observed data distribution is inconsistent with 
the 3 primary MR conditions, allowing investigators to falsify (but 
not verify) the MR conditions. Further detail on this approach is 
available elsewhere.9,40,41 In each cohort, we applied the Balke- 
Pearl instrumental inequalities across all possible combinations of 
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    |  5DIEMER et al.

the SNPs proposed as instruments, including all possible combi-
nations of subsets of the SNPs (e.g. all combinations of 2 SNPs, 
3 SNPs, etc.), and to a categorical, unweighted allele score, using 
code developed previously.9 We also applied the Bonet instru-
mental inequalities to each SNP individually. All sets that violated 
the instrumental inequalities (e.g. resulted in values greater than 
1 for the Balke- Pearl inequalities, or greater than 2 for the Bonet 
inequalities) were eliminated from further analysis. When multiple 
SNPs are proposed as joint instruments, the MR model can also be 
falsified if the bounds calculated using the sets flip, meaning the 
lower bound is higher than the upper bound. Sets that produced 
flipped bounds were also removed from the results.

As increasingly large numbers of SNPs are proposed as joint in-
struments, it is increasingly likely that the MR conditions, and thus 
the instrumental inequalities, will be violated by chance, rather than 
by a structural bias in the super- population of interest. These ran-
dom violations are similar to the concept of ‘random confounding’ 
in randomised control trials.42 As with random confounding in ran-
domised control trials, if random violations of the MR conditions are 
present within a sample, an MR analysis in that sample is expected 
to produce biased effect estimates.9 By eliminating all sets that vi-
olated the instrumental inequalities, we could eliminate all sets for 
which the MR conditions were clearly falsified. However, because it 
is unclear which violations of the inequalities represent structural vi-
olations of the MR conditions, as opposed to random violations, the 
extent to which results of the instrumental inequalities in this study 
can be generalised to other data sets is unclear. The limited gener-
alisability of the instrumental inequalities is further exacerbated by 
the possibility of study- specific biases such as selection bias due to 
missing data.

In the setting of a binary exposure and outcome, bounds on the 
average causal effect can be calculated using exposure and out-
come data alone, without any assumptions.5,6 These assumption- 
free bounds will always have width 1 and always include the null, 
meaning they cannot identify the direction of effect. Under the 
MR assumptions, narrower bounds on the average causal effect are 
possible. When a set of SNPs are assumed to be jointly valid instru-
ments, the set can be combined into a single variable, with levels 
representing every unique combination of alleles from the included 
SNPs. This combined variable can then be used to generate bounds 
using the expression described by Richardson and Robins.12 To eval-
uate differences in the bounds across different joint instruments in 
each cohort, we calculated Richardson– Robins bounds for all pos-
sible combinations of the 11 SNPs, including all combinations of 
subsets of SNPs, that did not violate the instrumental inequalities 
(Supplementary Materials).

If at least some number k SNPs, but not all 11, were jointly valid 
instruments, then the average causal effect would lie within the 
union of the Richardson– Robins bounds computed proposing com-
binations of k SNPs as joint instruments.11 To explore this, we com-
puted bounds in each cohort assuming only a subset of the 11 SNPs 
were jointly valid instruments, for all subset sizes where at least 
some combinations did not violate the instrumental inequalities.

In the context of alcohol– dehydrogenase- related SNPs and pre-
natal alcohol, the additional homogeneity assumption required for 
point estimation of the average causal effect in MR is likely invalid. 
However, in order to explore how conclusions from point estimation 
and bounding in MR differ, we computed point estimates using two- 
stage least- squares (Supplementary Materials).

Although MoBa and ALSPAC are relatively ethnically homog-
enous, residual population stratification may bias our results. We 
therefore calculated the above- described instrumental inequalities 
and bounds for each possible combination of the proposed instru-
ments in data weighted using inverse probability weighting to adjust 
for 10 principal components (Supplementary Materials).3

All analyses were conducted in R version 3.6.1. Adaptable R code 
for application of the instrumental variable bounds, filtered by the 
instrumental inequalities, are available in Supplementary Materials.

2.4  |  Missing data

Analyses in both cohorts were restricted to individuals with com-
plete data on proposed instruments, exposures and outcomes. 
While this approach can violate the MR assumptions, it aligns with 
common practice in MR analyses, allowing for comparison between 
this approach and previous analyses.

2.5  |  Ethics approval

For ALSPAC, informed consent for the use of data collected via 
questionnaires and clinics was obtained from participants follow-
ing the recommendations of the ALSPAC Ethics and Law Committee 
at the time. Ethical approval for ALSPAC was obtained from the 
ALSPAC Ethics and Law Committee and the Local Research Ethics 
Committees. The establishment of MoBa and initial data collection 
was based on a licence from the Norwegian Data Protection Agency 
and approval from The Regional Committee for Medical and Health 
Research Ethics. MoBa is now based on regulations related to the 
Norwegian Health Registry Act. The current study was approved 
by The Norwegian Regional Committee for Medical and Health 
Research Ethics (2016/1702).

3  |  RESULTS

When comparing any alcohol consumption to no alcohol consump-
tion, in ALSPAC, the instrumental inequalities held for all SNPs in-
dividually, 27 combinations of 2 SNPs, 14 combinations of 3 SNPs, 
two combinations of 4 SNPs, and no combinations of 5 or more 
SNPs (Figure S3). In MoBa, the instrumental inequalities held for 9 
combinations of 2 SNPs and did not hold for any combination of 3 
or more SNPs (Figure S4). In addition, the instrumental inequalities 
failed to hold for 4 SNPs individually in MoBa. A similar amount and 
pattern of instrumental inequality violations were observed when 
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6  |    DIEMER et al.

comparing moderate alcohol consumption to no alcohol consump-
tion (Figures S5 and S6). Results of the instrumental inequalities 
were also broadly similar when categorising alcohol consumption 
into 4 or 7 categories (Figures S7– S10).

In ALSPAC, bounds assuming at least one SNP was an individually 
valid instrument were very wide (−0.52, 0.47) and barely improved on 
the assumption- free bounds (−0.54,0.46). Bounds calculated using 
each instrument individually were similarly wide (Figure 1). As the 
number of SNPs assumed to be jointly valid instruments increased, 
the bounds narrowed substantially, and sometimes fell completely 
on one side of the null, identifying the direction of effect. However, 
bounds from different sets of proposed instruments varied substan-
tially, even identifying opposite directions of effect and thus indicat-
ing the incompatibility of the assumption sets. With few exceptions, 
point estimates generally fell within the bounds (Table S1).

In MoBa, bounds were consistent across different assumptions 
(Figure 2). In all cases, the bounds covered the null. In most cases, the 
bounds did not differ substantially from the assumption- free bounds 
(−0.12, 0.88), with the narrowest bounds computed being based on 
the assumption that two SNPs (rs29001570 and rs9841829) were 
jointly valid (−0.07, 0.51). In 6 of 16 sets of proposed instruments, 
point estimates fell outside of the bounds (Table S2).

Bounds computed to estimate the effect of moderate alcohol 
consumption, rather than any alcohol consumption, followed a sim-
ilar pattern in both cohorts (Figures 3 and 4, Tables S3 and S4). In 
ALSPAC, bounds proposing combinations of 3 SNPs narrowed more 
substantially than the any alcohol models, though bounds still varied 
substantially and several sets resulted in flipped bounds. Correlation 
between maternal and paternal genotypes was generally very small 
(Table S5).

4  |  COMMENT

4.1  |  Principal Findings

When single SNPs were proposed as instruments, bounds on the 
average causal effect of both any and moderate prenatal alcohol 
consumption on offspring ADHD were wide, and were consistent 
with negative, null and positive effects. However, in ALSPAC, as 
increasing number of SNPs were assumed to be joint instruments, 
bounds narrowed and sometimes identified the direction of effect, 
though bounds varied substantially across different proposed in-
struments. In MoBa, the instrumental inequalities held for far fewer 

F I G U R E  1  Bounds on the average causal effect of any vs no alcohol consumption during the second and third trimesters on offspring 
attention deficit hyperactivity disorder symptoms in the Avon Longitudinal Study of Parents and Children, inverse- probability weighted for 
10 principal components, proposing different sets of SNPs as instruments.
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    |  7DIEMER et al.

sets of proposed instruments compared with ALSPAC. Bounds on 
the average causal effect of moderate and any alcohol consumption 
on offspring ADHD remained wide and fairly constant across several 
different sets of assumptions in MoBa.

4.2  |  Strengths of the study

Although bounds proposing a single SNP as an instrument barely 
improved on the assumption- free bounds, the width of the bounds 
did decrease as we incorporated stronger assumptions. Our ability 
to evaluate how incorporating stronger assumptions might narrow 
the bounds was limited by the fact that the strongest assumption 
sets we considered a priori (that all 11 SNPs were jointly valid in-
struments) were found to be violated. Nonetheless, bounds in our 
analysis did narrow as larger numbers of SNPs were proposed as 
joint instruments, and sometimes identified the direction of effect. 
Although our analysis was unable to determine a consistent direc-
tion of effect across cohorts and proposed instruments, the fact 
that we observed bounds narrow enough to identify the direction 
of effect when proposing multiple joint instruments suggests that, 
in future studies where multiple SNPs are proposed as jointly valid 

instruments, bounds may be able to inform decision making with-
out additional point estimating assumptions. This may be especially 
helpful for contexts, like MR studies of prenatal alcohol exposure, 
where homogeneity assumptions are implausible.

An advantage of computing bounds over many different assump-
tions is that such approaches can clarify how different assumptions 
can change study conclusions.43 In our application, we were only able 
to identify a direction of effect under the strong assumption that 
multiple SNPs were jointly valid instruments. Moreover, in ALSPAC, 
proposing different sets of SNPs as joint instruments resulted in 
bounds that identified opposite directions of effects. Because such 
bounds are contradictory, this means that at least one of those two 
sets of SNPs are invalid joint instruments, although neither violated 
the instrumental inequalities, which is a finding in and of itself. This 
kind of incompatibility of assumption sets would have been difficult 
if not impossible to identify in many MR point estimation approaches 
but is clearly apparent when bounds are evaluated over several pos-
sible assumptions. Computing bounds over many different assump-
tions about the SNPs proposed as instruments could shift the focus 
of MR studies towards the question of what assumptions are most 
plausible, and thus which range of effects we should be most con-
fident in. This property may be enhanced by combining bounding 

F I G U R E  2  Bounds on the average causal effect of any alcohol vs. no alcohol consumption during the second and third trimesters 
of pregnancy on offspring attention deficit hyperactivity disorder symptoms in the Norwegian Mother, Father and Child Study, inverse 
probability weighted for 10 principal components, proposing varying combinations of SNPs as instruments.
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8  |    DIEMER et al.

with applications of the instrumental inequalities, which could allow 
for the elimination of analyses based on clearly invalid assumptions.9

4.3  |  Limitations of the data

Our results showed that at least 7 of the 11 SNPs in our analysis 
could not be valid instruments in ALSPAC, and at least 9 of the 11 
could not be valid instruments in MoBa. This is surprising, as the full 
set of proposed instruments contained 4 SNPs in alcohol dehydroge-
nase regions, whose relationship to alcohol consumption is relatively 
well understood. This detected bias could have resulted from several 
different causes (some of which are detailed in the Supplementary 
Materials),44 but indicates that MR studies of prenatal alcohol expo-
sure may be more vulnerable to bias than was previously understood 
and should be viewed with caution.

4.4  |  Interpretation

In general, it is important to recognise both that the instrumental 
inequalities are a falsification test only and that violations of the 

instrumental inequalities when proposing sets of joint instruments 
do not indicate which SNPs in the set are invalid instruments or the 
source of the bias. For these reasons, future MR analyses may use in-
strumental inequalities in concert with other falsification techniques 
and subject matter knowledge to evaluate the validity of their as-
sumptions. In this example, our results suggest further investigation 
is needed to clarify how maternal alcohol- related SNPs impact off-
spring behavioural health.

The variation in the bounds across assumption sets also illus-
trates how strongly point estimation in MR relies on the homoge-
neity assumptions (described in the Supplementary Materials). Even 
under the strongest unfalsified assumption sets, bounds often cov-
ered a moderately large range of effect sizes, meaning point estima-
tion under those sets would still depend heavily on the homogeneity 
assumptions. Under weaker sets of assumptions, like proposing a 
single SNP as an instrument, the conclusions of MR studies using 
point estimation would be informed almost entirely by those addi-
tional homogeneity assumptions. This suggests that greater atten-
tion should be paid to evaluating the validity of point- estimating 
assumptions in MR. In our application, point estimates sometimes 
fell outside the bounds, indicating a violation of the point- identifying 
assumptions. These sets included SNPs inside and outside of alcohol 

F I G U R E  3  Bounds on the average causal effect of moderate (<2 drinks/week) vs no alcohol consumption during the second and third 
trimesters on offspring attention deficit hyperactivity disorder symptoms in the Avon Longitudinal Study of Parents and Children, inverse- 
probability weighted for 10 principal components, proposing varying combinations of SNPs as instruments.
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dehydrogenase regions. While violations of homogeneity were ex-
pected in our context, this suggests the resulting bias was severe, 
and future MR studies might benefit from closer evaluation of the 
plausibility of the point estimating assumptions.

Even in settings where both the primary MR assumptions and 
the additional point estimating assumptions are plausible, the 
presentation of the bounds alongside point estimates could help 
readers and investigators to understand how strongly MR studies 
depend on assumptions. This is true even, and perhaps especially 
when the bounds are wide. Several studies have called for the pre-
sentation of bounds in observational studies, particularly for in-
strumental variable models like MR.14– 16,43 Robins and Greenland 
noted that ‘wide bounds make clear the degree to which public 
health decisions are dependent on merging the data with strong 
prior beliefs’.15 Incorporating bounds into MR practice would clar-
ify the amount of information present in the data alone, and the 
need for critical evaluation of assumptions within each study's 
unique context.

Further research is needed to extend bounding approaches for 
instrumental variables and MR in several ways, including but not 
limited to extensions for: estimation procedures incorporating sam-
pling variability14,45; time- varying interventions46– 48; conditional 

instrumental variables incorporating measured covariates8; non- 
binary exposures49,50; and two- sample approaches.51 Though this 
list is not exhaustive, we believe it represents priorities for maximis-
ing the usefulness and applicability of bounding in MR.

5  |  CONCLUSIONS

The availability of data on increasingly large, genetically informed 
pregnancy cohorts opens a number of new avenues for perinatal epi-
demiology, including allowing for larger and thus more potentially in-
formative MR studies of prenatal exposures and outcomes. However, 
larger sample sizes alone will not prevent bias resulting from structural 
violations of the required MR assumptions or any other causal infer-
ence approach. MR studies frequently propose large numbers of SNPs 
as joint instruments and thus make large numbers of assumptions 
about the joint validity of those proposed instruments. Adding to the 
growing arsenal of sensitivity analyses, bounding may allow research-
ers to leverage these assumptions to make meaningful conclusions 
about effects without additional, potentially implausible homogene-
ity assumptions. Even when homogeneity assumptions are biologi-
cally plausible, estimating bounds across different combinations of 

F I G U R E  4  Bounds on the average causal effect of moderate alcohol consumption moderate (<2 drinks/week) vs no alcohol consumption 
during the second and third trimesters on offspring attention deficit hyperactivity disorder symptoms in the Norwegian Mother, Father and 
Child Study, inverse- probability weighted for 10 principal components, proposing varying combinations of SNPs as instruments.
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10  |    DIEMER et al.

proposed instruments may allow investigators to better evaluate the 
dependence of their conclusions on those assumptions.

More broadly, the substantial variation seen across bounds com-
puted using different proposed instruments in our study highlights 
how strongly the result of any causal analysis depends on the as-
sumptions made by investigators, and thus how important it is to 
interrogate, be transparent about, and remain humble when making 
those assumptions. Particularly as sample sizes and/or data dimen-
sionality increase, incorporating bounds into a larger range of epide-
miologic studies could help shift conversations around causal effects 
away from one or few point estimates and towards questions about 
what ranges of estimates are consistent with assumptions readers 
and investigators feel most confident in.
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