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Randomized controlled trials and Mendelian randomization studies are two study designs
that provide randomized evidence in human biological and medical research. Both exploit
the power of randomization to provide unconfounded estimates of causal effect. However,
randomized trials andMendelian randomization studies have very different study designs and
scientific objectives. As a result, despite sometimes being referred to as “nature’s randomized
trial,” a Mendelian randomization study cannot be used to replace a randomized trial but
instead provides complementary information. In this review, we explain the similarities and
differences between randomized trials and Mendelian randomization studies, and suggest
several ways that Mendelian randomization can be used to directly inform and improve the
design of randomized trials illustrated with practical examples. We conclude by describing
howMendelian randomization studies can employ the principles of trial design to be framed
as “naturally randomized trials” that can provide a template for the design of future random-
ized trials evaluating therapies directed against genetically validated targets.

A randomized trial provides the highest level
of evidence for human medical and biolog-

ical research aiming to assess treatment effects,
because it exploits the power and elegance of
randomization (Collins et al. 2020). In a ran-
domized trial, a group of eligible participants
are randomly divided into two groups. If the
sample size is large enough, randomization
should equally distribute all known and un-
known risk factors for an outcome between

the two groups. Participants in one group are
then given the intervention under study, while
participants in the other group are given a
comparator. Because randomization has creat-
ed two groups that are, on average, nearly
identical in every way, any differences in out-
comes that occur between the two groups dur-
ing follow-up can be reasonably inferred to
have been caused by the intervention being
evaluated.
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AMendelian randomization study is anoth-
er study design that exploits the power and ele-
gance of randomization in human medical and
biological research. In a Mendelian randomiza-
tion study, a genetic variant associated with the
exposure of interest is used as an instrumental
variable. Because genetic variants are randomly
allocated at the time of gamete formation and
conception according to Mendel’s laws, the ge-
netic variant can be used as an instrument to
randomly divide the study population into
groups with higher or lower levels of the expo-
sure under study (Davey Smith and Ebrahim
2003). If the sample size is large enough, and if
the genetic variant is not associated with poten-
tial confounders, then quasi-random allocation
of this variant should have created groups that
are, on average, nearly identical in every way
except for levels of the exposure under study.
Therefore, any differences in outcomes that oc-
cur between the groups later in life can be rea-
sonably inferred to have been caused by differ-
ences in the exposure under study, assuming
that the general assumptions of Mendelian ran-
domization hold true (Davey Smith and Ebra-
him 2003). Further details of these assumptions,
and the difference between within-family and
population studies, are provided in Richmond
and Davey Smith (2020) and Davey Smith et al.
(2020).

Although randomized trials and Mendelian
randomization studies both rely on randomiza-
tion to make causal inferences, they have very
different study designs and scientific objectives.
As a result, despite sometimes being referred to
as “nature’s randomized trial” (Hingorani and
Humphries 2005), a Mendelian randomization
study cannot be used to replace a randomized
trial but instead provides complementary infor-
mation. In this review, we begin by describing
the similarities and differences between ran-
domized trials and Mendelian randomization
studies. We then suggest several ways that Men-
delian randomization can be used to directly
inform and improve the design of randomized
trials, illustrated with practical examples. We
conclude by describing how a Mendelian ran-
domization study can borrow from the princi-
ples of trial design to create a “naturally random-

ized trial,” which can then be used as a template
to design a subsequent randomized trial evalu-
ating an intervention directed against a geneti-
cally validated target.

DESIGN OF RANDOMIZED TRIALS

A randomized trial is designed to answer a very
specific question. For example, does interven-
tionA reduce the risk of outcomeX as compared
to intervention B, by at least an increment of Y
(defined as theminimal clinically important dif-
ference) in the population under study?

The design of a randomized trial is meticu-
lously planned and memorialized in a written
protocol that must be registered prior to initiat-
ing the trial (Chan et al. 2013). The protocol
describes each step of the trial design in detail.
First, the target population is defined. This pop-
ulation is usually the group of persons who may
potentially benefit from the intervention under
study. A series of inclusion and exclusion crite-
ria are then enumerated to define the specific
members of the target population who are eligi-
ble to participate in the trial, and procedures are
established to recruit eligible members of the
target population into the trial.

Next, the intervention to be studied is select-
ed and carefully defined, including the specific
dose or protocol for delivering the intervention.
A comparator intervention is selected and
carefully described. The comparator interven-
tion may be an inactive placebo, usual care, or
an alternative active intervention. Then, the
allowable background therapies for enrolled
participants are specified in detail (Schulz et al.
2010).

A group of primary, secondary, and tertiary
outcomes are then selected, and a detailed set of
criteria for adjudicating the occurrence of each
event is defined (Pocock et al. 2002; Pocock
2006). Frequently, several related outcomes are
combined into a single primary composite out-
come to increase the statistical power of the
study (because the power of a trial is determined
primarily by the number of outcome events that
occur rather than the total sample size).

B.A. Ference et al.

2 Advanced Online Article. Cite this article as Cold Spring Harb Perspect Med doi: 10.1101/cshperspect.a040980

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg

 on August 26, 2022 - Published by Cold Spring Harbor Laboratory Press http://perspectivesinmedicine.cshlp.org/Downloaded from 

http://perspectivesinmedicine.cshlp.org/


Next, a randomization scheme is selected
(Schulz andGrimes 2002). If practical, protocols
are described to blind both trial participants and
trial investigators from the interventions being
compared to minimize the potential for bias
(Psaty and Prentice 2010). An independent clin-
ical events committee is then established to
blindly adjudicate all possible outcome events
that occur during the prospective follow-up of
the trial; and a data safety andmonitoring board
is established to monitor the safety of the inter-
vention under investigation (Montgomery et al.
2003). The Data and Safety Monitoring Board is
also empowered to potentially stop the trial if
any evidence of harm accumulates that exceeds
a prespecified threshold of statistical evidence,
or if the statistical thresholds for futility or over-
whelming efficacy have been satisfied (Ellenberg
et al. 2003).

Finally, the required sample size for the trial
is determined. To calculate a sample size, sev-
eral parameters must be explicitly estimated.
First, the expected event rate of the outcome
among participants receiving the comparator
intervention must be estimated. Next, the min-
imal increment of difference in the primary
outcome that is clinically meaningful to detect
is explicitly stated (which is generally the small-
est increment of difference in an outcome that
will change clinical practice). An a priori defi-
nition of such a minimal clinically important
difference is of relevance both in the context of
superiority trials and in other trial designs, such
as noninferiority trials (Treadwell et al. 2012).
Of note, this review focuses primarily on ways
Mendelian randomization can be used to in-
form the design of the more usual superiority
trial. Finally, the desired level of statistical pow-
er needed to reliably detect the minimal clini-
cally important difference is selected. These
values are then entered into a mathematical
formula to calculate the required sample size
and the number of events that must accrue dur-
ing follow-up to achieve the desired statistical
power (Wittes 2002). Because of the time and
expense required to conduct a randomized trial,
the sample size calculation is a critical compo-
nent of trial design. It is very important that the
trial be large enough and of sufficient duration

to accrue the required numbers of cases to both
reliably reject the null hypothesis if a clinically
important difference in outcomes exists be-
tween the two interventions being compared
or to provide an informative null result if the
interventions being compared do not result in
any clinically meaningful differences in the out-
comes under study.

DESIGNOFMENDELIAN RANDOMIZATION
STUDIES

A Mendelian randomization study is also de-
signed to answer a very specific question. For
example, is the observed association between
an exposure (E) and an outcome (X) likely to
be causal?

A Mendelian randomization study uses ge-
netic variants associated with the exposure of
interest as an instrumental variable to explicitly
introduce a randomization scheme into an ob-
servational study. This permits causal inferences
about the association between the exposure and
an outcome (Davey Smith andHemani 2014). A
unique feature of genetic variants that make
them potentially powerful instrumental vari-
ables is that they are allocated randomly at gam-
ete formation and conception under Mendel’s
Laws. Although strictly speaking alleles are ran-
domly allocated within families (Davies et al.
2019; Davey Smith et al. 2020; Hwang et al.
2020), the distribution of alleles within a popu-
lation is approximately random (Davey Smith
and Ebrahim 2003; Davey Smith et al. 2007).
As a result, genetic variants can be used as
both instruments of randomization and in-
struments of effect. This is in contrast to a ran-
domized trial, where the instrument of random-
ization into groups is distinct from the
intervention under study.

The first step in the design of a Mendelian
randomization study is to identify a study pop-
ulation that has measured the exposure and
outcome of interest, and for which genetic in-
formation is available to permit construction of
the genetic instrumental variable. Ideally, this
would be a single large population in which
the exposure, outcome, and genetic information
has been measured for each participant so that

Mendelian Randomization to Inform Trial Design
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the study can be performed using individual-
level data (with selection of the variants to be
included in the genetic instrument and their
weights derived using data from an independent
study population) (Haycock et al. 2016). Alter-
natively, a Mendelian randomization study can
be performed by combining summary data from
a genome-wide association study of the expo-
sure conducted in one population, with sum-
mary data from a genome-wide association
study of the outcome conducted in another in-
dependent population. However, these types of
“two-sample” Mendelian randomization study
designs that rely exclusively on summary-level
data can narrow the range of clinically relevant
questions that can be studied with regard to al-
ternative outcome definitions or specific popu-
lations to be studied (Burgess et al. 2015; Davies
et al. 2018).

Next, the genetic instrument is defined. This
can consist of a single genetic variant that is
strongly associated with a quantitatively “large”
increment of difference in the exposure under
study, or an instrument constructed by combin-
ing several independently inherited variants as-
sociated with “smaller” effects on the exposure
of interest into a genetic score (Lawlor et al.
2008; Burgess et al. 2016; Dudbridge 2020).
The variants are then aligned by defining the
allele associated with a higher (or lower) level
of the exposure under study as the “exposure
allele” for each variant included in the instru-
ment. While in a conventional Mendelian ran-
domization study, a genetic instrument is typi-
cally used as a quantitative trait to estimate the
causal effect for a given difference in the expo-
sure, an alternative approach can be undertaken
to more closely approximate the design of a ran-
domized controlled trial (RCT). To do so, the
genetic variant or score can be used as an instru-
ment to randomly divide the study population
into groups with higher (or lower) levels of the
exposure under study. Because each allele in-
cluded in the instrument is randomly allocated
at gamete formation and conception under
Mendel’s Laws, and independent of all other
variants included in the instrument by design,
the number of exposure-increasing (or -decreas-
ing) alleles in the instrument that a person in-

herits should also be approximately random.
Therefore, either a single genetic variant or a
genetic score can be used as a valid instrument
of randomization and effect.

Finally, the association between the genet-
ic instrument and the outcome of interest is
measured. If the assumptions of Mendelian ran-
domization are satisfied (which is only true
under a number of assumptions as detailed in
the literature; see Richmond and Davey Smith
2020), and if the genetic instrument is associated
with the outcome of interest, then one can con-
clude that random allocation to higher (or low-
er) levels of the exposure arising due to the ge-
netic instrument is associated with the outcome
under study. As a result, one can conclude that
the observed association between the exposure
and outcome may be causal. Sensitivity analyses
can then be conducted to test the robustness of
the association to the assumptions of instru-
mental variable analysis (Bowden et al. 2016).
Some examples of sensitivity analyses include
the use ofMendelian randomization approaches
that are robust to potential violation of the ge-
netic instrumental variable arising from unbal-
anced horizontal pleiotropy (Hemani et al.
2018). By contrast, if the genetic instrument is
not associated with the outcome under study,
then one can conclude that the observed associ-
ation between the exposure and outcome is un-
likely to be causal but instead may be explained
by reverse causation, residual confounding, or
other biases that commonly occur in non-
randomized observational studies; or that the
effect of the genetic instrument on the exposure
was too small to permit a reliable quantitative
assessment of the association between the expo-
sure and outcome under study.

SIMILARITIES AND DIFFERENCES BETWEEN
RANDOMIZED TRIALS AND MENDELIAN
RANDOMIZATION STUDIES

The defining feature of both randomized trials
and Mendelian randomization studies is that
they rely on randomization to make causal in-
ferences (Fig. 1). Indeed, randomization is the
only research technique that can equally distrib-
ute all measured and unmeasured variables be-
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tween groups to permit an unbiased compari-
son. However, randomization by itself is not
enough to ensure an unbiased comparison in
either randomized trials or in Mendelian ran-
domization studies.

The effect of randomization can potentially
be undermined by an inadequate sample size
(Peto and Baigent 1998). Despite a valid ran-
domization scheme, a small sample size can
lead to imbalances in the distribution of vari-
ables by chance alone among the groups being
compared in both randomized trials and Men-
delian randomization studies. For example, in
Mendelian randomization studies evaluating
large-effect, loss-of-function variants in drug
targets (e.g., PCSK9, ANGPTL3, etc.), very few
participants will have one of these large-effect
variants because they are typically rare. As a
result, the exposed group typically experiences
only a relatively few events leading to imprecise
estimates of effect with wide confidence inter-
vals around the point estimates and potential
imbalances in the distribution of risk factors
by chance alone. Although these imbalances
can be partially adjusted for in statistical models,
such imbalances can potentially produce spuri-
ous results in both trials and Mendelian ran-
domization studies.

In addition, both study designs are vulnera-
ble to spurious results when allocation to the
intervention or exposure under study is not ad-
equately blinded from study participants, study
investigators, or treating physicians (Psaty and
Prentice 2010). Knowledge of which interven-
tion a study participant is receiving in a random-
ized trial can lead to differences in the intensity
of surveillance for the outcome of interest or
differences in the administration of background
therapies to participants in the groups being
compared—either of which can bias the results
of the study. Analogously, the presence of ele-
vated levels of an exposure believed to cause a
disease among persons who inherit a genetic
variant with a large effect (e.g., a low-density
lipoprotein [LDL] receptormutation causing fa-
milial hypercholesterolemia) can result in more
intense surveillance for the outcome under
study or more aggressive treatments to prevent
the disease as compared to persons without the

mutation—thus potentially biasing the results of
a Mendelian randomization study.

Therefore, both randomized trials andMen-
delian randomization studies require a rigorous
study design in addition to randomization to
produce valid study results. Despite these simi-
larities, however, there are important conceptual
differences between a randomized trial and a
Mendelian randomization study.

First, they are designed to test very different
scientific questions. A Mendelian randomiza-
tion study is designed specifically to assess
whether the effect of an exposure on an outcome
is likely to be causal, without any consideration
of the “clinical significance” of the magnitude of
the potential causal effect. By contrast, a ran-
domized trial is not a simple test of causality.
Instead, a randomized trial is specifically de-
signed to evaluate whether the effect of an inter-
vention on an outcome is quantitatively large
enough to be clinically significant or to change
clinical practice. Indeed, unlike a Mendelian
randomization study, a randomized trial is de-
signed to test both the null hypothesis that the
intervention has no effect on the outcome of
interest, and the alternative hypothesis that the
intervention has a clinically important effect on
the outcome (Feinstein and Concato 1998).

Second, most genetic variants or genetic
scores used as instrumental variables in a Men-
delian randomization study have a relatively
small quantitative impact on the exposure under
study. In addition, the effect of the genetic var-
iants used to instrument the exposure are pres-
ent since conception. As a result, a Mendelian
randomization study generally evaluates the ef-
fect of lifetime (including intrauterine) exposure
to a small increment of difference in the expo-
sure of interest on the risk of an outcome (Davey
Smith and Ebrahim 2004; Ference et al. 2012).
By contrast, the intervention evaluated in a ran-
domized trial generally has a large quantitative
impact on the intermediate biomarkers that de-
termine the therapeutic effect of the interven-
tion. This effect can be an order of magnitude
larger than the effect of a genetic variant or score
that instruments the same biomarker used in a
Mendelian randomization study. Furthermore,
the intervention in a randomized trial is deliv-

B.A. Ference et al.
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ered for only a relatively short duration of time,
typically between several months to 5 years
(with the median duration of phase III trials
being 40 months) (Martin et al. 2017), and in
response to a specific clinical indication. As a
result, unlike a Mendelian randomization study,
a randomized trial evaluates the relatively short-
term effect of an intervention with a quan-
titatively “large” effect on an intermediate
biomarker (i.e., the effect of a therapeutic inter-
vention on a biomarker is typically far greater
than the effect of genetic variants instrumenting
the intervention on the same biomarker). Such a
pharmacological intervention is typically initi-
ated in response to some triggering event such as
an acute insult, or to slow the progression of a
disease, to prevent a recurrent event, or to re-
duce the risk of an outcome among persons who
cross a specific threshold of risk for that out-
come.

Third, a Mendelian randomization study is
generally a study of convenience that relies on
the availability of existing study samples. Indeed,
it is rare that a new study will be initiated for the
purposes of performing a Mendelian randomi-
zation analysis because very large sample sizes
are needed to reliably assess the causal effect of a
small genetically instrumented increment of dif-
ference in an exposure on the risk of an out-
come. By contrast, each randomized trial is a
new interventional prospective cohort study
that is designed to address a very specific ques-
tion about the potential clinical efficacy of a
therapeutic intervention. These studies are ex-
pensive and labor intensive, and can take a dec-
ade or more to design and complete. Because of
this resource-intensive effort, randomized trials
can be designed to investigate more precisely
defined questions as compared to what can be
explored in a typical Mendelian randomization
study.

USING MENDELIAN RANDOMIZATION TO
INFORM THE DESIGN OF RANDOMIZED
TRIALS

Clearly randomized trials and Mendelian ran-
domization studies have very different study de-
signs and scientific objectives. As a result, Men-

delian randomization studies cannot be used to
replace or substitute for randomized trials. In-
stead, Mendelian randomization studies can
provide complementary information or provide
a biological perspective for interpreting the
results of randomized trials.

However, recognizing that a Mendelian ran-
domization study is merely a way to introduce a
randomization scheme into an observational
study, it becomes clear that Mendelian random-
ization can be designed specifically to provide
information that is needed to optimally design a
randomized trial. Below are several questions
that must be considered when designing a ran-
domized trial, with examples of how Mendelian
randomization studies can be used to directly
answer each of these questions and thus directly
inform the design of the trial (Table 1).

1. Is the target of the intervention under study
in the causal pathway of the outcome?

Mendelian randomization can help to
determine whether the target of an interven-
tion has a causal effect on the risk of an out-
come. Obviously, if the target of an interven-
tion does not have a causal effect on an
outcome, then a randomized trial evaluating
the effect of that intervention on the outcome
is unlikely to be successful. This is the moti-
vation behind the current trend of develop-
ing new interventions directed against “ge-
netically validated targets.” Indeed, it has
been estimated that the success rate of novel
therapies being evaluated in randomized tri-
als can double from 5%–10% to 10%–20%
for interventions directed against targets
that have genetic evidence of a causal effect
on an outcome (Nelson et al. 2015). Remark-
ably, however, this means that potentially
∼80%–90% of interventions directed against
genetically validated targets will fail some-
where between phase I and phase III clinical
trials. It is clear therefore that evidence from a
Mendelian randomization study suggesting
that the target of an intervention has a causal
effect on an outcome is not sufficient to en-
sure that an intervention directed against that
exposure will have a clinically significant im-
pact on the outcome.

Mendelian Randomization to Inform Trial Design

Advanced Online Article. Cite this article as Cold Spring Harb Perspect Med doi: 10.1101/cshperspect.a040980 7

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg

 on August 26, 2022 - Published by Cold Spring Harbor Laboratory Press http://perspectivesinmedicine.cshlp.org/Downloaded from 

http://perspectivesinmedicine.cshlp.org/


Table 1. Potential uses of Mendelian randomization studies to resolve uncertainties in the design of randomized
trials

Uncertainty when designing
a randomized trial

Potential use of Mendelian
randomization to resolve

the uncertainty Implications

1. Is the target of the intervention
under study in the causal
pathway of the outcome?

Mendelian randomization study to
assess whether the biomarker
altered by a therapy has a causal
effect on the outcome of interest.

If the targeted biomarker does not
have a causal effect on the risk of
disease, the trial is unlikely to
show a clinical benefit.

2. Which biomarker(s) in the
causal pathway altered by the
therapy determines the causal
dose–response?

Multivariable Mendelian
randomization study to assess
which of several biologically
related biomarkers altered by a
therapy is likely to be responsible
for the causal dose–response.

The trial should be powered; and
inclusion criteria developed based
on expected changes that can be
achieved in the causal biomarker
with the therapy under study.
Changes in this biomarker should
be measured during the trial.

3. How much must the causal
biomarker be changed to
produce the minimal clinically
important difference (MCID)?

Mendelian randomization study to
assess the shape andmagnitude of
the causal dose–response curve;
assess whether the association
between a biomarker altered by
the therapy and an outcome has a
cumulative or threshold effect;
and to determine how much the
causal biomarker must be
changed to produce the MCID in
a short-term trial.

The trial should enroll participants
with a high enough baseline level
of the causal biomarker to achieve
a large enough absolute reduction
in the biomarker in response to
treatment to produce the MCID.
Enrolling participants with lower
levels of the causal biomarker raises
the risk that the causal biomarker
will not be lowered enough to
produce theMCID, thus leading to
an underpowered study and the
potential for a null result.

4. What are the optimal inclusion
and exclusion criteria for the
trial?

Additional Mendelian
randomization studies to those
described above designed to
evaluate differential benefits
within subgroups defined by
age, sex, comorbidities, etc.

The inclusion and exclusion criteria
for the trial depend substantially
on the identity of the causal
biomarker, and much it must be
altered to produce the MCID.
Evaluating a therapy that does not
produce a large enough change in
the causal biomarker to produce
an MCID, or enrolling
participants who are unlikely to
achieve a large enough change in
the causal biomarker in response
to therapy will lead to an
underpowered trial.

5. What background therapies
should be allowed?

Factorial Mendelian randomization
studies to assess the separate and
combined effect of genetic
variants or scores designed to
instrument the therapy and any
essential standard of care
therapies that trial participants
may require.

Identification of essential
background therapies that may
attenuate the effect of the therapy
under study can help choose the
appropriate clinical indication for
the therapy to study in the trial,
select appropriate permissible
background therapy, or alter
inclusion and exclusion criteria to
enroll participants who cannot or
will not take the recommended
background therapy.

Continued
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2. Which biomarker in the causal pathway de-
termines the causal dose–response?

Frequently an intervention directed
against a specific biomarker target may alter
the level of several other biologically related
biomarkers in the same pathway. In this case,
the challenge is determining which one or
more of the related biomarkers are responsi-
ble for the causal dose–response. If only one
trait is responsible for the causal dose–re-
sponse relationship, then this has implica-
tions regarding the biomarker(s) that should

be investigated in clinical trials. While in
many cases it may be reasonable to assume
that most traits on the causal pathway show
dose–response relationships with disease,
there will be particular situations where this
may not be the case. Multivariable Mende-
lian randomization can help address this is-
sue (Sanderson et al. 2019; Sanderson 2020).
For example, several Mendelian randomiza-
tion studies have suggested that plasma tri-
glyceride levels may be causally associated
with the risk of cardiovascular disease (Sar-

Table 1. Continued

Uncertainty when designing
a randomized trial

Potential use of Mendelian
randomization to resolve

the uncertainty Implications

6. Which outcomes should be
included in the primary
composite outcome?

Mendelian randomization studies
evaluating the effect of the causal
biomarker on each of several
outcomes separately and
combined into composites to
assess for consistency of the
magnitude of effect on the risk of
the outcome per unit change in
the causal biomarker.

The primary composite outcome
should include only those
outcomes for which reliable
quantitative evidence exists to
suggest a consistent magnitude of
clinical effect per unit change in
the causal biomarker.

7. What potential adverse events
are most likely?

PheWAS Mendelian randomization
studies to assess for potential
“on-target” adverse events, and to
assess the quantitative magnitude
and potential clinical relevance of
any potential adverse effects.

Care should be taken to avoid
speculation for associations with
weak statistical evidence or that
lack biological plausibility.

8. Are there specific subgroups
who are likely to benefit most
from the intervention?

Factorial and stratified Mendelian
randomization studies, alone and
nested with machine and deep
learning algorithms, to identify
factors that modify the effect of
the causal biomarker on the risk of
disease.

Persons who experience a greater
relative increased risk per unit
change in a biomarker may be
more vulnerable to that
biomarker, and therefore may
derive a larger relative risk
reduction per unit change in the
biomarker in response to therapy.
Enriching a trial with “vulnerable”
participants can lead to smaller
trials that produce larger
proportional (and absolute)
reductions in risk per unit change
in the causal biomarker. This
information can further inform
inclusion and exclusion criteria or
inform the adaptive trial designs.

Mendelian Randomization to Inform Trial Design
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war et al. 2010; Nordestgaard and Varbo
2014; White et al. 2016). However, several
randomized trials of triglyceride-lowering
therapies have failed to consistently demon-
strate that lowering plasma triglycerides
reduces the risk of cardiovascular events
(Keech et al. 2005; Ginsberg et al. 2010). Re-
centmultivariableMendelian randomization
studies have helped resolve this issue by re-
vealing that triglycerides may not have a
causal effect on the risk of cardiovascular
events (Ference et al. 2019a; Richardson
et al. 2020). Instead, the causal effect of ge-
netic variants and pharmacologic interven-
tions that reduce plasma triglyceride levels
is likely determined by the absolute reduc-
tion in the circulating concentration of
apoB-containing lipoprotein particles that
carry triglycerides, rather than by the de-
crease in triglyceride content carried by those
particles as measured by changes in plasma
triglyceride concentration. As a result, the
relevant biomarker to measure in the trial
to assess the potential clinical efficacy of a
triglyceride-lowering therapy is the reduc-
tion in plasma apoB levels, not necessarily
the reduction in triglyceride levels.

3. How much must the causal biomarker be
changed to produce the minimal clinically
important difference?

Once the biomarker that determines the
causal dose–response of the intervention un-
der study is identified, the critical question
then becomes how much must levels of the
causal biomarker be changed to produce the
desired minimal clinically important differ-
ence in the associated outcome? Surprisingly,
this question is frequently ignored in the de-
sign of randomized trials (Cook et al. 2018).
Without an estimate of how much a causal
biomarker must be changed to produce the
minimally important clinical difference in
the outcome under study, it is impossible to
reliably estimate whether the therapy under
study is potent enough to lower the causal
biomarker by this amount. It is also impossi-
ble to estimate whether the participants en-
rolled in the trial have baseline levels of the

biomarker high enough to achieve therapeutic
reductions in the biomarker that are large
enough to produce the desired clinical benefit.

Mendelian randomization can help
answer this critical question. For example,
Mendelian randomization studies consistent-
ly demonstrate that Lp(a) has a causal effect on
the risk of cardiovascular events (Clarke et al.
2009; Kamstrup et al. 2009). However, ran-
domized trials of several therapies that reduce
plasma Lp(a) levels by 30%–40% have consis-
tently failed to show that lowering Lp(a) re-
duces risk of cardiovascular events (Boden
et al. 2001; Barter et al. 2007; Landray et al.
2014). A recent Mendelian randomization
study has helped reconcile these inconsistent
findings by demonstrating that large absolute
decreases in plasma Lp(a) are required to pro-
duce clinically meaningful reductions in car-
diovascular risk (Burgess et al. 2018). Because
plasma Lp(a) levels are extremely right-
skewed, most members of the general popula-
tion have very low absolute plasma Lp(a) lev-
els. As a result, the failure of these trials can be
explained by the fact that even relatively large
proportional reductions in Lp(a) did not pro-
duce large enough absolute reductions in
Lp(a) to produce a clinically meaningful re-
duction in cardiovascular events because the
overwhelming majority of participants en-
rolled in these trials had very low baseline
Lp(a) levels.

4. What are the optimal inclusion and exclusion
criteria for the trial?

Determining how much the causal bio-
marker must be altered by an intervention to
produce the minimal clinically important dif-
ference in an outcome directly informs the
optimal inclusion and exclusion criteria for a
trial. For example, continuing the example
from above, only participants with very high
plasma Lp(a) levels are likely to achieve a large
enough absolute reduction in Lp(a) levels to
experience a clinically significant reduction in
the risk of cardiovascular events when treated
with an Lp(a)-lowering therapy. Therefore,
trials of an Lp(a)-lowering therapy should
only include participants with very elevated

B.A. Ference et al.
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levels of Lp(a), because they are the only ones
likely to experience a large enough absolute
reduction in Lp(a) to achieve a clinically
meaningful reduction in the risk of cardiovas-
cular events. Optimal inclusion criteria can be
further informed by evaluating whether the
association between the causal biomarker
and the outcome under study differs among
relevant subgroups defined by sex, age, or the
presence of specific comorbidities (thus ex-
plicitly testing the fourth instrumental vari-
able assumption of homogeneity).

5. What background therapies should be al-
lowed?

Factorial Mendelian randomization can be
used to assess whether the effect of an interven-
tion on an outcome is likely to be modified by
the coadministration of background therapies
(Ference et al. 2015). This information will, in
turn, further inform the optimal inclusion and
exclusion criteria for the trial. For example, a
recentMendelian randomization studydemon-
strated that when genetic variants that mimic
CETPinhibitorsare combinedwithgeneticvar-
iants that mimic statins (which are required
standard of care background therapy for per-
sons with cardiovascular disease), the expected
reductions in plasma LDL-C remain un-
changed but the corresponding reduction in
plasmaapoBbecomesattenuated.Furthermore,
the observed reduction in cardiovascular events
was proportional to the attenuated absolute re-
duction in apoB, not the change in LDL-C (Fe-
rence et al. 2017). These findings were subse-
quently confirmed in a large randomized trial
(HPS3/TIMI55-REVEAL Collaborative Group
et al. 2017), and inapost hoc analysis of another
large randomized trial (Riesmeyer et al. 2018).
The implication is that CETP inhibitors should
produce much greater reductions in cardiovas-
culareventswhenusedalonebecause thiswould
avoid the attenuation in apoB reduction that
occurs when CETP inhibitors are used in com-
bination with a statin. As a result, any future
trialsof this classofmedications shouldevaluate
CETP inhibitors as monotherapy, and should
includeonlyparticipantswith elevated lipid lev-
els who are unable or unwilling to take statins.

6. Which outcomes should be included in the
primary composite outcome?

Randomized trials frequently combine
multiple outcomes into a composite primary
outcome to increase the number of events that
will accrue during follow-up to increase the
statistical power of the trial. However, it is
important to include only those outcomes in
the composite that are similarly affected by the
intervention under study to avoid diluting the
observed relative impact of the intervention.
Mendelian randomization can be used to
compare the expected effect of the interven-
tion on a variety of related outcomes per unit
change in the causal biomarker altered by the
intervention. This information can then be
used to select those outcomes for which the
expected effect of the therapy is approximately
similar per unit change in causal biomarker
altered by the intervention. These outcomes
can be included in the primary composite out-
come. All other outcomes should be excluded
from the primary composite outcome to avoid
attenuating the effect of the therapy under
study toward the null.

7. What potential adverse events are most likely?
Mendelian randomization can be also

used to identify potential adverse events that
may be associated with the intervention under
study, characterize the frequency of these po-
tential adverse events, and estimate their clin-
ical relevance. For example, severalMendelian
randomization studies have reported that ge-
netic variants that mimic the effect of statins,
or other therapies that reduce LDL-C through
up-regulation of the LDL receptor, are asso-
ciated with an increased risk of diabetes
(Swerdlow et al. 2015; Ference et al. 2016;
Lotta et al. 2016; Schmidt et al. 2017). This
findingwas confirmed in some but not all ran-
domized trials (Baigent et al. 2010; Sabatine
et al. 2017; de Carvalho et al. 2018). Impor-
tantly, however, both the Mendelian random-
ization studies and the randomized trials have
demonstrated that the reduction in LDL-C
with a statin far outweighs the slight increased
risk of developing diabetes on the risk of
cardiovascular events. Specifically, in both

Mendelian Randomization to Inform Trial Design
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Mendelian randomization studies and in ran-
domized trials, the proportional reduction in
cardiovascular events is the same per unit low-
er LDL-C among persons with and without
diabetes, thus suggesting that any increased
risk in diabetes does not substantially attenu-
ate the clinical benefit (Baigent et al. 2010;
Ference et al. 2015, 2016). This information
can be used to further refine the design of the
trial by excluding groups of participants who
are most likely to experience an adverse event
in response to the intervention.

8. Are there specific subgroups who are likely to
benefit most from the intervention?

Factorial Mendelian randomization, and
Mendelian randomization studies nested
withinmachine and deep learning algorithms,
can potentially identify subgroups of persons
who are differentially susceptible to the dele-
terious effects of causal biomarkers. Persons
who are more vulnerable to the causal effects
of a biomarker are likely to be at greater risk of
the outcome and to derive a greater “relative
benefit” from the same reduction in that bio-
marker in response to an intervention as com-
pared to personswho are less vulnerable to the
biomarker. This information can then be used
to further refine the inclusion and exclusion
criteria for a trial by enrolling only those per-
sonswho are themost likely to benefit from an
intervention. Alternatively, this information
can be used to inform the design of so-called
population-enrichment, adaptive clinical trial
designs (Bhatt and Mehta 2016). In this ap-
proach, the trial can be adapted to preferen-
tially enroll participants identified as vulnera-
ble to the causal biomarker if an interim
analysis indicates that the vulnerable partici-
pants are benefiting more from the therapy
than the less vulnerable participants.

DESIGNING MENDELIAN
RANDOMIZATION STUDIES AS NATURALLY
RANDOMIZED TRIALS

Just as the design of randomized trials can be
improved by using information from Mendelian
randomization studies, the design of Mendelian

randomization studies can be improved by em-
ploying the principles of trial design. Indeed, a
Mendelian randomization study can be framed as
a “naturally randomized trial” by using the same
protocol as a randomized trial (Ference 2018).
The results of a Mendelian randomization study
framed as a “naturally randomized trial” can then
be used to either anticipate the results of an on-
going randomized trial or serve as a template for
the design of a future randomized trial evaluating
a genetically validated target.

A “naturally randomized trial” is simply a
Mendelian randomization study designed as if
it were a randomized trial. Indeed, a naturally
randomized trial can be conducted using a sim-
ilar protocol to that used to conduct a random-
ized trial evaluating the effect of a therapeutic
intervention. This study protocol should be me-
morialized prior to the initiation of the study. In
addition, it should specify the same inclusion and
exclusion criteria, the same definition of the same
primary composite outcome, assess the same key
biomarker and safety outcomes, and use the same
threshold for the magnitude of the minimal clin-
ically important difference that would be used in
a randomized trial evaluating the intervention of
interest. The distinction is that rather than eval-
uating the therapeutic intervention of interest us-
ing this protocol, a “naturally randomized trial”
evaluates the effect of a genetic variant or genetic
score designed as an instrumental variable to
mimic the effect of the intervention. The genetic
variant or score is then used as the instrument of
randomization and effect to conduct the “natu-
rally randomized trial.”We note that the change
in exposure required to achieve theminimal clin-
ically important difference may well differ be-
tweenMendelian randomization and therapeutic
trials, and that other nuances should be consid-
ered including time-dependent effects (Holmes
et al. 2017; Ference 2018, Ference et al. 2019b;
Holmes 2019).

The results of Mendelian randomization
studies framed as “naturally randomized trials”
have already been used to accurately anticipate
the results of several recent landmark studies in
cardiovascularmedicine, each of which reported
unexpected results. For example, despite being
called an “expensive placebo” (Mascitelli and

B.A. Ference et al.
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Goldstein 2016), a Mendelian randomization
study accurately anticipated that lowering plas-
ma LDL-C with ezetimibe would reduce the risk
of cardiovascular events proportional to the ab-
solute reduction in plasma LDL-C regardless of
whether used alone or in combination with a
statin (Ference et al. 2015). This is precisely
what the landmark IMPROVE-IT trial showed
(Cannon et al. 2015). In addition, despite an
almost irrational exuberance that led many to
assume that lowering LDL-C by inhibiting
PCSK9 could reduce the risk of cardiovascular
events by 50% or more (Cohen et al. 2006; Ro-
binson et al. 2015; Sabatine et al. 2015), a Men-
delian randomization analysis showed that ge-
netic variants in the PCSK9 and HMG-CoA
reductase genes (the genes that encode for the
targets of PCSK9 inhibitors and statins, respec-
tively) have biologically equivalent effects on the
risk of cardiovascular disease per unit change in
LDL-C, and therefore treatment with a PCSK9
inhibitor should reduce the risk of cardiovascu-
lar events by the same amount as statins for the
same reduction in LDL-C and the same duration
of therapy (Ference et al. 2016). This is precisely
what the landmark FOURIER and ODYSSEY
trials showed (Sabatine et al. 2017; Schwartz
et al. 2018). Indeed, PCSK9 inhibitors and stat-
ins appear to have the same effect on the risk of
cardiovascular disease per unit change in LDL-
C during each year of treatment, precisely as
predicted by the Mendelian randomization nat-
urally randomized trials (Ference et al. 2018).
Finally, even though three previous large phase
III cardiovascular outcomes trials evaluating
CETP inhibitors were stopped prematurely for
safety or futility (Barter et al. 2007; Schwartz
et al. 2012; Lincoff et al. 2017), a Mendelian
randomization study accurately predicted that
when added to treatment with a statin, treat-
ment with the CETP inhibitor anacetrapib
would likely produce large absolute reductions
in LDL-C but only small corresponding absolute
reductions in apoB, and that the observed clin-
ical benefit would be proportional to the atten-
uated changes in apoB not the larger changes in
LDL-C (Ference et al. 2017). This is precisely
what the 30,000 participant REVEAL trial
showed (HPS3/TIMI55-REVEAL Collaborative

Group et al. 2017). The results of this Mendelian
randomization study not only accurately antici-
pated the results of this study, it also provided a
biological explanation for the observed results,
and has motivated the development of addition-
al agents in this class.

However, more than simply anticipating the
results of randomized trials, a Mendelian ran-
domization study framed as a naturally random-
ized trial can also serve as a template to design a
future randomized trial, particularly trials that
are evaluating therapies directed against a genet-
ically validated target (Fig. 2).

As a wider array of therapeutic technologies
become available, including small interfering
RNAs, many therapies are now being designed
to explicitly recapitulate the phenotype of genetic
variants that are associated with a lower risk of
disease (Nishikido and Ray 2018; Tsimikas
2018). The goal of these therapies is to mimic
the effect of the causal genetic variants on both
the outcome of interest, and the intermediate bi-
omarker that determines the causal effect. Impor-
tantly, the potential clinical relevance for such a
therapy can be conveniently evaluated by a port-
folio of relatedMendelian randomization studies,
which can then serve to directly inform the clin-
ical development program for the therapy.

First, a series of Mendelian randomization
studies can be designed to directly inform the
clinical trial protocol. These studies would be de-
signed todetermine, forexample,whichof a series
of related biomarkers altered by the genetic vari-
ant that a therapy is designed tomimic is respon-
sible for the causal effect, to characterize the shape
andmagnitude of the causal dose–response curve
for this biomarker, to determine whether the
causal biomarker has a cumulative or threshold
effect on the outcome, to estimate how much the
causal biomarker must be altered to produce a
predefinedminimally clinically important differ-
ence in the outcome, and to determine the opti-
mal inclusion criteria, primary composite out-
come definition, and permissible background
therapy among the groups being compared.

Next, this information could be used to con-
struct the protocol for the randomized trial de-
signed to evaluate the therapy that is mimicking
the causal genetic variant. A “naturally random-

Mendelian Randomization to Inform Trial Design
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ized trial” could then be conducted according to
the protocol informed by the earlier Mendelian
randomization studies, using the genetic variant
(or score) that the therapy is attempting tomim-
ic as the instrument of randomization and effect.

Based on the results of the “naturally ran-
domized trial,” the protocol for the trial could
be revised and optimized as needed. Finally, the
definitive randomized trial evaluating the therapy
mimicking the causal genetic variant can be con-
ducted using the revised protocol as a template in
an explicit attempt to recapitulate the results of
the “naturally randomized trial” (Fig. 2).

Indeed, as the biopharmaceutical industry
increasingly focuses on developing therapies
that attempt to recapitulate the phenotypes of
genetic variants that are associated with the risk
of various outcomes, the potential clinical ben-
efit of these therapies will likely be initially eval-
uated in Mendelian randomization studies
framed as “naturally randomized trials” (Fe-
rence 2019). These studies can serve as a template

to optimize the design of the trial evaluating the
therapies directed against genetically validated
targets to minimize the potential that the trial
will produce an unexpectedly null result.

CONCLUDING REMARKS

Both randomized trials and Mendelian random-
ization studies use the power and elegance of ran-
domization to make unconfounded causal infer-
ences. However, these two study designs address
different scientific questions. As a result, Men-
delian randomization studies cannot replace
randomized trials. Instead, Mendelian randomi-
zation studies can provide complementary infor-
mation to randomized trials addressing the same
question. In addition, Mendelian randomization
studies can be designed to provide information
that is needed to inform each step in the design of
a randomized trial. Indeed, Mendelian random-
ization studies can adopt the principles of trial
design to conduct “naturally randomized trials,”

Using Mendelian randomization to resolve uncertainties in the design of a randomized trial

Using Mendelian randomization as a template for the design of a randomized trial

Design RCT

protocol

Conduct Mendelian

randomization studies

designed to address

uncertainties in the RCT

design

Mendelian randomization

study to establish causal

association between

genetic variants in gene

encoding a therapeutic

target and clinical
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Figure 2. Using Mendelian randomization to (A) resolve uncertainties, and (B) as a template for the design of
randomized trials. (RCT) Randomized controlled trial.
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which may eventually be used as templates to
optimize the design of randomized trials evalu-
ating novel therapies directed against genetically
validated targets. Therefore, the clinical trial and
Mendelian randomization communities may
benefit from working together more closely to-
ward the common goal of using Mendelian ran-
domization to directly inform and improve the
design of randomized trials, particularly when
evaluating therapies either directed against a ge-
netically validated target or therapies designed to
mimic the effect of a causal genetic variant
(Holmes et al. 2020).
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