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BACKGROUND: Red blood cell (RBC) transfusion and erythropoiesis-stimulating agent administration are cornerstones of clinical
practice, yet concerns exist as to potential increased risk of thrombotic events. This study aims to identify RBC traits most
relevant to venous thromboembolism (VTE) and assess their genetically predicted effects on VTE in the general population.

METHODS AND RESULTS: We used multivariable mendelian randomization with bayesian model averaging for exposure se-
lection. We obtained genetic variants predicting any of 12 RBC traits from the largest genome-wide association study of
hematological traits (173 480 participants of European ancestry) and applied them to the UK Biobank (265 424 white British
participants). We used univariable mendelian randomization methods as sensitivity analyses for validation. Among 265 424
unrelated participants in the UK Biobank, there were 9752 cases of VTE (4490 men and 5262 women). Hemoglobin was
selected as the plausible important RBC trait for VTE (marginal inclusion probability=0.91). The best-fitting model across all
RBC traits contained hemoglobin only (posterior probability=0.46). Using the inverse variance—weighted method, genetically
predicted hemoglobin was positively associated (odds ratio, 1.21 per g/dL unit of hemoglobin; 95% CI, 1.05-1.41) with VTE.
Sensitivity analyses (mendelian randomization—Egger, weighted median, and mendelian randomization pleiotropy residual
sum and outlier test) gave consistent estimates.

CONCLUSIONS: Endogenous hemoglobin is the key RBC trait causing VTE, with a detrimental effect in the general population
on VTE. Given men have higher hemoglobin than women, this finding may help explain the sexual disparity in VTE rates. The
benefits of therapies and other factors that raise hemoglobin need to be weighed against their risks.
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available method to alleviate anemia and bleeding

resulting from a variety of clinical conditions, yet
concerns exist as to the risk of adverse effects, with
several trials ongoing to establish the optimal transfu-
sion threshold in patients.! Erythropoiesis-stimulating
agents (ESAs) are widely used in clinical practise to
increase hemoglobin concentration by mimicking en-
dogenous erythropoietin and stimulating erythropoie-
sis in the bone marrow in response to cellular hypoxia.?

Red blood cell (RBC) transfusion is the most readily

Systematic reviews and meta-analyses of randomized
controlled trials of ESAs for treatment of anemia in pa-
tients have found increased risk of thrombotic vascular
events.®*In 2007, the US Food and Drug Administration
issued a public health advisory about the increased risk
on ESAs of blood clots and venous thromboembolism
(VTE), and required a label warning suggesting more
caution when using ESAs,® as reflected in recent clini-
cal practice guidelines.® Notably, similar warnings have
also been issued about specific ESAs,” which induce
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CLINICAL PERSPECTIVE
What Is New?

e Red blood cell attributes are highly correlated
genetically and phenotypically, making it diffi-
cult to disentangle causal drivers of disease.

e This study used multivariable mendelian ran-
domization with bayesian model averaging to
select and prioritize between 12 red blood cell
traits, which suggested endogenous hemo-
globin is the key factor for venous thromboem-
bolism, with a detrimental effect in the general
population.

What Are the Clinical Implications?

e This study is consistent with randomized con-
trolled trials showing that increasing hemoglobin
in patients with anemia, via blood products,
erythropoiesis-stimulating agents, or blood
transfusion, increases the risk of thromboem-
bolic events.

e This study also suggests relevance to the gen-
eral population as well as to patients.

e The benefits of therapies and other factors that
raise hemoglobin need to be weighed against
their risks.

Nonstandard Abbreviations and Acronyms

ESA erythropoiesis-stimulating agent
GWAS genome-wide association study
ICD-9 International Classification of
Diseases, Ninth Revision
ICD-10 International Classification of

Diseases, Tenth Revision
IVW inverse variance weighted

MAF minor allele frequency

MCH mean corpuscular hemoglobin

MIP marginal inclusion probability

MR Mendelian randomization

MR-BMA multivariable mendelian
randomization based on bayesian
model averaging

MR-PRESSO mendelian randomization pleiotropy
residual sum and outlier test

PP posterior probability

RBC red blood cell

VTE venous thromboembolism

erythropoiesis® and may drive the association with
VTE.® Correspondingly, targeting lower erythroid cells
for polycythemia vera reduced the rate of major throm-
bosis.'® However, it is unclear whether these findings
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are the result of specific interventions in patients, and
whether they extend to the general population across
the normal range is yet to be determined.

Several observational studies have assessed the
role of RBC attributes in thrombosis in the general
population." 2 A study of hemoglobin concentration
and its changes in healthy young women to avoid
bias from confounding by ill health and selection
bias suggested hemoglobin concentration increased
thrombosis."" Several RBC attributes are altered si-
multaneously by RBC transfusion and ESAs, and
RBC attributes are highly correlated both genetically
and phenotypically,’® making it difficult to disentan-
gle the causal drivers of disease risk. As RBC trans-
fusion and ESA administration are cornerstones of
clinical practice, better understanding of the causal
determinants of thrombosis has critical clinical im-
portance and public health implications in the gen-
eral population.

Mendelian randomization (MR), using genetic
variants randomly allocated during conception as
instrumental variables, is less prone to confound-
ing than traditional observational studies, and can
help ascertain causal effects.'* MR, at the interface
of experimental and observational studies, provides
a distinct strand of genetic evidence on potential
targets of interventions. Multivariable MR models
multiple exposures simultaneously, accounting for
measured pleiotropic effects via any of the observed
exposures.'® Previous studies have used univariable
and multivariable approaches to assess the effects
of genetically predicted blood cell traits on disease
risk'3'6; however, these analyses have been limited in
statistical power and their ability to consider high-di-
mensional highly correlated attributes, such as all 12
RBC traits. To address these limitations, we used a
novel approach for multivariable MR based on bayes-
ian model averaging (MR-BMA), which scales to the
high-throughput candidate exposures and enables
exposure prioritization in a bayesian framework."”
MR-BMA performs well even when the exposures
considered are highly correlated because of biolog-
ical processes.'” In the UK Biobank, we used MR-
BMA to select the RBC traits most relevant to VTE
both on average and individually. We then assessed
the effects of the top-ranking exposure(s) on VTE in
univariable MR.

METHODS

The UK Biobank received ethical approval from the
research ethics committee (11/NW/0382), and par-
ticipants provided written informed consent. Summary
statistics were generated from publicly available data
that had previously received appropriate ethics and
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institutional review board approvals, and further sanc-
tion was therefore not required. The individual-level
data in the UK Biobank are available by application
directly to the UK Biobank. The data that support
the findings of this study are available from the corre-
sponding author on reasonable request. The statistical
code in R for implementing MR-BMA can be obtained
from the open-source code from Github (https:/github.
com/verena-zuber/demo_AMD).

Study Design

This is a 2-sample multivariable MR study, which re-
lies on 3 instrumental variable assumptions (Figure
S1). First, the genetic variant is associated with at
least one of the exposures. Second, the variant is
independent of all confounders of each of the ex-
posure-outcome associations. Third, the variant is
independent of the outcome conditional on the ex-
posures and confounders.

Genetic Predictors of Endogenous RBC
Traits

Genetic predictors of RBC traits were extracted
from summary statistics generated from an existing
publicly available genome-wide association study
(GWAS) of hematological traits conducted in 173 480
participants of European ancestry without any blood
cancer or other major blood disorder.”® Participants
were from the UK Biobank (132 959, 52% women)
and the INTERVAL (Efficiency and safety of vary-
ing the frequency of whole blood donation) stud-
ies (40 521, 50% women)."® Blood samples for full
blood count analysis were collected by venipuncture
in EDTA tubes, and measured by a combination of
fluorescence and impedance flow cytometry at the
centralized processing laboratory of UK Biocentre
(Stockport, UK) within 36 hours.'”® Genotyping was
undertaken with Affymetrix Axiom 2.0 Array, and
variants were excluded if they deviated from Hardy-
Weinberg equilibrium (P<5x10-9), the within-batch calll
rate was <97%, the across-batch call rate was <75%,
or they were nonautosomal biallelic.”® Imputation was
performed using a combined 1000 Genomes phase
3 and UK 10K imputation panel.”® Univariable asso-
ciations of each RBC trait with 29.5 million variants
(with imputation information score >0.4 and minor
allele frequency [MAF] >0.01%) were obtained from
linear mixed model using BOLT-LMM v2.2,'° adjusted
for the top 10 principal components of ancestry and
adjusted for recruitment center.®

Selection of Genetic Variants

We obtained genetic variants that robustly (genome-
wide significance P<8.31x109, a recent threshold for
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genome-wide analyses of common, low-frequency,
and rare variants) and independently (r?<0.001) pre-
dicted any of the 12 RBC traits (ie, RBC count, mean
corpuscular volume, hematocrit, hemoglobin con-
centration, mean corpuscular hemoglobin [MCH],
MCH concentration, red cell distribution width, re-
ticulocyte count, reticulocyte fraction of red cells,
immature fraction of reticulocytes, high light scat-
ter reticulocyte count, and high light scatter reticu-
locyte percentage of red cells). These variants were
checked for imputation quality and validity as in-
strumental variables using individual data from the
UK Biobank, with the following exclusion criteria:
(1) imputation information score <0.3 for MAF >3%,
information score <0.6 for MAF 1% to 3%, informa-
tion score <0.8 for MAF 0.5% to 1%, and information
score <0.9 for MAF 0.1% to 0.5%; (2) departure from
Hardy-Weinberg equilibrium at Bonferroni-corrected
significance; (3) associated with potential confound-
ers (described below) of the variant-outcome relation
at Bonferroni-corrected significance; (4) in the ABO
gene, which is well known to be highly pleiotropic;?°
or (5) were equivocally palindromic (allele frequency
close to 0.5).

Genetic Association With VTE

The UK Biobank recruited ~500 000 participants in-
tended to be aged 40 to 69 years from 2006 to 2010
at 22 recruitment centers across Scotland, Wales,
and England in the United Kingdom.?' Participants
provided samples, completed questionnaires, in-
cluding self-reported diseases and regular prescrip-
tion medications, underwent assessments, and
had nurse-led interviews. Longitudinal follow-up via
record linkage to all health service encounters and
deaths is ongoing. Prevalent and incident diseases
were defined using International Classification of
Diseases, Ninth Revision (ICD-9), and International
Classification of Diseases, Tenth Revision (ICD-10),
codes. Causes of death were classified using ICD-70
codes. Genotyping was undertaken with 2 similar ar-
rays, the UK Biobank Lung Exome Variant Evaluation
Axiom array (49 979 participants) and the UK Biobank
Axiom array (438 398 participants).?! Genotype im-
putation was to a reference set combining the UK10K
haplotype and the Haplotype Reference Consortium
reference panels.?’ To reduce confounding by a
hereditary tendency to thrombophilia®® and latent
population structure,?®> we restricted the analysis
to genetically verified white British participants and
further excluded participants with (1) withdrawn
consent, (2) sex mismatch (genetic sex differs from
reported sex), (3) aneuploidy of sex chromosomes,
(@) low-quality genotyping (missing rate >1.5%), or
(5) relatedness (greater than putative third-degree
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relatives in the kinship table).?’ We used genotype
and phenotype data from the UK Biobank provided
in March 7 and November 6, 2018, updates.

Exposures

The exposures were 12 genetically predicted RBC
traits (ie, RBC, mean corpuscular volume, hematocrit,
hemoglobin, MCH, MCH concentration, red cell distri-
bution width, reticulocyte count, reticulocyte fraction of
red cells, immature fraction of reticulocytes, high light
scatter reticulocyte count, and high light scatter reticu-
locyte percentage of red cells).

Outcome

We developed classification algorithms for VTE fol-
lowing the recommendations of the UK Biobank.?*
We defined VTE on the basis of self-report at baseline
(internal UK Biobank codes 1068, 1093, and 1094) or
subsequent primary or secondary diagnosis of hos-
pital episodes (ICD-9 4151, 416.2, and 451-453 and
ICD-10 126 and 180-182) or underlying and contribu-
tory causes of death (/CD-70 126 and 180-182). Incident
and prevalent cases of VTE were combined to maxi-
mize statistical power, under the implicit assumption
that all events occur incident to a genetic exposure.

Potential Confounders

To check the randomization, we assessed the asso-
ciation of each genetic variant with potential confound-
ers (ie, established risk factors substantially affecting
both hematological traits™ and higher risk of VTE?®) in
the UK Biobank. Body mass index was calculated as
weight divided by height squared (kg/m?). Smoking and
alcohol drinking status were categorized as never, pre-
vious, current smoker/drinker, and prefer not to answer.
Educational level was categorized into degree/profes-
sional, nondegree, none of the above, and prefer not
to answer, derived from the questionnaire. Townsend
deprivation index (a composite indicator of socioeco-
nomic status) was based on preceding census data for
area of residential postcode at the baseline visit.

Statistical Analysis

Analysis of variance (continuous) and ¥ tests (categori-
cal) were used to assess whether each genetic variant
was associated with the potential confounders. The as-
sociation of each variant with VTE was obtained using an
additive genetic model, adjusted for sex, age, genotyping
array, and 40 principal components of genetic ancestry.

Multivariable MR Based on Bayesian
Model Averaging

Exposure selection was performed using MR-BMA.
On the assumption that one of the models considered
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is true, MR-BMA ranks all these submodels from the
larger model where all 12 RBC traits could have a
causal effect on VTE (ie, a single RBC trait or a com-
bination of multiple RBC traits on VTE),'® according
to the posterior probability (PP) of their associations
with the outcome. PP is the probability, given the
larger model and a set of priors, that a submodel
is true. PP is derived from a bayesian model fit cri-
terion, which assesses how well a linear combina-
tion of genetic associations with RBC traits predicts
the genetic associations with VTE. To aggregate the
evidence for individual trait, we combine evidence
across all models that include the particular RBC
trait(s). The marginal inclusion probability (MIP) is the
sum of the PP over all models, including the RBC
trait. Outliers were quantified by Q statistic, and influ-
ential variants were identified by Cook distance. We
repeated the analyses excluding outliers (Q >10) or
influential variants (d > median variant of the relevant
F-distribution) consistently detected in all the best
models (PP >0.02). The flow of MR-BMA is depicted
in the Figure.

As recommended,’® with 12 RBC traits, we initially
set prior probability P=0.1, corresponding to a priori
expecting 1.2 causal factor (pxd). On the basis of a
simulation study,'® we fixed the prior variance §2=0.25,
corresponding to the priori for the variance of RBC
traits. To check the impact of the prior selection, we
varied the prior probability of selecting a causal factor
from P=0.2 t0 0.4, reflecting 2.4 to 4.8 expected causal
factors.

We also excluded the top-ranking exposure from
each model to check if any alternative exposure had
equally strong probability of causality. Finally, as plate-
lets may play a role in the development of VTE, we
additionally included 4 platelet traits (platelet count,
mean platelet volume, platelet distribution width, and
plateletcrit) as alternative potential exposures to assess
if these play a role.

Sensitivity Analyses

To verify our finding from MR-BMA, we used sev-
eral univariable MR methods. We used an inverse
variance—-weighted (IVW) multiplicative random ef-
fects meta-analysis of the genetic variant—specific
Wald estimates. IVW provides unbiased estimates
as long as all genetic variants are valid instruments.
The weighted median provides valid estimates if at
least 50% of the weight comes from valid variants.?®
MR-Egger is an extension of IVW but captures hori-
zontal pleiotropy as long as the instrument strength
is independent of the direct effect.?” The MR-Egger
intercept, with P<0.05, indicates presence of a pleio-
tropic effect, suggesting the IVW estimate is inva-
lid. MR-Egger can have low statistical power, so we
concentrated on the direction and effect size rather
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*We selected genetic variants as instrumental variables based on their association with any of the 12 RBC traits\
*n=648 independent (r?<0.001) variants reach genome-wide significance (P<8.31x107) in their association with
at least one RBC trait and fulfilled inclusion criteria, are initially used as instrumental variables
. . «For these variants, we derived genetic associations with the 12 RBC traits used as risk factors and with the
Variant selection
outcome VTE .
»We constructed risk factor models, i.e. linear combinations of genetic associations with RBC traits, for all N
possible sets of RBC traits (single and multiple RBC traits)
*We searched through and rank models that best predict the genetic associations with the outcome, and
consequently represent the likely causal risk factors
Model selection *We evaluated model fit by posterior probability (PP) of the model, i.e. the probability that the model best
predicts genetic associations with the outcome /)

selection of risk factors

Model diagnostics

*We performed model diagnostics for the models with strong evidence (PP > 0.02) to find variants that may be
outliers in the model fit (and so potentially pleiotropic variants), or that exerted a strong influence on the

* 7 genetic variants are detected as outliers, no genetic variant is detected as an influential variant
*We removed these outliers and retained n=641 independent variants as instrumental variables

influential variants

*We repeated the model selection step excluding the outlier variants (n=641)
*We performed an additional model diagnostic step, which did not identify any further variants as outliers or

*We provided a final ranking of risk factor models by their PP

*For each RBC trait, we combined evidence across all risk factor models including that RBC trait to give the
marginal inclusion probability of the RBC trait

*We ranked RBC traits as likely causal risk factors by their marginal inclusion probability

Figure. The arrow diagram of the multivariable mendelian randomization based on bayesian model averaging.
PP indicates posterior probability; RBC, red blood cell; and VTE, venous thromboembolism.

than statistical significance. MR pleiotropy residual
sum and outlier test (MR-PRESSQ), which assumes
instrument strength is independent of the direct ef-
fect and at least 50% of the variants are valid, is a
statistical method for detecting and, if necessary,
correcting for horizontal pleiotropic outliers.?® An
MR-PRESSO global test P<0.05 (on the basis of
10 000 simulations) indicates horizontal pleiotropy.
The MR-PRESSO uses the difference between the
observed and expected distribution of RSS residual
sum of squares for each variant to identify potentially
horizontal pleiotropic outliers, and provides a cor-
rected estimate by removing these outliers.?® Finally,
we excluded any variants associated with choles-
terol and/or ischemic heart disease identified from
PhenoScanner (P<5x1078).2°

In 2-sample MR, sample overlap may introduce bias
and inflate type | error rate, when weak instrument bias
is present.®® The bias depends on the proportion of
overlap and the instrument strength.®® The bias can
be estimated as the product of the bias of the obser-
vational estimate, the proportion of overlap, and the
reciprocal of instrument strength.®® As the hematolog-
ical GWAS included 132 959 participants who were
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randomly selected from the UK Biobank, we estimated
the bias using an online tool (https:/sb452.shinyapps.
io/overlap/).

Genetic associations with the outcome were esti-
mated using the SNPTEST v2.5.4 program. MR-BMA
was performed using the open-source code from
Github (https://github.com/verena-zuber/demo_AMD).
Univariable MR analyses were performed using the
TwoSampleMR and MR-PRESSO packages in the R
version 3.4.4 software platform (R Development Core
Team, Vienna, Austria). Two-sided P values are re-
ported throughout.

RESULTS

Of the 731 genetic variants independently predict-
ing any of the 12 RBC traits at genome-wide signifi-
cance, 648 remained after excluding on imputation
quality, Hardy-Weinberg equilibrium, association
with potential confounders, being in the ABO gene,
or being equivocally palindromic (Figure S2). After
applying extensive exclusion criteria, the mean age
of 265 424 unrelated participants (123 809 men and
141 615 women) was 56.9 years, with 9752 cases


https://sb452.shinyapps.io/overlap/
https://sb452.shinyapps.io/overlap/
https://github.com/verena-zuber/demo_AMD

Luo et al

of VTE (4490 men and 5262 women) used in the
analysis.

When including all genetic variants available for the
RBC traits (n=648), the exposure most relevant to VTE
on the basis of MIP was hemoglobin (MIP=0.90); all
other RBC traits had MIP <0.24 (Table S1). To check
model fit, we used the best individual models with PP
>0.02 (Table S1). Seven outlying variants were identi-
fied with high Q statistics (Q >10) consistently in these
best models (Table S2 and Figure S3). No influential
variant was identified by Cook distance (Table S3 and
Figure S3).

We repeated the analysis without the 7 outlying vari-
ants (n=641). Again, the most relevant RBC trait was he-
moglobin (MIP=0.91), which was followed in relevance
by hematocrit (MIP=0.28) (Table 1). Genetic associations
with hemoglobin and hematocrit were strongly cor-
related (~=0.91), and models including both had relatively
low probability (PP=0.09; Table 2). Figure S4 shows the
scatterplots of the genetic associations with each of he-
moglobin and hematocrit individually against the genetic
associations with VTE risk. We selected the 5 best indi-
vidual models with PP >0.02 and verified the model fit
(Figure S5); no variant with consistently large Q statistics
or Cook distance was observed (Tables S4 and S5). We
tested the robustness of the results with respect to dif-
ferent initial prior probability parameters that did not alter
the ranking of RBC traits (Table S6). As a further sen-
sitivity analysis, we repeated the analysis with several
sets of RBC traits. Hemoglobin was still selected with
the highest MIP when removing highly correlated hema-
tocrit. MCH (ie, hemoglobin/RBC) was the top exposure
when hemoglobin was removed (Table S7). Hemoglobin

Table 1. Ranking of RBC Traits According to Their MIP for
VTE in the UK Biobank After Exclusion of Outlying Variants
(n=641) Using MR-BMA

Model-Averaged Causal
Exposure MIP Estimate (OR)
1 Hemoglobin 0.912 1.22
2 Hematocrit 0.275 0.95
3 HLSR 0.154 0.98
4 MCHC 0.108 1.01
5 RET% 0.104 0.99
6 IRF 0.084 1.01
7 HLSR% 0.076 1.00
8 RET 0.070 1.00
9 RBC 0.067 1.00
10 MCH 0.060 1.01

HLSR indicates high light scatter reticulocyte count; HLSR%, high
light scatter reticulocyte fraction of red cells; IRF, immature fraction
of reticulocytes; MCH, mean corpuscular hemoglobin; MCHC, MCH
concentration; MIP, marginal inclusion probability; MR-BMA, multivariable
mendelian randomization based on bayesian model averaging; OR, odds
ratio; RBC, red blood cell; RET, reticulocyte count; RET%, reticulocyte
fraction of red cells; and VTE, venous thromboembolism.
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Table 2. Ranking of Models (ie, Sets of Exposures)
According to Their PP for VTE in the UK Biobank After
Exclusion of Outlying Variants (n=641) Using MR-BMA

Model-Specific

Exposure(s) PP Causal Estimate (OR)

1 Hemoglobin 0.461 1.16

2 Hematocrit, hemoglobin 0.085 0.82,1.38

3 Hemoglobin, HLSR 0.034 1.19, 0.94

4 Hematocrit, hemoglobin, HLSR | 0.030 0.77,1.52, 0.92

5 Hemoglobin, RBC 0.024 1.21,0.94

6 Hemoglobin, MCHC 0.019 114,1.07

7 Hematocrit, hemoglobin, RET% | 0.018 0.74, 1.54, 0.93

8 MCH, RBC 0.017 115,116

9 Hemoglobin, MCH 0.017 1.14,1.04

10 Hematocrit, hemoglobin, 0.015 0.67,1.73,0.81, 1.23
HLSR%, IRF

HLSR indicates high light scatter reticulocyte count; HLSR%, high light
scatter reticulocyte fraction of red cells; IRF, immature fraction of reticulocytes;
MCH, mean corpuscular hemoglobin; MCHC, MCH concentration; MR-
BMA, multivariable mendelian randomization based on bayesian model
averaging; OR, odds ratio; PP, posterior probability; RBC, red blood cell;
RET%, reticulocyte fraction of red cells; and VTE, venous thromboembolism.

was also selected with the highest MIP when also con-
sidering platelet traits. All of which suggest the effect
of hemoglobin is insensitive to the specific selection of
RBC traits.

Estimates for hemoglobin using univariable MR are
shown in Table 3 on the basis of 81 and 72 variants
(after exclusion for known potential pleiotropy) (Table
S8). Using IVW, hemoglobin was consistently positively
associated with VTE. The weighted median, MR-Egger,
and MR-PRESSO estimates were of similar magnitude
and were also directionally consistent (Table 3), sug-
gesting that bias caused by horizontal pleiotropy is un-
likely, assuming the genetic instruments do not directly
affect a confounder of RBCs on VTE.

DISCUSSION

This MR study using MR-BMA to choose between 12
correlated RBC traits suggests hemoglobin is the RBC
trait most relevant to VTE. This finding is consistent
with randomized controlled trials in patients showing
that increasing hemoglobin in anemia, via blood prod-
ucts, ESAs, or blood transfusion, increases thrombo-
embolic events.®! Our study also suggests relevance
to the general population as well as previously seen in
patients.

Hemoglobin is a functional protein released from
RBCs into the circulation when RBCs are removed
by phagocytic activity or hemolysis. Increases in total
intracellular hemoglobin or excessive extracellular he-
moglobin in chronic and acute anemia can clog blood
vessels.®? Experimental evidence shows hemoglo-
bin and associated stasis augment platelet adhesion
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Table 3. Effect of Genetically Predicted Hemoglobin Concentration on the Risk of VTE in the UK Biobank Using Univariable

MR
Variant* Method OR (95% CI) P Value Intercept P Valuef P Value*
81 VW 1.21 (1.05-1.41) 0.01
MR-PRESSO 1.21 (1.06-1.38) 0.01 <0.001
MR-Egger 1.39 (1.04-1.87) 0.03 -0.006 0.30
Weighted median 1.18 (0.99-1.41) 0.06
72 IVW 1.20 (1.05-1.37) 0.01
MR-PRESSO No significant outliers
Weighted median 1.18 (1.00-1.40) 0.05
MR-Egger 1.28 (0.98-1.67) 0.08 -0.003 0.59

IVW indicates inverse variance weighted; MR, mendelian randomization; MR-PRESSO, MR pleiotropy residual sum and outlier test; OR, odds ratio; and VTE,

venous thromboembolism.
*Variant indicates number of genetic variants.
P value for MR-Egger intercept.
P value for global test, indicates horizontal pleiotropy.

reactivity (a well-established coagulator) in vivo and in
vitro, even with a low platelet count, independent of
hematocrit.®3 Hemoglobin inhibits the a disintegrin and
metalloproteinase with a thrombospondin type 1 motif,
member 13, cleavage of von Willebrand factor prote-
olysis.®* Increasing a disintegrin and metalloproteinase
with a thrombospondin type 1 motif, member 13, activ-
ity reduces ischemic heart disease,® but effects on VTE
have not been assessed. Hemoglobin also increases
endothelin-1 to rapidly and irreversibly scavenge NO,
favoring systemic vasoconstriction and platelet ac-
tivation, creating conditions that lead to intravascular
thrombosis.®® Our study suggests higher endogenous
hemoglobin protein in RBCs relates to thromboembolic
events, assessed from hemoglobin or from hematocrit
as the ratio of the number of RBCs/total blood cells.
Further investigation of the mechanistic role of hemo-
globin protein in thrombosis is warranted.

The main strength of this study is the implemen-
tation of MR-BMA to select and prioritize potential
drivers of VTE from 12 RBC traits, accounting for
widespread pleiotropy of highly correlated RBC traits,
with validation and provision of precise estimation of
causal effects using univariable MR. Other strengths
include rigorous selection of genetic instruments that
robustly and independently predicted the 12 RBC
traits and examination of confounding and sensitivity
analyses to identify pleiotropic violations of the ex-
clusion-restriction assumption using one of the larg-
est biobanks globally with sufficient statistical power
(Figure S5).

Some limitations of our study should be acknowl-
edged. First, although hemoglobin is correlated with
other RBC traits, our findings in the univariable MR
are unlikely caused by pleiotropic effects of other
RBC traits, as MR-BMA suggests they do not ap-
pear to be causal or only have minor direct effects
on VTE. Second, MR-BMA is a statistical variable
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selection method; as is common for variable selec-
tion methods, it does not provide unbiased effect
estimates. MR-BMA effect estimates were shrunk
toward the null because of accounting for selection
across a large number of traits. Bias in the effect
estimates is traded for reduced variance to stabilize
and improve the selection of causal risk factors from
several RBC traits. Instead, we provided unbiased
estimates using standard univariable MR. Third, the
hematological GWAS implemented high-quality pro-
cedures to maximize the precision of blood cell traits,
but complete measurement accuracy is impossible.
A more accurately measured trait would inevitably
be prioritized over a less accurately measured trait;
we cannot exclude the possibility that hemoglobin
is easier to measure accurately than hematocrit.
Fourth, although =30% of participants overlapped,
with strong instruments (explaining 4.2% of the vari-
ance in hemoglobin, with F statistic of 93; Figure S6),
bias caused by sample overlap is likely to be negli-
gible (bias, 0.004).%° Fifth, we cannot rule out selec-
tion bias in the UK Biobank and the INTERVAL study,
resulting from the recruitment of generally healthier
participants and survivors, which might bias toward
the null.3” Sixth, because of the lack of sex-specific
GWAS of RBC traits, we did not assess the sex-spe-
cific associations of hemoglobin with VTE, although
the reference range for hemoglobin®® and the VTE in-
cident rate®® are higher in men. So, our findings may
go some way toward explaining higher VTE rates in
men than women. Seventh, use of summary statistics
precluded examination of nonlinear association; ex-
amination of threshold effects, when possible, would
be clinically relevant. Eighth, 23% (40 521/173 480) of
participants in the studies providing genetic associa-
tions with RBC traits were healthy blood donors from
the INTERVAL study, but these GWASs did not ad-
just for blood donation frequency, which may impair
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precision of these estimates. Ninth, our estimates
represent average causal effects in the general pop-
ulation, so they may not apply to all subgroups or
translate into the optimal level of hemoglobin in at-
risk populations. Finally, our study compares groups
of people with genetically predicted lower and higher
hemoglobin to infer the effects of raising hemoglo-
bin via ESAs and/or blood transfusion. However,
several qualitative and quantitative differences be-
tween these comparisons may limit the applicability
to intervening on hemoglobin. Specifically, small but
lifelong changes in endogenous hemoglobin were
determined by the genetic variants, via modulating
a particular biological pathway, compared with large
changes in hemoglobin within a short time.®?

From a public health and clinical perspective, this
study draws attention to factors that modulate hemo-
globin, as potential targets of intervention to prevent
thromboembolic events. This may include therapeutic
phlebotomy*® and angiotensin Il blockage.*' In con-
trast, testosterone induces erythrocytosis and sub-
stantially increases hemoglobin.® Our findings may
provide a potential mechanisms by which testosterone
could increase the risk of VTE.?

In conclusion, the present MR study suggests he-
moglobin could be the trait most relevant to VTE, and
suggests a detrimental impact on VTE in the gen-
eral population. Whether other factors that drive he-
moglobin could be targets of intervention might bear
consideration.
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Table S1. Ranking of red blood cell traits for venous thromboembolism in the UK Biobank
top panel) ranking of exposures according to their marginal inclusion probability and

bottom panel) ranking of models (i.e. sets of exposures) according to their posterior

probability
Ranking of exposures
Exposure Marginal ir]glusion Model-gveraged causal
probability estimate (OR)

1 HGB 0.90 1.21
2 HCT 0.24 0.96
3 HLSR 0.18 0.98
4 RET% 0.11 0.99
5 MCHC 0.09 1.01
6 RBC 0.09 1.00
7 MCH 0.08 1.01
8 HLSR% 0.07 1.00
9 RET 0.07 1.00
10 IRF 0.07 1.01

Ranking of models (i.e. sets of exposures)

Model-specific causal

Exposure(s) Posterior probability estimate (OR)
1 HGB 0.45 1.16
2 HCT, HGB 0.07 0.82,1.39
3 HGB, HLSR 0.04 1.20, 0.94
4 HGB, RBC 0.03 1.21,0.94
5 HCT, HGB, HLSR 0.03 0.76, 1.53, 0.92
6 HGB, MCH 0.02 1.14,1.04
7 MCH, RBC 0.02 1.15,1.16
8 HCT, HGB, RET% 0.02 0.74, 1.56, 0.92
9 HGB, MCHC 0.02 1.14,1.07
10 HGB, HLSR, RET% 0.01 1.25,0.70, 1.32

HGB, haemoglobin concentration; HCT, haematocrit; MCHC, mean corpuscular haemoglobin
concentration; HLSR, high light scatter reticulocyte count; RBC, red blood cell count; MCH,
mean corpuscular haemoglobin; RET%, reticulocyte fraction of red cells; RET, reticulocyte
count; HLSR%, high light scatter reticulocyte fraction of red cells; MCV, mean corpuscular
volume; IRF, immature fraction of reticulocytes; RDW, red cell distribution width. Calculation is
based on 648 genetic variants, using o2 = 0.25 as prior variance and p = 0.1 as prior probability,
corresponding to a priori expecting one causal factor.



Table S2. Q statistics using n = 648 genetic variants for the best individual models and the

maximum Q of each variant among these models for diagnostics.

No Variant Gene QM1 QM2 QM3 Q M4 Q M5 max Q
1 rs77542162 ABCAG6 20.79 20.82 20.43 20.34 20.36 20.82
2 rs174533 MYRF 16.28 16.31 15.94 15.72 15.88 16.31
3 rs11187938 TBC1D12 15.92 15.90 15.40 15.69 15.22 15.92
4 rs738408 PNPLA3 13.94 14.09 14.08 14.17 14.33 14.33
5 rs3747207 PNPLA3 13.49 13.67 13.63 13.73 13.91 13.91
6 rs139974673 CATSPER2P1 11.39 11.15 11.19 11.15 10.79 11.39
7 rs147233090 CATSPER2P1 11.00 10.76 10.77 10.77 10.39 11.00
8 rs78378222  TP53 7.99 8.29 8.37 8.44 8.89 8.89
9 rs11122449  GALNT2 8.74 8.58 8.71 8.75 8.48 8.75
10 rs41282676  EIF2AK1 7.49 7.44 8.42 7.45 8.63 8.63
11 rs2835349 AP000695.6 8.42 7.91 8.43 8.23 7.74 8.43
12 rs35979828  NFE2 8.08 8.34 7.90 7.68 8.20 8.34
13 rs9535495 DLEU7 7.71 7.83 7.04 7.69 7.00 7.83
14 rs17248895 PLEK?2 7.29 7.36 7.53 7.20 7.69 7.69
15 rs1339847 TRIM58 7.65 7.34 5.16 7.69 4.19 7.69
16  rs4859682 SHROOM3 7.34 6.85 7.46 7.06 6.83 7.46
17  rs6880621 CTD-2197M16.1 6.71 712 6.65 6.83 7.19 7.19
18 rs972761 CTD-2197M16.1 6.45 6.83 6.39 6.55 6.90 6.90
19  rs6712203 COBLL1 6.44 6.73 5.99 6.43 6.22 6.73
20  rs4434553 TFR2 6.08 5.10 6.67 5.13 5.45 6.67
21  rs61750953 EGLN2 6.27 6.55 5.99 6.33 6.28 6.55
22 rs73652622 MIR4289 6.01 6.55 5.37 5.93 5.88 6.55
23 rs78415359 CTIF 6.16 6.27 6.17 6.37 6.33 6.37
24 rs833805 RP5-1120P11.1 5.74 6.32 5.51 5.99 6.20 6.32
25 1572996113 RN7SL222P 5.67 6.12 5.01 5.56 5.39 6.12
26 rs13389219 COBLL1 5.82 6.07 5.40 5.79 5.61 6.07
27 15964184 ZNF259 5.51 5.02 6.07 5.57 5.53 6.07
28 rs12548939 PVT1 5.89 5.73 5.99 5.51 5.79 5.99
29 151569419 PRDM16 5.97 5.68 5.99 5.55 5.60 5.99
30 rs56235845 RGS14 5.02 5.28 5.08 5.15 5.46 5.46

Q, Q statistics; M: Model. M1 (HGB), M2 (HCT and HGB), M3 (HGB and HLSR), M4 (HGB
and RBC), M5 (HCT, HGB and HLSR). Variants with Q statistics > 10 are given in bold. This
table displays the 30 variants with the largest maximum Q and the gene region they fall in.



Table S3. Cook’s distance using n = 648 genetic variants for the best individual models and

the maximum Cook’s distance of each variant among these models for diagnostics.

Variant Gene CdM1 CdM2 CdM3 CdM4 CdM5 maxCd
1 rs77542162 ABCAG6 0.079 0.04 0.041 0.042 0.027 0.079
2 151339847 TRIM58 0 0.002 0.069 0 0.044 0.069
3 rs73728279 PRKAG2 0.05 0.028 0.027 0.025 0.019 0.05
4 1510224210 PRKAG2 0.049 0.027 0.027 0.024 0.019 0.049
5 rs198851 HIST1H1T 0.035 0.043 0.017 0.046 0.031 0.046
6  rs1799945 HFE 0.034 0.042 0.016 0.045 0.031 0.045
7  rs174533 MYRF 0.04 0.02 0.021 0.024 0.014 0.04
8  rs833805 RP5-1120P11.1 0.034 0.025 0.017 0.019 0.016 0.034
9 510168349 PRKCE 0.03 0.014 0.017 0.014 0.01 0.03
10 rs738408 PNPLAS3 0.028 0.015 0.015 0.015 0.01 0.028
11 rs10495928 PRKCE 0.028 0.013 0.016 0.013 0.009 0.028
12 rs147233090 CATSPER2P1 0.027 0.014 0.014 0.014 0.01 0.027
13 rs3747207 PNPLA3 0.027 0.014 0.014 0.015 0.01 0.027
14 rs2968478 PIEZO1 0.026 0.019 0.016 0.013 0.014 0.026
15 15139974673 CATSPER2P1 0.024 0.013 0.012 0.013 0.009 0.024
16 rs2106786 SPPL2C 0.022 0.014 0.012 0.014 0.012 0.022
17 rs17563683  LINC02210-CRHR1 0.021 0.013 0.012 0.013 0.011 0.021
18 rs4606752 KANSL1 0.02 0.013 0.012 0.013 0.012 0.02
19 rs4434553 TFR2 0.012 0.019 0.011 0.017 0.015 0.019
20 rs2923411 RP11-503E24.3 0.01 0.017 0.005 0.005 0.011 0.017
21 rs551238 EPO 0.01 0.016 0.006 0.014 0.011 0.016
22 152835349 AP000695.6 0.016 0.012 0.008 0.008 0.008 0.016
23 rs11970772 CCND3 0 0 0.005 0.016 0.004 0.016
24 rs12548939 PVT1 0.014 0.007 0.007 0.009 0.005 0.014
25 rs972761 CTD-2197M16.1 0.014 0.01 0.007 0.007 0.007 0.014
26 rs6880621 CTD-2197M16.1 0.013 0.01 0.007 0.007 0.007 0.013
27 rs837763 PIEZO1 0.013 0.009 0.008 0.007 0.006 0.013
28 1534164109 HBSIL 0.012 0.013 0.009 0.013 0.008 0.013
29 1572805692 HK1 0.009 0.009 0.008 0.004 0.013 0.013
30 rs592423 AL356739.1 0.002 0.001 0.009 0.013 0.005 0.013

threshold 0.455 0.694 0.694 0.694 0.789

Cd Cook distance; M: Model. M1 (HGB), M2 (HCT and HGB), M3 (HGB and HLSR), M4
(HGB and RBC), M5 (HCT, HGB and HLSR). The final line gives the suggested cut-off for
Cook’s distance. This table displays the 30 variants with the largest maximum Cook’s distance
and the gene region they fall in.



Table S4. Q statistics using n = 641 genetic variants after exclusion of outlying variants, for

the best individual models and the maximum Q of each variant among these models for

diagnostics.

No Variant Gene QM1 QM2 QM3 QM4 Q M5 max Q

1 rs78378222 TP53 8.00 8.29 8.34 8.85 8.40 8.85
2 rs11122449 GALNT?2 8.75 8.59 8.72 8.49 8.76 8.76
3 rs41282676 EIF2AK1 7.50 7.44 8.34 8.54 7.45 8.54
4 rs2835349  AP000695.6 8.40 7.90 8.42 7.75 8.24 8.42
5 rs35979828 NFE2 8.08 8.33 7.92 8.20 7.72 8.33
6 rs9535495 DLEU7 7.72 7.83 7.11 7.06 7.70 7.83
7 rs1339847 TRIM58 7.65 7.35 5.36 4.40 7.69 7.69
8 rs17248895 PLEK2 7.30 7.36 7.51 7.67 7.21 7.67
9 rs4859682 SHROOM3 7.33 6.84 7.44 6.83 7.08 7.44
10 rs6880621 CTD-2197M16.1 6.72 7.13 6.67 7.19 6.83 7.19
11 rs972761 CTD-2197M16.1 6.46 6.84 6.41 6.90 6.55 6.90
12 rs6712203 COBLL1 6.43 6.71 6.02 6.25 6.42 6.71
13 rs4434553 TFR2 6.07 5.10 6.60 5.42 5.20 6.60
14 rs61750953 EGLN2 6.29 6.56 6.03 6.31 6.34 6.56
15 1573652622 MIR4289 6.01 6.54 5.42 5.92 5.93 6.54
16 rs78415359 CTIF 6.17 6.28 6.18 6.33 6.36 6.36
17 rs833805 RP5-1120P11.1 5.77 6.33 5.55 6.22 5.99 6.33
18 rs72996113 RN7SL222P 5.67 6.12 5.07 5.44 5.57 6.12
19 rs13389219 COBLL1 5.81 6.06 5.43 5.63 5.78 6.06
20 rs964184 ZNF259 5.51 5.02 6.02 5.50 5.57 6.02
21 rs12548939 PVT1 5.91 5.74 5.99 5.79 5.55 5.99
22 151569419 PRDMI16 5.97 5.68 5.98 5.61 5.59 5.98
23 rs56235845 RGS14 5.03 5.28 5.09 5.45 5.14 5.45
24 rs17006441 MITF 5.28 5.03 5.38 5.08 5.11 5.38
25 rs2106786  SPPL2C 4.52 4.89 473 5.31 4.87 5.31
26 1517563683 LINC02210-CRHR1 4.45 4.80 4.68 5.25 4.76 5.25
27 rs159058 NOL4L 4.85 4.95 4.65 472 5.24 5.24
28 154606752 KANSL1 4.36 4.73 4.62 5.22 4.69 5.22
29 rs717662 RN7SL222P 4.72 5.13 4.20 4.54 4.65 5.13
30 rs3812049 SLC12A2 4.95 5.09 491 5.09 4.93 5.09

Q, Q statistics; M: model. M1 (HGB), M2 (HCT and HGB), M3 (HGB and HLSR), M4 (HCT,
HGB and HLSR), M5 (HGB and MCHC). This table displays the 30 variants with the largest
maximum Q and the gene region they fall in.



Table S5. Cook’s distance using n = 641 genetic variants after exclusion of outlying

variants, the best individual models and the maximum Cook’s distance of each variant

among these models for diagnostics.

No Variant Gene CdM1 CdM2 CdM3 CdM4 CdM5 maxCd
1 rs1339847  TRIM58 0.001  0.002 0.08  0.052 0 0.08
2 rs73728279 PRKAG2 0.057 0.032 0.031 0.022 0.028 0.057
3 rs10224210 PRKAG2 0.056 0.031 0.03 0.021 0.027 0.056
4 rs198851 HIST1HIT 0.039 0.048 0.019 0.035 0.05 0.05
5 rs1799945 HFE 0.039 0.048 0.019 0.035 0.049 0.049
6 rs833805 RP5-1120P11.1 0.04 0.028 0.02 0.019 0.022 0.04
7 rs10168349 PRKCE 0.034 0.016 0.019 0.011 0.016 0.034
8 rs10495928 PRKCE 0.032 0.015 0.018 0.01 0.015 0.032
9 rs2968478 PIEZO1 0.03 0.022 0.018 0.016 0.015 0.03
10 rs2106786  SPPL2C 0.025 0.016 0.014 0.013 0.016 0.025
11  rs17563683 LINC02210-CRHR1 0.024 0.015 0.014 0.013 0.015 0.024
12 rs4606752 KANSL1 0.023 0.015 0.013 0.013 0.015 0.023
13  rs4434553  TFR2 0.013 0.022 0.013 0.016 0.02 0.022
14 rs2923411 RP11-503E24.3 0.011 0.019 0.006 0.012 0.006 0.019
15 rs551238 EPO 0.011 0.019 0.007 0.012 0.016 0.019
16 rs2835349  AP000695.6 0.018 0.013 0.009 0.009 0.01 0.018
17 rs11970772 CCND3 0 0 0.006 0.004 0.017 0.017
18 rs34164109 HBSI1L 0.014 0.014 0.01 0.009 0.017 0.017
19 rs12548939 PVT1 0.016 0.008 0.008 0.006 0.01 0.016
20 rs972761 CTD-2197M16.1 0.016 0.011 0.008 0.008 0.008 0.016
21 rs6880621  CTD-2197M16.1 0.015 0.011 0.008 0.008 0.008 0.015
22 159376090 HBS1L 0.012 0.013 0.008 0.008 0.015 0.015
23 rs837763 PIEZO1 0.015 0.01 0.009 0.007 0.008 0.015
24 rs4859682 SHROOM3 0.014 0.011 0.008 0.007 0.008 0.014
25 rs72805692 HK1 0.011 0.01 0.009 0.014 0.005 0.014
26 rs5758896  A4GALT 0.014  0.007 0.007 0.005 0.008 0.014
27 15592423 AL356739.1 0.002 0.001 0.01 0.006 0.014 0.014
28 rs7541039 PROX1 0.014 0.01 0.007 0.007 0.007 0.014
29 rs12548864 PVT1 0.013 0.007 0.007 0.005 0.008 0.013
30 rs41282676 EIF2AK1 0.001 0 0.013 0.01 0 0.013
threshold 0455 0.694 0.694 0.790 0.694

CD Cook distance; M: model. M1 (HGB), M2 (HCT and HGB), M3 (HGB and HLSR), M4

(HCT, HGB and HLSR), M5 (HGB and MCHC). The final line gives the suggested cut-off for
Cook’s distance. This table displays the 30 variants with the largest maximum Cook’s distance
and the gene region they fall in.



Table S6. Parameter check for the prior probability p, ranging from p=0.2 to 0.4.

p=0.2

No. Exposure Marginal inclusion probability model-averaged causal effect (OR)
1 HGB 0.874 1.32
2 HCT 0.539 0.88
3 HLSR 0.306 0.96
4 IRF 0.298 1.05
5 RET% 0.260 0.97
6 HLSR% 0.244 1.00
7 MCHC 0.231 1.03
8 RET 0.223 0.99
9 RBC 0.087 1.00
10 MCH 0.078 1.01
p=0.3

No. Exposure Marginal inclusion probability model-averaged causal effect (OR)
1 HGB 0.855 1.38
2 HCT 0.660 0.85
3 IRF 0.451 1.08
4 HLSR 0.368 0.95
5 HLSR% 0.363 0.99
6 RET% 0.347 0.95
7 RET 0.335 0.99
8 MCHC 0.305 1.04
9 RBC 0.105 1.00
10 MCH 0.093 1.01
p=04

No. Exposure Marginal inclusion probability model-averaged causal effect (OR)
1 HGB 0.842 1.40
2 HCT 0.706 0.83
3 IRF 0.541 1.11
4 HLSR% 0.445 0.98
5 RET 0.415 0.98
6 HLSR 0.408 0.96
7 RET% 0.403 0.95
8 MCHC 0.352 1.04
9 RBC 0.145 1.01
10 MCH 0.130 1.02

p =0.2 to 0.4 reflects 2.4 to 4.8 expected causal exposures. OR, odds, ratio.



Table S7. Ranking of blood cell traits for venous thromboembolism with different selections of
exposures, according to their marginal inclusion probability.

Cell lineage: 12 red blood cell and 4 platelet traits, n = 961

No. Exposure  Marginal inclusion probability model-averaged causal effect (OR)
1 HGB 0.915 1.22
2 HCT 0.211 0.96
3 HLSR 0.146 0.98
4 RBC 0.124 1.00
5 MCH 0.101 1.01
6 IRF 0.088 1.02
7 RET% 0.080 1.00
8 HLSR% 0.076 1.00
9 RET 0.071 0.99
10 MCHC 0.055 1.01
Cell lineage: 11 red blood cell traits (Exclude hematocrit), n = 578

No. Exposure Marginal inclusion probability model-averaged causal effect (OR)
1 HGB 0.527 1.07
2 MCHC 0.329 1.04
3 HLSR 0.189 0.98
4 RET% 0.176 0.98
5 MCH 0.160 1.01
6 HLSR% 0.103 1.00
7 RET 0.092 1.00
8 IRF 0.089 1.01
9 RBC 0.071 1.00
10 MCV 0.061 1.00
Cell lineage: Red blood cell traits (Exclude hemoglobin), n = 566

No. Exposure Marginal inclusion probability model-averaged causal effect (OR)
1 MCH 0.436 1.04
2 MCHC 0.343 1.04
3 HCT 0.177 1.02
4 RET% 0.158 0.97
5 RBC 0.154 1.02
6 MCV 0.150 1.01
7 HLSR 0.125 1.00
8 HLSR% 0.065 1.00
9 RET 0.064 1.01
10 IRF 0.048 1.01

OR, odds ratio. We used p = 0.1 as prior probability and excluded outlying variants in the above
analyses.



Table S8. Genetic variants predicting haemoglobin concentration used in the univariable

Mendelian randomization analyses.

Haemoglobin VTE
Variant Inffo EA OA EAF R?*(%) Beta SE Beta SE  Exclude PhenoScanner

rs1010269 098 A 0.17 0.028 0.031 0.005 0.014 0.020
rs10495928 1.00 0.66 0.240 0.073 0.004 -0.009 0.015
rs10899133 1.00 0.11 0.025 0.036 0.006 0.003 0.024
rs11072567 1.00 0.49 0.066 0.036 0.004 0.000 0.015
rs11122272 1.00 0.63 0.033 0.027 0.004 0.019 0.015
rs115986297  1.00 0.46 0.038 0.028 0.004 0.005 0.015
rs11749327 0.98 0.31 0.022 0.023 0.004 0.012 0.016
rs11772705 1.00 0.29 0.036 0.030 0.004 0.004 0.016
rs1181870 0.95 0.24 0.037 0.032 0.004 -0.019 0.018
rs1182933 1.00 0.30 0.024 0.024 0.004 -0.027 0.016 \ CHD, cholesterol
rs123698 1.00 0.60 0.036 0.027 0.004 -0.017 0.015
rs12548874 1.00 0.53 0.021 0.021 0.004 -0.019 0.015
rs1256061 1.00 0.52 0.030 0.024 0.004 0.023 0.015
rs12811512 1.00 0.85 0.021 0.029 0.005 0.006 0.020
rs128494 0.97 0.77 0.036 0.032 0.004 -0.018 0.017
rs12945870 1.00 0.43 0.026  0.023 0.004 0.030 0.015
rs1340818 0.99 0.61 0.025 0.023 0.004 -0.002 0.015
rs144861591 0.98 0.08 0.466 0.181 0.007 0.033 0.027
rs147233090 0.99 0.98 0.041 0.093 0.012 0.181 0.050
rs17006441 0.99 0.42 0.025 0.023 0.004 -0.031 0.015

rs174533 1.00 0.35 0.036 0.028 0.004 -0.058 0.015 \ Cholesterol
rs17476364 1.00 0.11 0.450 0.151 0.006 0.026 0.023
rs17563683 1.00 0.23 0.068 0.043 0.004 0.043 0.017 \ Blood pressure

rs17773190 0.98
rs184088518 0.93
rs1997595 0.98
rs218264 0.98
rs2186037 1.00
rs2230657 1.00
rs2246363 0.99
rs2269188 0.94

0.48 0.028 0.024 0.004 0.021 0.015
0.98 0.047 0101 0.012 -0.004 0.048
0.66 0.030 0.031 0.004 0.002 0.015
0.75 0.044 0.034 0.004 0.014 0.017
0.52 0.044 0.024 0.004 0.003 0.015
0.53 0.033 0.026 0.004 0.004 0.015
0.25 0.023 0.025 0.004 -0.004 0.017
0.72 0.031 0.028 0.004 0.014 0.017

rs228917 1.00 0.57 0.025 0.044 0.004 0.007 0.015
rs2519796 0.99 0.33 0.021 0.024 0.004 -0.006 0.016
rs261332 1.00 0.79 0.031 0.025 0.004 0.030 0.018 \ Cholesterol

rs2870238 1.00
rs2878889 0.99
rs2923411 1.00
rs2928166 0.99
rs2968478 0.96
rs35060063 1.00
rs3811444 1.00
rs3996993 1.00
rs4073770 0.99
rs442177 1.00

0.50 0.024 0.025 0.004 -0.014 0.015
0.55 0.031 0.022 0.004 0.000 0.015
0.59 0.031 0.025 0.004 0.036 0.015
0.13 0.127  0.037 0.005 0.029 0.022
0.42 0.024 0.051 0.004 0.034 0.015
0.50 0.023 0.022 0.004 -0.006 0.015
0.34 0.022 0.023 0.004 -0.025 0.016
0.53 0.024 0.021 0.004 -0.022 0.015
0.75 0.046 0.025 0.004 0.001 0.017
0.41 0.023 0.031 0.004 0.030 0.015 \ Cholesterol

O>TOHO0H00PTA00"10000>P2T20000>>PI>2000000004>20I>2>0>4H>
44 402> 044002>2>2002>»2>»2>H4042>2>40040444442 00040020000




rs447735 1.00
rs4760682 1.00
rs4791641 1.00
rs4951074 0.99
rs4957325 0.99
rs554019 1.00
rs56235845 0.99
rs56262900 0.99
rs5758896 1.00
rs57908212 0.99
rs58017093 1.00
rs59901009 1.00
rs6064559 1.00
rs61750953 1.00
rs62435145 0.94
rs6459467 1.00
rs662735 0.99
rs66561647 0.99
rs6665764 1.00
rs66782572 1.00
rs67145503 0.99
rs6841433 1.00
rs6967414 1.00
rs7045087 1.00
rs73728279 0.99

0.42 0.071 0.022 0.004 -0.002 0.015
0.19 0.026 0.048 0.005 -0.007 0.019
0.50 0.027 0.023 0.004 -0.009 0.015 \ Cholesterol
0.10 0.021  0.039 0.006 0.044 0.024
0.12 0.022 0.032 0.006 -0.016 0.023
0.58 0.023 0.021 0.004 0.017 0.015
0.33 0.026 0.023 0.004 0.038 0.016
0.10 0.096 0.037 0.006 0.016 0.024
0.59 0.046 0.031 0.004 0.034 0.015
0.47 0.037  0.027 0.004 0.012 0.015
0.37 0.031 0.026 0.004 0.006 0.015
0.76 0.088 0.049 0.004 0.029 0.017
0.60 0.024 0.022 0.004 -0.003 0.015
0.98 0.024 0.088 0.014 0.166 0.061
0.31 0.036 0.029 0.004 -0.014 0.016
0.62 0.025 0.023 0.004 -0.002 0.015
0.80 0.026 0.029 0.004 -0.012 0.018
0.66 0.037 0.029 0.004 0.031 0.015
0.26 0.047 0.035 0.004 0.036 0.016
0.46 0.021 0.021 0.004 0.026 0.015
0.12 0.050 0.049 0.006 0.043 0.023
0.82 0.023 0.028 0.005 -0.018 0.019
0.11 0.025 0.036 0.006 -0.041 0.024
0.70 0.023 0.023 0.004 0.009 0.016
0.72 0.167 0.064 0.004 -0.024 0.016

rs753381 1.00 0.55 0.021 0.021 0.004 0.004 0.015 \ Cholesterol
rs7560180 0.98 0.22 0.047 0.037 0.004 0.013 0.018
rs768090 0.99 0.32 0.027 0.025 0.004 -0.029 0.016

0.02 0.044 0.099 0.012 0.213 0.043 \ Cholesterol
0.64 0.047 0.032 0.004 -0.005 0.015
0.55 0.046 0.030 0.004 -0.017 0.015
0.07 0.030 0.048 0.007 -0.031 0.029
0.89 0.098 0.070 0.006 0.069 0.024
0.57 0.034 0.027 0.004 -0.019 0.015
0.74 0.095 0.050 0.004 -0.013 0.017 \ Cholesterol
rs9472135 0.99 0.69 0.056 0.036 0.004 0.000 0.016
rs972761 0.98 0.53 0.032 0.025 0.004 0.041 0.015

rs77542162 1.00
rs7875291 0.99
rs7945705 0.99
rs8055546 1.00
rs833805 0.91
rs8887 0.98
rs9376090 1.00

44400 H4H00O>H400 4> A>>>0O0>O000>A4>00>000>000
O0O0=A>O>P>>A> 414000400 A4A>—A 40004404440 -4> -

Beta (standard error) with haemoglobin concentration/ venous thromboembolism (VTE) are the
changes in haemoglobin concentration (g/dL)/ log-transformed venous thromboembolism per
additional copy of the effect allele; Estimates of variant on haemoglobin concentration are taken from
Astle et al. Estimates of variant on venous thromboembolism are derived with individual data in the
UK Biobank. EA, effect allele; OA, other allele; EAF, effect allele frequency; SE, standard error; R?,
the proportion of variance explained for the association between variant and haemoglobin
concentration, presented in percentage. Exclude, a tick indicates the variant is associated with potential
causes of venous thromboembolism (P < 5x1078) based on PhenoScanner, excluded in the analysis.
CHD, coronary heart disease



Figure S1. Directed acyclic graph of instrumental variable assumptions made in

multivariable Mendelian randomization.
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G = Genetic variants, X; = risk factor j for j=1, ...,12 red blood cell traits, U = confounders, 6; =

causal effect of risk factor j for j=1, ...,12 red blood cell traits.



Figure S2. Genetic correlation between 12 red blood cell traits based on the n = 648 genetic

variants used as instrumental variables.
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Figure S3. Diagnostic plots of the predicted associations with venous thromboembolism
(VTE) (x-axis) based on the best individual models 1 (HGB), model 2, (HCT and HGB),
model 3 (HGB and HLSR), model 4 (HGB and RBC), model 5 (HCT, HGB and HLSR),
against the observed associations with VTE (y-axis). The colour code shows left) the Q-
statistics for outliers and right) Cook’s distance for influential points. Any genetic variant with

Q-statistic larger than 10 or Cook’s distance larger than median is marked by a label indicating

the gene region.



Figure S4. Scatterplot of associations with A) haemoglobin and B) haematocrit on the x-

axis against the association with venous thromboembolism (VTE) y-axis after excluding the

outlying variants.
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The mode-averaged causal effect of each exposure on VTE was marked in red.
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Figure S5. Diagnostic plots of the predicted associations with venous thromboembolism
(VTE) (x-axis) based on the best individual models 1 (HGB), model 2, (HCT and HGB),
model 3 (HGB and HLSR), model 4 (HCT, HGB and HLSR) and model 5 (HGB and RBC),
against the observed associations with VTE (y-axis), after excluding the outlying variants.
The colour code shows left) the Q-statistics for outliers and right) Cook’s distance for influential
points. Any genetic variant with Q-statistics large than 10 or Cook’s distance large than median

is marked by a label indicating the gene region.



Figure S6. Power curves for venous thromboembolism with a sample size of 265 424 with 9

752 venous thromboembolism cases in the UK Biobank.
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The red line represents power in the venous thromboembolism analysis using 81 genetic variants
explaining 4.2% of the variance in haemoglobin, with F-statistics of 93; the black line represents
power in the venous thromboembolism analysis using 72 genetic variants explaining 3.8% of the
variance in haemoglobin, with F-statistics of 95. Power is reasonable (above 80%) for effect

sizes of 1.14 and 1.15 for venous thromboembolism in the UK Biobank.



