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Key Points

• The risk of VTE was
increased among
individuals with SCT,
independent of genetic
ancestry, and this risk
was lower than
heterozygous FVL.

• The risk of PE in SCT is
significantly higher than
the risk of isolated
DVT; this pattern
suggests a unique
mechanism of
thrombosis in SCT.
Sickle cell trait (SCT) is a risk factor for venous thromboembolism (VTE). Prior studies

investigating the association between SCT and VTE have been performed nearly exclusively

in Black populations. However, race-based research can contribute to systemic racism in

medicine. We leveraged data from the 23andMe research cohort (4 184 082 participants) to

calculate the ancestry-independent risk of VTE associated with SCT as well as comparative

risk estimates for heterozygous factor V Leiden (FVL). Odds ratios (ORs) were calculated using

a meta-analysis of 3 genetic ancestry groups (European [n = 3 183 142], Latine [n = 597 539],

and African [n = 202 281]) and a secondary full-cohort analysis including 2 additional groups

(East Asian [n = 159 863] and South Asian [n = 41 257]). Among the full cohort, 94 323

participants (2.25%) reported a history of VTE. On meta-analysis, individuals with SCT had a

1.45-fold (confidence interval [CI], 1.32-1.60) increased risk of VTE compared with SCT

noncarriers, which was similar to the full-cohort estimate. The risk of pulmonary embolism

(PE) in SCT (OR, 1.95; CI, 1.72-2.20) was higher than that of isolated deep venous thrombosis

(DVT; OR, 1.04; CI, 0.90-1.21). FVL carriers had 3.30-fold (CI, 3.24-3.37) increased risk of VTE

compared with FVL noncarriers, with a higher risk of isolated DVT (OR, 3.59; CI, 3.51-3.68)

than PE (OR, 2.72; CI, 2.64-2.81). In this large, diverse cohort, the risk of VTE was increased

among individuals with SCT compared with those without, independent of race or genetic

ancestry. The risk of VTE with SCT was lower than that observed in FVL; however, the pattern

of VTE in SCT was PE predominant, which is the opposite to that observed in FVL.

Introduction

Three million individuals in the United States and an estimated 300 million people worldwide have sickle
cell trait (SCT). Due to its protective effects against severe malarial infection, SCT prevalence is highest
in global regions with high malaria endemicity, including West/Central Africa, Mediterranean Europe,
India, and the Middle East.1 In the Americas, the highest prevalence of SCT is found in individuals with
ancestry from West and Central Africa.2 As a result, despite its widespread geographic and population
distribution, SCT in the United States is often incorrectly assumed to affect only those who identify as
Black or African American.3
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SCT is generally an asymptomatic carrier state but has been found
to be a risk factor for select clinical outcomes, including venous
thromboembolism (VTE), conferring a 1.6- to 1.8-fold increased risk
of VTE compared with individuals without SCT.4 However, prior
large studies investigating the association between SCT and VTE
have been performed nearly exclusively in Black individuals.5,6

Although prior studies have often had to limit their analyses to
high prevalence populations due to finite funding, the recent
availability of cheaper and more readily available genetic testing
technology promises to allow for affordable analysis of more
inclusive populations. In addition, there has been increasing
recognition that race-based research can contribute to bias and
inequities.7 In light of these concerns, the National Academies of
Science, Engineering, and Medicine recently issued a consensus
committee report recommending against the use of race as a proxy
for human genetic variation or assigning genetic ancestry group
labels to individuals based on their race.8,9

In the context of SCT, racialization has led to discrimination and
stigmatization of Black people in the United States. Although the
prevalence of SCT in the United States is currently highest among
individuals who identify as Black, the perpetuation of SCT as a
“Black trait” has resulted in and continues to cause considerable
harm. Historically, Black individuals with SCT have faced employ-
ment and insurance discrimination due to misinformation about the
health risks of SCT.10-12 More recently, when coupled with sys-
temic racism, biased interpretation of epidemiologic studies has
proved particularly harmful and has led to overattribution of SCT to
systemic disease. For example, a 2021 New York Times investi-
gative report uncovered the inappropriate use of SCT as a rationale
for deaths of Black Americans who died in police custody.13

The aim of this study was to provide appropriate contextualization
of the association between SCT and VTE by evaluating the risk of
VTE among individuals with SCT, irrespective of race or ethnicity,
and by calculating direct comparative risk estimates with het-
erozygous factor V Leiden (FVL). Leveraging the large, diverse
cohort of participants enrolled in the 23andMe research pro-
gram, we evaluated the association between SCT and VTE
across multiple genetic ancestry groups, defined by genetic
similarity, to establish ancestry-independent risk estimates for
VTE, pulmonary embolism (PE), and isolated deep venous
thrombosis (DVT). We also evaluated the association between
FVL and VTE to provide comparative risk estimates to a well-
established inherited thrombophilia.

Methods

Study population

Individuals included in this study are research participants of
23andMe Inc, a direct-to-consumer genetics company, who were
genotyped as part of the 23andMe personal genome service.
Participants provided informed consent and volunteered to
participate in the research online, under a protocol approved by the
external Association for Accreditation of Human Research Pro-
tection Programs–accredited Institutional Review Board, Ethical &
Independent Review Services. Most participants of 23andMe are
from the United States (~90%), with the remainder from Canada,
Great Britain, and other countries where 23andMe conducts
research. Individuals of the ages 18 to 100 years (inclusive) were
included in this analysis.
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Genotyping and phenotyping

DNA samples were genotyped using several customized Illumina
single nucleotide polymorphism arrays, as has been previously
described in detail.14 For hemoglobin variants, available geno-
typing included hemoglobin S (HbS; rs334), HbC (rs33930165),
and 9 β-thalassemia mutations (see supplemental Table 1);
α-thalassemia genotyping was not available. We also genotyped 2
common and widely known thrombophilias, FVL mutation
(rs6025) and the prothrombin G2021e gene mutation
(rs1799963). Additional known thrombophilias were not included
in this study. Participants with HbSS as well as carriers of HbC
and genotyped β-thalassemia mutations were excluded. We also
excluded individuals with homozygous FVL and all carriers of the
prothrombin G20210A gene mutation.

The outcome of VTE, as well as the subsets of any DVT and PE,
was assessed by self-report on a baseline health questionnaire
(see supplemental Table 2). Individuals were asked, “have you ever
been diagnosed with, or treated for, a blood clot or condition
causing repeated blood clots?” If respondents answered yes, they
were asked to select the type(s) of blood clot(s) with which they
were diagnosed from a list of options.

Provoking factors were also assessed by self-report on a baseline
questionnaire (see supplemental Table 2); only a single provoking
factor could be chosen. For this study, we defined provoked VTE
as those associated with any of the categorically assessed factors
of “another condition, such as cancer,” “medication,” “pregnancy,”
“prolonged immobility,” “overweight,” or “surgery or injury.”

We performed association analyses separately for the following
phenotypes: VTE, isolated DVT, and PE (±DVT).

Genetic ancestry and relatedness calculations

To reduce the effects of population structure on downstream
association analyses, we performed analyses stratified by genetic
similarity. We inferred local genetic ancestry using 23andMe’s
ancestry composition algorithm,15 then grouped individuals into
genetic ancestry groups by their proportion of inferred genetic
ancestry, as well as the lengths and numbers of segments of
inferred ancestry (see supplemental Methods). Genetic ancestry
groups evaluated via this method include African, East Asian,
European, Latine, and South Asian, following the precedent of prior
23andMe studies.14,16-18 We acknowledge that this is 1 of many
possible ways to group individuals by genetic similarity for the
purpose of minimizing the effects of population structure on
downstream analyses. Per the recommendations of the National
Academies for Science, Engineering, and Medicine,8 the popula-
tion descriptors we use in this study are solely for the purpose of
reflecting genetic similarity; see supplemental Methods and
supplemental Table 4 for additional details.

For the association analyses within each genetic ancestry group, a
maximal set of unrelated individuals was filtered using a segmental
identity-by-descent (IBD) estimation algorithm.19 Following prior
23andMe association studies,14,18 participants are defined as
related if they share >700 cM IBD, including the regions where the
2 individuals share either 1 or both genomic segments IBD. This
level of relatedness (~20% of the genome) corresponds approxi-
mately to the minimal expected sharing between first cousins in a
nonendogamous population.
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Association analyses

Logistic regression was used to calculate odds ratios (ORs) and
95% confidence intervals (CIs) for its association with HbS carrier
status and FVL carrier status within the European, African, and
Latine genetic ancestry groups. East Asian and South Asian
genetic ancestry groups were excluded from the within-genetic
ancestry group analyses because very few (<5) VTE events
among SCT carriers were observed in those groups (note that, to
respect 23andMe research participant privacy, we are unable to
provide counts of results with n <5). We included covariates for
age, sex, genotyping platform, and 9 principal components (PCs;
see supplemental Methods) to account for residual population
structure. A primary crossancestry meta-analysis was performed
across the 3 studied genetic ancestry groups (European, African,
and Latine), using a fixed effects model (inverse variance
method20). As a comparison with the meta-analysis, a secondary
mega-analysis (including individuals across all 5 studied genetic
ancestry groups but in a single association analysis) was per-
formed, including covariates for age, sex, genotyping platform, and
top 20 PCs to account for residual population structure. Signifi-
cance was conservatively defined as P value < .017 (0.05/3) to
account for multiple comparisons across the 3 studied phenotypes
(VTE, isolated DVT, and PE).

Results

Baseline characteristics

Starting with all participants who were classified into 1 of the 5
genetic ancestry groups, we excluded those with missing covariate
or outcome data (n = 2 153 141), individuals with HbSS disease,
HbC, or β-thalassemia mutations (n = 25 033), and those with
homozygous FVL or prothrombin gene mutation (n = 221 907). In
total, 4 184 082 participants were included in the final full cohort.
The baseline characteristics of the studied cohort and of each
genetic ancestry group are described in Table 1. The prevalence of
SCT in the overall cohort was 0.46% (n ≥ 19 055). Among genetic
ancestry groups, SCT prevalence differed significantly, with the
highest prevalence among individuals of African ancestry (7.02%)
and the lowest prevalence among individuals of European (0.02%)
and East Asian ancestry (~0%). In contrast, the prevalence of FVL
in the overall cohort was 4.45% (n = 186 277), with the highest
prevalence among individuals of European ancestry (5.19%) and
the lowest prevalence among individuals of East Asian ancestry
Table 1. Baseline cohort characteristics, by genetic ancestry group

Full cohort European Lat

Sample size, n (%) 4 184 082 3 183 142 (76.08%) 597 539

Age, mean (SD), y 49.37 (17.21) 51.67 (17.19) 42.04

Female, n (%) 2 384 323 (56.99%) 1 801 651 (56.60%) 347 700

SCT, n (%) ≥19 055 (0.46%) 795 (0.02%) 3 990

FVL, n (%) 186 271 (4.45%) 165 345 (5.19%) 16 909

VTE, n (%) 94 323 (2.25%) 82 445 (2.59%) 7 229

PE, n (%) 37 853 (0.90%) 32 830 (1.03%) 2 833

Isolated DVT, n (%) 56 470 (1.36%) 49 615 (1.58%) 4 396

SD, standard deviation.
*Note that in order to respect 23andMe research participant privacy, we are unable to provide
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(0.06%; note again that, to respect 23andMe research participant
privacy, we are unable to provide specific statistics or counts for
n <5).

A history of VTE was reported by ~490 of 19 055 individuals
(2.57%) with SCT compared with ~93 833 of 4 165 027 partici-
pants (2.25%) without SCT. A history of PE was found in ~301 of
19 055 individuals (1.58%) with SCT compared with ~37 552 of
4 165 027 (0.90%) without SCT. The prevalence of isolated DVT
was 1.01% in SCT carriers and 1.36% in noncarriers (Table 2). In
addition, 219 of 490 individuals (44.69%) with SCT reported a
provoked VTE compared with 42 544 of 93 833 (45.34%) without
SCT. Accounting for genetic ancestry group, we did not find a
significant difference in the proportion of individuals with provoked
VTE between individuals with and without SCT (see supplemental
Methods).

Among SCT carriers with VTE, 41.22% reported a history of PE
alone, 20.20% had a history of both PE and DVT, and 38.57%
reported a history of DVT only (see also supplemental Table 3 for a
breakdown across the full cohort).

Among carriers of FVL, a history of VTE was reported by ~12 912
of 186 271 (6.93%) compared with ~81 410 of 3 997 811 indi-
viduals (2.04%) without FVL. In participants with FVL, the preva-
lence of PE was 2.45% and isolated DVT was 4.59%, compared
with 0.83% and 1.21%, respectively, in FVL noncarriers (Table 3).
In addition, 3977 of 12 913 individuals (30.8%) with FVL reported
a provoked VTE compared with 38 786 of 81 410 (47.6%) without
FVL. Accounting for genetic ancestry group, we found a significant
difference in the proportion of individuals with provoked VTE
between FVL carriers and noncarriers, with a lower proportion of
FVL carriers reporting provoked VTE (see supplemental Methods).

Meta-analysis results for SCT carriers compared with

SCT noncarriers

Table 4 and Figure 1A show the ORs for VTE, PE, and isolated
DVT within each genetic ancestry group (European, African, and
Latine) and on meta-analysis for individuals with SCT compared
with those without. The ORs for VTE ranged from 1.38 (CI, 1.24-
1.54; P = 3.1e−09) in individuals of African ancestry to 1.97 (CI,
1.39-2.79; P = .00014) in Europeans. The point estimates (ORs)
were higher for PE than VTE in all genetic ancestry groups, ranging
from 1.73 (CI, 1.51-1.99; P = 7.7e−15) in participants of African
ancestry to 3.19 (CI, 2.08-4.89; P = 1.1e−07) in Europeans.
ine African East Asian South Asian

(14.28%) 202 281 (4.83%) 159 863 (3.82%) 41 257 (0.99%)

(15.11) 43.8 (15.75) 39.97 (14.17) 41.64 (13.57)

(58.19%) 120 312 (59.48%) 97 600 (61.05%) 17 121 (41.50%)

(0.67%) 14 205 (7.02%) <5* 65 (0.16%)

(2.83%) 2 869 (1.42%) 97 (0.06%) 1 051 (2.55%)

(1.21%) 4 005 (1.98%) 433 (0.27%) 211 (0.51%)

(0.47%) 1 952 (0.97%) 160 (0.10%) 78 (0.19%)

(0.74%) 2 053 (1.03%) 273 (0.17%) 133 (0.32%)

specific counts where n < 5.
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Table 2. VTE prevalence, by SCT status

Full cohort European Latine African East Asian South Asian

Noncarriers SCT carriers Noncarriers SCT carriers Noncarriers SCT carriers Noncarriers SCT carriers Noncarriers SCT carriers Noncarriers SCT carriers

VTE, n (%) 93 833 (2.25%) ≥490 (2.57%) 82 411 (2.59%) 34 (4.28%) 7162 (1.21%) 67 (1.68%) 3616 (1.92%) 389 (2.74%) 433 (0.27%) <5* 211 (0.51%) <5

PE, n (%) 37 552 (0.90%) ≥301 (1.58%) 32 808 (1.03%) 22 (2.77%) 2789 (0.47%) 44 (1.10%) 1717 (0.91%) 235 (1.65%) 160 (0.10%) <5 78 (0.19%) <5

Isolated DVT, n (%) 56 281 (1.36%) ≥189 (1.01%) 49 603 (1.58%) 12 (1.55%) 4373 (0.74%) 23 (0.58%) 1899 (1.02%) 154 (1.10%) 273 (0.17%) <5 133 (0.32%) <5

*Note that, to respect 23andMe research participant privacy, we are unable to provide specific counts in which n was <5.

Table 3. VTE prevalence, by FVL status

Full cohort European Latine African East Asian South Asian

Noncarriers FVL carriers Noncarriers FVL carriers Noncarriers FVL carriers Noncarriers FVL carriers Noncarriers FVL carriers Noncarriers FVL carriers

VTE, n (%) 81 410 (2.04%) ≥12 912 (6.93%) 70 332 (2.33%) 12113 (7.33%) 6582 (1.13%) 647 (3.83%) 3865 (1.94%) 140 (4.88%) 432 (0.27%) <5* 199 (0.49%) 12 (1.14%)

PE, n (%) 33 286 (0.83%) ≥4 565 (2.45%) 28 552 (0.95%) 4278 (2.59%) 2604 (0.45%) 229 (1.35%) 1894 (0.95%) 58 (2.02%) 159 (0.10%) <5* 77 (0.19%) <5*

Isolated DVT, n (%) 48 124 (1.21%) ≥8 346 (4.59%) 41 780 (1.40%) 7835 (4.87%) 3978 (0.69%) 418 (2.51%) 1971 (1.00%) 82 (2.92%) 273 (0.17%) <5* 122 (0.30%) 11 (1.05%)

*Note that, to respect 23andMe research participant privacy, we are unable to provide specific counts in which n was <5.
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Table 4. Association of SCT and VTE outcomes within genetic ancestry groups and in a crosspopulation meta-analysis

European Latine African Meta-analysis

VTE

OR (95% CI) 1.97 (1.39-2.79) 1.62 (1.27-2.08) 1.38 (1.24-1.54) 1.45 (1.32-1.60)

P value .00014 .00013 3.1e−09 1.1e−14

PE

OR (95% CI) 3.19 (2.08-4.89) 2.67 (1.97-3.64) 1.73 (1.51-1.99) 1.95 (1.72-2.20)

P value 1.1e−07 3.6e−10 7.7e−15 4.9e−27

Isolated DVT

OR (95% CI) 1.15 (0.65-2.04) 0.93 (0.61-1.41) 1.05 (0.89-1.25) 1.04 (0.90-1.21)

P value .64 .73 .53 .58
Isolated DVT risk estimates were close to 1 for all genetic
ancestry groups. Using a test for heterogeneity (see supplemental
Methods), the risk estimates were not significantly different across
genetic ancestry groups for either VTE (P = .19) or isolated DVT
(P = .6); however, the PE estimates were significantly different
(P = .009). We investigated the potential reasons for this differ-
ence; 1 hypothesis is that because the African genetic ancestry
group has a higher baseline risk for PE, the additional effect of
having SCT is attenuated. Supplemental Figure 2C demonstrates
that individuals without SCT or FVL in the African Ancestry cohort
demonstrate a higher prevalence of PE, especially across younger
age groups, than the European cohort. Causes for this increased
baseline risk in the African genetic ancestry group were not
further investigated.
Isolated DVT - SCT
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Meta Analysis
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Figure 1. Risk estimates for VTE in sickle cell trait. (A-C) Meta-analysis of ORs for V

Meta-analysis estimate for PE vs isolated DVT comparing SCT carriers with noncarriers.
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On meta-analysis, individuals with SCT had a 1.45-fold (CI, 1.32-
1.60; P = 1.1e−14) higher risk of VTE than those without. This risk
was predominantly explained by an increased risk of PE (OR, 1.95;
CI, 1.72-2.20; P = 4.9e−27) compared with isolated DVT (OR,
1.04; CI 0.90-1.21; P = .58). In the meta-analysis, CIs for PE did
not overlap 1, whereas CIs for isolated DVT did. Additionally, the
meta-analyzed CIs for PE and isolated DVT did not overlap
(Figure 1B).

Meta-analysis results for FVL carriers compared with

FVL noncarriers

ORs for VTE, PE, and isolated DVT within each ancestry group and
on meta-analysis for individuals with FVL compared with those
without are shown in Table 5 and Figure 2A. The risk estimates for
Meta-Analysis - SCT

PE 1.95

1.04

4.8e-27

.58Isolated DVT

OR Pvalue

0.71 1.0 1.41

OR
2.0

PE - SCT

European

Latine

African

Meta Analysis

3.19 1.1e-07

3.6e-10

7.7e-15

4.9e-27

OR Pvalue

2.67

1.73

1.95

1.0 2.0

OR
4.0

B

D

TE, PE, and isolated DVT, respectively, comparing SCT carriers with noncarriers. (D)
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Table 5. Association of FVL and VTE outcomes within genetic ancestry groups and in a crosspopulation meta-analysis

European Latine African Meta-analysis

VTE

OR (95% CI) 3.31 (3.25-3.38) 3.24 (2.98-3.52) 2.83 (2.37-3.38) 3.30 (3.24-3.37)

P value <2.3e−308 5.5e−164 1.5e−30 <2.3e−308

PE

OR (95% CI) 2.72 (2.64-2.82) 2.74 (2.39-3.15) 2.40 (1.83-3.13) 2.72 (2.64-2.81)

P value <2.3e−308 1.1e−46 1.5e−10 <2.3e−308

Isolated DVT

OR (95% CI) 3.61 (3.52-3.70) 3.49 (3.14-3.87) 3.12 (2.48-3.93) 3.59 (3.51-3.68)

P value <2.3e−308 4.6e−122 2.5e−22 <2.3e−308
the included outcomes were similar within each genetic ancestry
group. Using a test for heterogeneity (see supplemental Methods),
the risk estimates for all phenotypes were not significantly different
across genetic ancestry groups (any DVT, P = .10; PE, P = .56;
isolated DVT, P = .25). On meta-analysis, individuals with FVL had
a 3.30-fold (CI, 3.24-3.37; P < 2.3e−308) higher risk of VTE than
those without. The risk was explained both by an increased risk of
PE and isolated DVT, with the risk of isolated DVT (OR, 3.59; CI,
3.51-3.68; P < 2.3e−308) being higher than that of PE (OR, 2.72;
CI, 2.64-2.81; P < 2.3e−308). The meta-analyzed CIs for isolated
DVT and PE did not overlap (Figure 2B).
European

Latine

African

Meta Analysis

3.31
OR Pvalue

3.24

2.83

3.3

<2.3e-308

5.5e-164

1.5e-30

<2.3e-308

1.0 2.0 4.0

OR

VTE - FVL
A

i

European

Latine

African

Meta Analysis

3.61
OR Pvalue

3.49

3.12

3.59

<2.3e-308

4.6e-122

2.5e-22

<2.3e-308

1.0 2.0 4.0

OR

Isolated DVT - FVLiii

Figure 2. Risk estimates for VTE in factor V leiden. (A) Meta-analysis of ORs for VT

analysis estimate for PE vs isolated DVT comparing FVL carriers with noncarriers.
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Full cohort (mega-analysis) results

As a secondary analysis, we also assessed whether these
associations hold in a single association analysis including indi-
viduals across all 5 studied genetic ancestry groups. After
adjusting for age, sex, and PCs, participants with SCT had an
increased risk of prevalent VTE compared with those without
SCT (OR, 1.44; CI, 1.31-1.58; P = 7.9e−14). Similar to the
meta-analysis, this risk was predominantly explained by risk of PE
(OR, 1.90; CI, 1.68-2.15; P = 6.0e−25) compared with isolated
DVT (OR, 1.03; CI, 0.89-1.20; P = .67), with nonoverlapping CIs
(supplemental Table 5A).
European

Latine

African

Meta Analysis

2.72
OR Pvalue

2.74

2.4

2.72

<2.3e-308

1.1e-46

1.5e-10

<2.3e-308

1.0 1.41 2.832.0

OR

PE - FVLii

B

4.02.0

OR
1.0

PE

Isolated DVT

2.72
OR Pvalue

3.59

<2.3e-308

<2.3e-308

Meta-Analysis - FVL

E (i), PE (ii), and isolated DVT (iii) comparing FVL carriers with noncarriers. (B) Meta-
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Mega-analysis results for VTE, PE, and isolated DVT for FVL car-
riers were also consistent with the meta-analyzed results
(supplemental Table 5B).

Discussion

The use of race in medical research has contributed to systemic
bias and inequities. When coupled with systemic racism, the raci-
alization of SCT has resulted in the mis-contextualization of risks
and sustained harm to Black communities in both social and
patient care contexts.3,10,11 In this largest study to date, to our
knowledge, using crowd-sourced data from the 23andMe research
cohort, we found that the risk of VTE was increased among indi-
viduals with SCT compared with those without, independent of
race or genetic ancestry. We also found that the risk of VTE with
SCT was lower than that observed in FVL, a well-known inherited
thrombophilia, which provides important data to allow for contex-
tualization of VTE risks.21

Throughout medical literature, SCT is widely labeled as a “Black”
trait, whereas FVL is labeled as a “White” thrombophilia.22,23 These
notions are partly based on studies that have evaluated statistical
differences in prevalence rates among racial and genetic ancestry
groups. Unfortunately, these race-based associations coupled with
unconscious bias and systemic racism can lead to either over-
estimation or underestimation of attributable risk. For example, SCT
has been erroneously and harmfully implicated as the cause of
death in police custody cases, in part due to the overattribution of
SCT to systemic disease as opposed to a modest increase in
risk.13,24 Conversely, providers often omit FVL testing in Black
patients with VTE, despite its higher prevalence rate than other
commonly tested thrombophilias.25,26 In addition, incorrect
assumptions about SCT’s prevalence only in Black populations can
also inadvertently harm non-Black individuals by limiting testing in
those populations. Our findings demonstrate both that SCT is
prevalent among diverse ancestry groups and that it confers a
similar and consistent pattern of VTE risk independent of genetic
ancestry. Our study, therefore, provides ancestry-independent and
comparative risk estimates with FVL to allow for providers to
appropriately contextualize VTE risk among SCT carriers and
inform clinical practice guidelines without unintended bias.
Because FVL is the most well-recognized thrombophilia in practice,
direct comparative risk estimates of SCT and FVL using the same
database are particularly important for contextualization of risk and
for genetic counseling.

Although the direction of risk and pattern of VTE was similar for all
genetic ancestry groups, we did observe a significantly higher point
estimate for the risk of PE associated with SCT in the European
cohort than the African cohort. We hypothesize that this observa-
tion may be due to a higher baseline risk of PE among all individuals
of African ancestry. To investigate this, we explored the prevalence
of PE among individuals without thrombophilia (no SCT or FVL),
and we found that the baseline prevalence of PE, especially in
younger age groups, was highest in the African cohort. A recent
national database study similarly demonstrated a higher incidence
of PE hospitalization among self-identified African Americans than
other race groups.27 This may suggest that unmeasured con-
founders, such as socioeconomic factors, may contribute to a
higher baseline risk of PE in the African population. For example,
we could hypothesize that differences in access to care may
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contribute to delay in VTE diagnosis and higher progression to
embolization to PE, even among individuals without thrombophilia.
Because we were unable to adjust for these potential unmeasured
confounders, a higher baseline risk of PE would lead to attenuation
of the effect size of a moderate-risk genetic thrombophilia, such as
SCT.

Our study also provides important insights about the pattern of VTE
in SCT. Venous thrombi most commonly form in the lower
extremities, with a 30% to 40% rate of embolization to PE.28,29 We,
therefore, expect that among individuals with VTE, 30% to 40% will
experience PE, and 60% to 70% will have isolated DVT alone. Our
study did verify this pattern both in our full cohort and among FVL
carriers. However, among individuals with SCT and VTE, we
observed the opposite pattern, with 61.4% of SCT carriers
reporting a history of PE and 38.6% reporting a history of isolated
DVT alone. Although previous studies have suggested that the VTE
pattern among SCT carriers is PE predominant,5,6 our study is, to
our knowledge, the first to have sufficient sample size and power to
demonstrate a statistically significant difference between the risk of
PE and isolated DVT, with CIs that do not overlap. This is partic-
ularly important to demonstrate clear epidemiologic evidence for a
unique mechanism of thrombosis in SCT compared with other
thrombophilic states.

Whether the PE predominance of VTE observed in SCT is due to in
situ pulmonary thrombosis or due to high risk of embolization from
DVT has been a topic of debate. SCT is not associated with overt
sickling, but erythrocyte rheologic changes may occur in local
areas of extreme hypoxia such as the venous valves.30 Mouse
model studies have demonstrated that the composition of thrombi
in sickle cell anemia and SCT mice differs from that of HbAA mice
due to the entrapment of sickled erythrocytes and increased fibrin
deposition within venous clots.31 This differential composition has
been hypothesized to lead to decreased stability and increased
embolization tendency of SCT clots. In line with this, our study
demonstrates that nearly one-third of SCT carriers with PE also
reported a history of DVT, which is consistent with patterns
observed in prior real-world general population studies in which
DVT embolization is known to be the primary mechanism of PE.32

Our study, therefore, suggests that embolization may also underlie
the PE predominance among SCT carriers.

The major strengths of our study are its design and its largest-to-
date sample size. In this respect, our study highlights the value of
opt-in community engagement as a unique avenue for research
that allows for a more large-scale and diverse data set than that
available in other studies. Our study does have limitations. We did
not have genotypic data on α-thalassemia, which may modify
phenotype in SCT.33 In addition, we used self-reported DVT and
PE phenotypes. We believe our self-reported DVT and PE phe-
notypes to be accurate based on our previously published data of
replication of genome-wide association signals using self-reported
phenotypes,14,34-36 and because our calculated VTE risk estimates
are similar to those reported in previous studies of SCT.4-6 In
addition, a recent study in the UK Biobank found strong agreement
of genetic effects for PE (±DVT) between cases identified using
hospital records and those identified using verbal questionnaire
data, further supporting the potential validity of survey self-report
data.37 However, our reliance on self-reported data includes
certain limitations. For example, provoking factors were assessed
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by self-report only and were not specific to a particular VTE event,
and for individuals who reported both DVT and PE, we were unable
to assess the relative timing of clots. Additionally, socioeconomic
status may differ between our cohort and certain populations.
There is a need for more large-scale studies of SCT to understand
clinical risks.

Our study provides important ancestry-independent risk estimates
for VTE in individuals with SCT and provides comparative risk
estimates to FVL, which is a well-known inherited thrombophilia.
Our study also provides high-powered data to confirm the PE-
predominant pattern of VTE in SCT carriers. These data may
inform clinical practice guidelines, future research, and public
health initiatives in SCT.
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