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Abstract

Background and Clonal haematopoiesis of indeterminate potential (CHIP), the age-related expansion of blood cells with preleukemic muta-
Aims tions, is associated with atherosclerotic cardiovascular disease and heart failure. This study aimed to test the association of
CHIP with new-onset arrhythmias.

Methods UK Biobank participants without prevalent arrhythmias were included. Co-primary study outcomes were supraventricular
arrhythmias, bradyarrhythmias, and ventricular arrhythmias. Secondary outcomes were cardiac arrest, atrial fibrillation, and
any arrhythmia. Associations of any CHIP [variant allele fraction (VAF) > 2%], large CHIP (VAF >10%), and gene-specific
CHIP subtypes with incident arrhythmias were evaluated using multivariable-adjusted Cox regression. Associations of
CHIP with myocardial interstitial fibrosis [T1 measured using cardiac magnetic resonance (CMR)] were also tested.

Results This study included 410 702 participants [CHIP: n = 13 892 (3.4%); large CHIP: n = 9191 (2.2%)]. Any and large CHIP were
associated with multi-variable-adjusted hazard ratios of 1.11 [95% confidence interval (Cl) 1.04-1.18; P=.001] and 1.13
(95% CI 1.05-1.22; P =.001) for supraventricular arrhythmias, 1.09 (95% Cl 1.01-1.19; P=.031) and 1.13 (95% CI 1.03—
1.25; P=.011) for bradyarrhythmias, and 1.16 (95% CI, 1.00-1.34; P = .049) and 1.22 (95% Cl 1.03-1.45; P=.021) for ven-
tricular arrhythmias, respectively. Associations were independent of coronary artery disease and heart failure. Associations
were also heterogeneous across arrhythmia subtypes and strongest for cardiac arrest. Gene-specific analyses revealed an
increased risk of arrhythmias across driver genes other than DNMT3A. Large CHIP was associated with 1.31-fold odds
(95% Cl 1.07-1.59; P =.009) of being in the top quintile of myocardial fibrosis by CMR.

Conclusions CHIP may represent a novel risk factor for incident arrhythmias, indicating a potential target for modulation towards
arrhythmia prevention and treatment.

* Corresponding authors. Email: mhonigberg@mgh.harvard.edu (M.C.H.); Email: pnatarajan@mgh.harvard.edu (P.N.)
© The Author(s) 2023. Published by Oxford University Press on behalf of the European Society of Cardiology. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com


https://orcid.org/0000-0001-8146-9692
https://orcid.org/0000-0001-7199-299X
https://orcid.org/0000-0003-1846-0411
https://orcid.org/0000-0003-4135-633X
https://orcid.org/0000-0002-9599-4866
https://orcid.org/0000-0002-1502-502X
https://orcid.org/0000-0002-2067-0533
https://orcid.org/0000-0001-8402-7435
https://orcid.org/0000-0001-8630-5021
https://doi.org/10.1093/eurheartj/ehae052
mailto:mhonigberg@mgh.harvard.edu
mailto:pnatarajan@mgh.harvard.edu

792

Schuermans et al.

Structured Graphical Abstract

Key Question

Does clonal haematopoiesis of indeterminate potential (CHIP), the age-related clonal expansion of blood cells with preleukemic

mutations, independently predict new-onset arrhythmias?

Key Finding

In 410 702 middle-aged adults, CHIP was associated with arrhythmic events independent of other cardiovascular diseases. The
associations differed across arrhythmia subtypes, with the highest risks observed for cardiac arrest. CHIP associated also with T1 times
on cardiac magnetic resonance, suggesting a link with myocardial fibrosis.

Take Home Message

These findings suggest CHIP is a novel age-related risk factor for arrhythmias, which may ultimately have implications for precision

medicine approaches in arrhythmia management.

Study design

Population-based cohort (N=410 879)
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In 410 702 middle-aged adults from the UK Biobank, clonal haematopoiesis of indeterminate potential (CHIP) was associated with incident arrhyth-
mias independent of other cardiovascular diseases such as coronary artery disease and heart failure, with the strongest associations observed for
cardiac arrest. Gene-stratified analyses revealed an increased risk of arrhythmias across driver genes other than DNMT3A. Cl, confidence interval;

HR, hazard ratio.

Keywords

Introduction

Cardiac arrhythmias impose a substantial global health burden,'™* lead-
ing to reduced quality of life and increased risk of stroke, heart failure,
and premature mortality among affected individuals.”~ Recent
population-based cohort studies have revealed that rhythm abnormal-
ities affect ~19%-5% of middle-aged adults, with prevalence increasing
exponentially with age.s’9 Atrial fibrillation is the most commonly

Arrhythmia * Aging * Atrial fibrillation * Cardiac arrest « Genomics ¢ Prevention

diagnosed arrhythmia and portends increased risk of stroke and
mortality,1‘7'8 whereas cardiac arrest represents the most severe
arrhythmic event and accounts for up to 50% of all cardiovascular
deaths 3101 Despite substantial progress in the clinical management
of these conditions, prevention options are limited, and the mechan-
isms linking aging with arrhythmias remain incompletely understood.
Large-scale genetic studies have shown that apparently healthy indivi-
duals can acquire preleukemic mutations that lead to clonal expansion of
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haematopoietic cells over time."> The prevalence of this condition,
termed clonal haematopoiesis of indeterminate potential [CHIP; trad-
itionally defined as variant allele fraction (VAF) > 2%], increases with
age, affecting 10%-20% of individuals >70 years of age.">'* CHIP is
most commonly driven by genes involved in epigenetic and transcrip-
tional regulation (e.g. DNMT3A, TET2, ASXL1, JAK2), mRNA splicing
(e.g. SF3B1, SRSF2, U2AF1), or DNA damage repair (TP53 and
PPM1D)."*> Emerging evidence indicates that CHIP is associated with
arange of cardiovascular diseases, including coronary artery disease,'®"”
stroke,'® and heart failure."” Human observations and experiments in
mice with certain CHIP mutations suggest that this risk is partially driven
by dysregulated inflammation'”**?" and cardiac fibrosis,>*¢ both of
which are important contributors to the pathogenesis of cardiac rhythm
abnormalities.”” " However, whether CHIP is associated with arrhyth-
mic events in the general population is currently unknown.

Given the increasing availability of low-cost next-generation sequen-
cing and the arrival of clinical trials testing CHIP-directed therapeu-
tics,*?  identifying could be targeted with
CHIP-directed prevention or intervention strategies is increasingly clin-
ically actionable. Therefore, this study leveraged the UK Biobank to test
the associations of CHIP with incident arrhythmias in a population-
based cohort of over 410 000 adults. We evaluated the associations
of CHIP and gene-specific CHIP subtypes with specific arrhythmia cat-
egories, including supraventricular arrhythmias, ventricular arrhythmias,
and bradyarrhythmias. In addition, to explore potential mechanisms, we
tested whether CHIP was linked to myocardial fibrosis in the subgroup
of participants with cardiac magnetic resonance (CMR) imaging data.

conditions  that

Methods

Study cohort

The UK Biobank is a population-based cohort study of ~500 000 adults from
the United Kingdom who were 40—70 years old at the time of recruitment be-
tween 2006 and 2010.%3 At study enrolment, participants underwent physical
examination and provided information on sociodemographic characteristics,
lifestyle factors, medical history, and medication use. In addition, participants
underwent blood sampling for biomarker analysis, including array genotyping
and whole exome sequencing (WES). Healthcare utilization was linked to na-
tional health records, allowing for the ascertainment of prevalent diseases (on-
set before enrolment) as well as incident events (onset after enrolment).
Follow-up for incident events occurred through March 2020.

The present analysis included participants with available WES data and
complete data on genetic ancestry. Individuals with any prevalent haemato-
logic malignancy or diagnosed arrhythmia at baseline were excluded, as
were those who reported the use of antiarrhythmic drugs (Vaughan
Williams categories | or lll) at baseline. Individuals inferred to be related
(closer than third degree; kinship coefficient >.0884) were also excluded,
leaving a total of 410702 participants in the analytic cohort (see
Supplementary data online, Figure S7).

The UK Biobank was approved by the North West Multi-centre
Research Ethics Committee, and all participants provided their informed
consent. UK Biobank data were accessed through application number
7089. The Mass General Brigham Institutional Review Board approved
the secondary use of these data.

Exposures and covariates

CHIP and CHIP-related phenotypes were ascertained from whole blood-
derived WES as recently described.>* WES was performed using the
lllumina NovaSeq 6000 platform at the Regeneron Genetics Center
(Tarrytown, NY).>* Somatic variants were identified using the Mutect2
tool from the Genome Analysis ToolKit (GATK).***” CHIP mutations

were called in a previously curated list of 58 genes known to drive clonal
haematopoiesis and myeloid malignancies (see Supplementary data
online, Table $1).3* To minimize the number of false-positive CHIP calls, var-
iants were kept for further analysis if (i) total depth of coverage was >20; (ii)
minimum read depth for the alternate allele was >5; and (jii) there was vari-
ant support in both forward and reverse sequencing reads. Sequencing ar-
tefacts and germline variants were removed as described previously.>

The co-primary study exposures were the presence of any CHIP (i.e. VAF
>2%)%® and CHIP with VAF >10%, as prior evidence suggests that CHIP
clones above this threshold are more strongly associated with clinical out-
comes.>**® In addition, we separately examined all gene-specific CHIP sub-
types that were present in >30 individuals, with a particular focus on the
most common driver genes (DNMT3A, TET2, and ASXLT1), JAK2, DNA dam-
age repair genes (PPM1D and TP53), and spliceosome genes (PRPF8, SF3B1,
SRSF2, U2AF1, and ZRSRZ).41 Given the low prevalence of driver mutations
for each spliccosome gene separately, we tested spliccosome genes as a
composite CHIP subtype, as done previously.** Additional analyses tested
whether the clonal haematopoiesis risk score (CHRS)—a recently devel-
oped risk score that predicts incident myeloid malignancies in individuals
with CHIP or clonal cytopenia of undetermined significance (CCUS)*—
was associated with incident arrhythmias. Details on the CHRS can be found
in the Supplementary data online, Methods and Table S2.

Outcomes

The co-primary study outcomes were new-onset supraventricular arrhyth-
mia (including atrial fibrillation or flutter, premature atrial contractions, and
supraventricular tachycardia), bradyarrhythmia (including atrioventricular/
bundle branch block, pacemaker insertion, and sinus node dysfunction),
and ventricular arrhythmia (including ventricular tachycardia, ventricular
premature depolarizations, cardiac arrest, and implantable cardioverter de-
fibrillator insertion). Incident events were defined by the occurrence of >1
qualifying ICD (International Classification of Diseases) code for the corre-
sponding arrhythmia as either a primary or secondary disease diagnosis or
>1 qualifying OPCS (Office of Population Censuses and Surveys
Classification of Surgical Operations and Procedures) code for a corre-
sponding arrhythmia-related procedure (e.g. accessory pathway ablation
for supraventricular arrhythmia).**** Arrhythmia-specific definitions are
listed in Supplementary data online, Table S3. Secondary analyses evaluated
atrial fibrillation (or flutter)®*® and cardiac arrest separately given their clin-
ical importance, as well as a composite of any incident arrhythmia (supra-
ventricular, brady-, or ventricular). We also evaluated antiarrhythmic
medication use during follow-up in 44.3% (n=182011) of participants
with available prescription data through linkage to primary care records
(see Supplementary data online, Table $4).

To explore potential mechanisms underlying any associations between
CHIP and incident arrhythmias, we tested the associations of CHIP and
gene-specific CHIP subtypes with myocardial fibrosis (T1 measured using
CMR) in the subset of UK Biobank participants who returned between
2014 and 2019 for a multi-modal imaging visit.*”*® Details on the CMR im-
aging visit can be found in the Supplementary data online, Methods.

Statistical analysis

The Shapiro—Wilk test was used to evaluate whether continuous variables
followed a normal distribution. Continuous participant characteristics were
compared between individuals with vs. without CHIP using the Student’s
t-test for normally distributed variables or the Wilcoxon rank-sum test
for skewed variables. Categorical variables were compared using the
Pearson chi-squared test or Fisher exact test as appropriate.

Primary analyses tested the association of any CHIP and CHIP with VAF
>10% with incident arrhythmia events using Cox proportional hazards
models. Minimally adjusted models included age, age®, sex, and genetic an-
cestry (European vs. non-European) as covariates. Fully adjusted models
further included smoking status (ever vs. never), body mass index (BMI),
type 2 diabetes mellitus, systolic blood pressure, antihypertensive
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medication use, alcohol intake frequency, history of any cancer, and coron-
ary artery disease as covariates (see Supplementary data online, Methods
and Table S5). The proportional hazards assumption was tested by plotting
Schoenfeld residuals against time. Follow-up started at UK Biobank enrol-
ment, and subjects who did not experience the indicated event were cen-
sored at the end of follow-up or death. Cumulative incidence functions
accounting for all-cause mortality as a competing risk were constructed
using the cmprsk package® in R to visualize the incidence of arrhythmia
events during follow-up. Information on covariate imputation, sensitivity
analyses, recurrent event analyses, and analyses of myocardial fibrosis can
be found in the Supplementary data online, Methods.

Given three co-primary outcomes, two-sided P <.0167 (i.e. P < .05/3) in-
dicated statistical significance for the primary analyses. Findings from second-
ary analyses should interpreted as supportive and exploratory due to the
potential for type | error. All analyses were performed in R version 4.1.3.

Results

CHIP prevalence and baseline participant

characteristics

The final study sample comprised 410 702 unrelated individuals (see
Supplementary data online, Figure S7), of whom 13892 (3.4%) had
any CHIP and 9191 (2.2%) had CHIP with VAF >10%, consistent
with previous work in the UK Biobank.** CHIP prevalence increased
with chronological age (see Supplementary data online, Figure S2).
The most common CHIP driver was DNMT3A (n=8727; 62.8% of
CHIP carriers), followed by TET2 (n=1972; 14.2%), ASXL1 (n=
1507; 10.8%), spliceosome genes (PRPF8, SF3B1, SRSF2, U2AF1, and
ZRSR2; n=445; 3.2%), PPM1D (n=431; 3.1%), TP53 (n=201; 1.4%),
and JAK2 (n=107; 0.8%) (see Supplementary data online, Figure S3).
Among the 13 892 CHIP carriers, 548 (3.9%) had mutations in >1 dri-
ver gene (see Supplementary data online, Figure 54).

Median age at blood draw was 58 years [interquartile range (IQR),
50-63 years], and 54.5% of participants (n =223 780) were women.
Participants with vs. without CHIP were older [62 (IQR, 57—-66) vs.
57 (IQR, 50-63) years; P < .001] and more likely to have European gen-
etic ancestry (96.1% vs. 94.6%; P <.001) or self-identify as White
(96.0% vs. 94.4%; P <.001). In addition, CHIP carriers had higher
BMI, blood pressure, and alcohol intake compared to those without
CHIP (Table 1). They were also more likely to be current or former
smokers and more often had pre-existing cardiovascular diseases.
There were no significant differences in geographic or air pollution-
related variables based on CHIP carrier status (see Supplementary
data online, Table S6). Baseline characteristics of individuals with large
(i.e. VAF >10%) vs. small (i.e. VAF <10%) CHIP are listed in
Supplementary data online, Table S7.

Cumulative incidence of arrhythmic

events by CHIP status

During a median follow-up of 11.1 (IQR, 10.4-11.8) years, 30 407 par-
ticipants (7.4%) experienced a new arrhythmia diagnosis, yielding an in-
cidence rate of 7.0 [95% confidence interval (Cl), 6.9-7.1] events per
1000 person-years. Incidence rates for supraventricular arrhythmias,
bradyarrhythmias, and ventricular arrhythmias were 4.7 (95% Cl, 4.7—
4.8),2.8 (95% Cl, 2.7-2.8), and 0.9 (95% Cl, 0.8-0.9) per 1000 person-
years, respectively. Atrial fibrillation was the most common rhythm
disorder, affecting a total of 19 507 participants (4.7%) during follow-up
[incidence rate, 4.4 (95% Cl, 4.4-4.5) per 1000 person-years]. Cardiac
arrest occurred in 1810 individuals (0.4%), yielding an incidence rate of
0.40 (95% Cl, 0.39-0.42) per 1000 person-years.

Incident arrhythmias were observed in 28 892 (7.3%) without CHIP,
1515 (10.9%) with any CHIP, and 1054 (11.5%) with large CHIP.
Incident supraventricular arrhythmias, bradyarrhythmias, and ventricu-
lar arrhythmias (i.e. the co-primary outcomes) were each more com-
mon in individuals with any vs. no CHIP (see Supplementary data
online, Figure S5). When CHIP was stratified by clone size, cumulative
incidence for each co-primary outcome was greater for large vs. small
CHIP clones (Figure 1). Similarly, cumulative incidence for composite
arrhythmias (including supraventricular arrhythmias, bradyarrhyth-
mias, and ventricular arrhythmias), atrial fibrillation, and cardiac
arrest were greater in individuals with large vs. small CHIP (Figure 2).
The proportion of CHIP carriers experiencing arrhythmic events
during follow-up increased with higher VAF (see Supplementary data
online, Figure S6).

Among those with data on medication use during follow-up, CHIP
carriers more often required antiarrhythmic drugs compared with
those without CHIP [17.7% (n=1094/6172) vs. 14.7% (n=25793/
175 839); P <.001], including class Il anti-arrhythmics [beta blockers;
17.0% (n=1051/6172) vs. 14.2% (n = 24 908/175 839); P <.001], class
I/l anti-arrhythmics [0.8% (n=49/6172) vs. 0.5% (n=806/175 839);
P <.001], and digoxin [0.7% (n=43/6172) vs. 0.4% (n=625/175
839); P <.001].

Analyses incorporating information on recurrent events revealed
that CHIP carriers experienced more arrhythmia events during follow-
up than non-carriers, indicated by a rightward shift in the probability
density distribution of the number of events experienced per partici-
pant (see Supplementary data online, Figure S7). The proportion of
individuals experiencing more than one arrhythmic event was higher
in those with vs. without CHIP (5.1% vs. 3.1%; P < .001), as was the pro-
portion of individuals with events in more than one arrhythmia cat-
egory (i.e. supraventricular, brady-, or ventricular arrhythmias; 2.3%
vs. 1.4%; P <.001). Similarly, among participants who experienced at
least one arrhythmia during follow-up, the cumulative incidence of ar-
rhythmia recurrence was higher in those with vs. without CHIP (see
Supplementary data online, Figure S8). Analyses focusing specifically
on individuals who experienced cardiac arrest during follow-up re-
vealed no major differences in underlying arrhythmias between CHIP
carriers and non-carriers, except that CHIP carriers had a lower likeli-
hood of having a prior or concomitant bradyarrhythmia diagnosis at the
time of cardiac arrest [11.8% (n=12/102) vs. 21.4% (n=366/1708);
P =.027; Supplementary data online, Table S8].

Multivariable-adjusted associations of
CHIP with incident arrhythmias

The presence of any vs. no CHIP was associated with hazard ratios
(HRs) of 1.11 (95% Cl, 1.04-1.18; P=.001) for supraventricular ar-
rhythmias, 1.09 (95% CI, 1.01-1.19; P=.031) for bradyarrhythmias,
and 1.16 (95% ClI, 1.00-1.34; P =.049) for ventricular arrhythmias in
fully adjusted models for incident events during follow-up (Table 2).
These associations were stronger for larger clones: CHIP with VAF
>10% vyielded multi-variable-adjusted HRs of 1.13 (95% CI, 1.05—
1.22; P=.001), 1.13 (95% Cl, 1.03-1.25; P=.011), and 1.22 (95% Cl|,
1.03-1.45; P=.021) for supraventricular arrhythmias, bradyarrhyth-
mias, and ventricular arrhythmias, respectively. CHIP with VAF <10%
was not significantly associated with incident arrhythmias during
follow-up (see Supplementary data online, Table $9). Consistent with
the primary analyses, participants with CHIP [HR, 1.10 (95% ClI,
1.04-1.16); P <.001] or CHIP with VAF >10% [HR, 1.14 (95% ClI,
1.07-1.21); P < .001] had a significantly increased risk of experiencing
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Table 1 Baseline characteristics among included UK Biobank participants with vs. without clonal haematopoiesis of

indeterminate potential

No CHIP
(n=396810)

CHIP
(n=13892)

Age at enrolment, years
Female sex
Genetic ancestry
African
American
East Asian
European
South Asian
Self-reported race/ethnicity
Asian
Black
White
Mixed
Other
Smoking status
Current
Former
Never
Alcohol intake frequency
Never
On special occasions only
One to three times monthly
One to two times weekly
Three to four times weekly
Daily or almost daily
PMys, pglg’
BMI, kg/m’
Systolic blood pressure, mmHg
Diastolic blood pressure, mmHg
Total cholesterol, mg/dL
High-density lipoprotein cholesterol, mg/dL
Low-density lipoprotein cholesterol, mg/dL
Antihypertensive medication use
Prevalent/prior diagnoses
Type 2 diabetes mellitus
Hypertension
Coronary artery disease
Heart failure

Valvular heart disease

57 (50-63)

216 340 (54.5%)
8063 (2.0%)
2115 (0.5%)

(

(

2291 (0.6%)

375 263 (94.6%)
(

9078 (2.3%)
9429 (2.4%)
6507 (1.6%)

(

(
372830 (94.4%)
2368 (0.6%)
(

3790 (1.0%)
41541 (10.5%)
135175 (34.1%)
220094 (55.5%)
31386 (7.9%)
45423 (11.5%)
44103
102 381 (25.9%)

11.1%)

(
(
(
(
91937 (23.2%)
80 691 (20.4%)
9.93 (9.28-10.56)
26.7 (24.1-29.8)
138 (126-152)
82 (75-89)
219.1 (190.7-248.9)
542 (454-64.9)
136.5 (114.5-159.6)
60 942 (15.4%)
11777 (3.0%)
112697 (28:4%)
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(
14877 (3.8%)
1440 (0.4%)
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4235 (1.1%)

62 (57-66)
7440 (53.6%)
194 (1.4%)

51 (0.4%)

62 (0.4%)
13353 (96.1%)
232 (1.7%)
241 (1.7%)
148 (1.1%)
13274 (96.0%)
66 (0.5%)

98 (0.7%)
1729 (12.4%)
5437 (39.1%)
6726 (48.4%)
1103 (8.0%)
1640 (11.8%

(

(

1424 (103%

3322 (24.0%
(

)
)
)
3147 (22.7%)
3231 (23.3%)
9.91 (9.27-10.52)
26.9 (24.3-30.0)
142 (129-156)

82 (75-90)
219.0 (188.7-249.0)
54.3 (452-65.1)
135.9 (113.2-159.6)

2934 (21.1%)
553 (4.0%)
4820 (34.7%)
721 (5.2%)
70 (0.5%)
83 (13%)

051
.002
<.001
<.001
A5
.84
.040
<.001
<.001
<.001
<.001
.009
.006
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Table 1 Continued

No CHIP CHIP P-value
(n=396810) (n=13892)
- Hlstoryofcardlacsurgery2177(05%) .................................... 1 18(08%) ................................ <001
History of cancer 39212 (9.9%) 1881 (13.5%) <.001
IL6R p.Asp358Ala - - .54

Heterozygous carrier 187583 (47.3%)

Homozygous carrier 64998 (16.4%)

6634 (47.8%)
2247 (16.2%)

Continuous characteristics are summarized as median (interquartile range), while categorical characteristics are summarized as number (%). Continuous participant characteristics were
compared using the Wilcoxon rank-sum test (for skewed variables). Categorical characteristics were compared using the Pearson chi-squared test or Fisher exact test as appropriate.

BMI, body mass index; CHIP, clonal haematopoiesis of indeterminate potential; PM, s, particulate matter with diameter <2.5 ug; VAF, variant allele fraction.

any arrhythmia during follow-up compared to those without CHIP.
Furthermore, CHIP vs. no CHIP was independently associated with in-
cident atrial fibrillation [HR, 1.11 (95% Cl, 1.04-1.18), P=.001] and
cardiac arrest [HR, 1.29 (95% Cl, 1.06-1.58), P =.012].

Exploratory analyses found that the associations of CHIP with
incident events were heterogeneous across arrhythmia subtypes,
with null associations observed for incident sinus node dysfunction
and ventricular premature depolarizations (see Supplementary data
online, Table $10). Among the subset of participants with at least one
arrhythmia event during follow-up (n=30407), CHIP was also
significantly associated with arrhythmia recurrence [HR, 1.10 (95%
Cl, 1.02-1.19); P=.013]. Multivariable-adjusted Poisson regression
models revealed that the total event rate (including first and recurrent
arrhythmias) was higher in those with vs. without CHIP, both in the full
cohort [rate ratio, 1.17 (95% CI, 1.13-1.21); P <.001] as well as the
subset of participants with at least one event during follow-up (rate
ratio, 1.09 (95% Cl, 1.05-1.12); P <.001].

We carried out several sensitivity analyses to probe the robustness
of our findings. Associations were consistent overall and became stronger
for ventricular arrhythmias and cardiac arrest when individuals with pre-
existing coronary artery disease, heart failure, valvular heart disease, or car-
diac surgery were excluded (see Supplementary data online, Table S17).
Moreover, associations attenuated only slightly when coronary artery dis-
ease, heart failure, valvular heart disease, and cardiac surgery were incorpo-
rated as time-varying covariates (see Supplementary data online, Table $12).
Similarly, our findings remained unchanged when adjusting for hypertension
(see Supplementary data online, Table S13) or cancer (see Supplementary
data online, Table $74) as time-varying covariates. Models excluding indivi-
duals with a history of any cancer (see Supplementary data online,
Table S15) or those with imputed covariates (see Supplementary data
online, Table $16) also yielded similar results, as did models further adjusting
for smoking pack-years (see Supplementary data online, Table $17) or geo-
graphic and air pollution-related variables (see Supplementary data online,
Table S18). Additionally, when CHIP was ascertained using a more lenient
minimum read depth threshold for the alternate allele (ie. three instead
of five), which increases sensitivity for detecting CHIP at the expense of de-
creased specificity,34 associations with incident arrhythmias remained un-
changed (see Supplementary data online, Table S19).

Associations of gene-specific CHIP

subtypes with incident arrhythmias

Gene-specific analyses showed that DNMT3A CHIP, the most common
CHIP subtype, was not associated with incident arrhythmias across

primary (Table 3) or secondary (Table 4) outcomes. TET2 CHIP was as-
sociated with a 1.22-fold risk of developing any arrhythmia during
follow-up (95% Cl, 1.08-1.38; P =.002), with particularly high-risk for
cardiac arrest [HR, 1.81 (95% ClI, 1.17-2.78); P=.007]. Large CHIP
clones driven by mutations in PPM1D, TP53, or spliceosome genes con-
sistently yielded the strongest associations with the co-primary out-
comes. Large PPM1D CHIP was the highest-risk subtype for atrial
fibrillation [HR, 1.80 (95% CI, 1.29-2.50); P <.001], whereas large
TP53 CHIP was the subtype most strongly associated with cardiac ar-
rest [HR, 4.32 (95% Cl, 1.62-11.54); P =.003]. The spliceosome gene
SF3B1 showed the strongest association with any arrhythmia [HR,
1.73 (95% Cl, 1.17-2.56); P=.006] among all tested CHIP subtypes
(see Supplementary data online, Table $20). Models excluding indivi-
duals with a history of cancer—a known risk factor for CHIP driven
by PPM1D and TP53°*'—yielded consistent results for these genes
(see Supplementary data online, Table S27).

Given prior research suggesting a protective effect of germline gen-
etic interleukin (IL)-6 signalling deficiency against arrhythmias as well as
CHIP-associated atherosclerosis, 952 we tested whether genetically
proxied IL-6 signalling deficiency—proxied using a common missense
variant in IL6R (p.Asp358Ala)—was similarly protective against arrhyth-
mia risk in the context of CHIP or gene-specific CHIP subtypes (see
Supplementary data online, Figure S9). Multivariable-adjusted models
revealed suggestive protective associations between two
p.Asp358Ala alleles vs. no p.Asp358Ala alleles and risk of composite ar-
rhythmias in those with PPM1D [HR, 0.41 (95% Cl, 0.15-1.09); P =.07]
or spliccosome [HR, 0.43 (95% Cl, 0.20-0.95); P=.037] CHIP.
However, there were no statistically significant interactions between
anumber of protective IL6R alleles and PPM 1D (Pinteraction = -19) or spli-
ceosome CHIP (Piyteraction=-07) on risk for composite arrhythmias.
The interaction between a number of IL6R alleles and PPM 1D was nom-
inally significant for supraventricular arrhythmias (Pinteraction = -048).
Consistent with murine models of TP53 CHIP showing no effects of
p53 deficiency on IL-6 or IL-1B expression,** genetically proxied IL-6
signalling deficiency did not appear to have a protective effect in parti-
cipants with TP53 CHIP [HR, 1.14 (95% Cl, 0.35-3.65) for two vs. no
p.Asp358Ala alleles; P = .83].

Association of CHIP and gene-specific
CHIP subtypes with myocardial fibrosis

Previous research in animal models suggests that CHIP promotes myo-
cardial fibrosis.?> ¢ As profibrotic remodelling is strongly associated
with incident events across arrhythmia subtypes,ZL31 we next tested
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Figure 1 Cumulative incidence of (A) supraventricular arrhythmias, (B) bradyarrhythmias, and (C) ventricular arrhythmias during follow-up.
Cumulative incidence functions were constructed using models accounting for all-cause mortality as a competing risk and represent the cumulative
incidence of the co-primary study outcomes (i.e. supraventricular arrhythmia, bradyarrhythmia, and ventricular arrhythmia) during a median follow-up
of 1.1 (IQR, 10.4-11.8) years. Follow-up was truncated at 12.5 years. CHIP indicates clonal haematopoiesis of indeterminate potential; VAF, variant
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Figure 2 Cumulative incidence of (A) any arrhythmia, (B) atrial fibrillation, and (C) cardiac arrest during follow-up. Cumulative incidence functions
were constructed using models accounting for all-cause mortality as a competing risk and represent the cumulative incidence of secondary study out-
comes (i.e. any arrhythmia, atrial fibrillation, and cardiac arrest) during a median follow-up of 11.1 (IQR, 10.4-11.8) years. Follow-up was truncated at
12.5 years. CHIP indicates clonal haematopoiesis of indeterminate potential; VAF, variant allele frequency

whether CHIP was associated with T1 time (i.e. a measure of myocar-
dial interstitial fibrosis) in the subset of human participants who under-
went CMR with T1 mapping (n =34 577). Of those participants, 910
(2.6%) had any and 588 (1.7%) had large CHIP. Although participants
with vs. without CHIP were older at the time of CMR imaging [69.5
(IQR, 64.4-73.4) vs. 64.7 (IQR, 58.3-70.3); P < .001], there was no stat-
istically significant difference in the time between blood draw and im-
aging visit [9.7 (IQR, 8.1-10.9) vs. 9.6 (IQR, 8.1-10.8) years; P=.31].
Participant characteristics of those who underwent CMR imaging
with vs. without CHIP are listed in Supplementary data online,
Table S22.

Multivariable-adjusted models revealed that individuals with vs. with-
out CHIP had 1.19-fold odds of being in the top 20th percentile of T1
time (95% Cl, 1.01-1.41; P = .035; Figure 3). This association was stron-
ger for CHIP with VAF >10% [odds ratio (OR), 1.31 (95% Cl, 1.07—
1.59); P=.009]. Among the tested CHIP driver genes, TET2 was
most strongly associated with myocardial fibrosis, yielding an OR of
1.69 (95% Cl, 1.15-2.48; P=.007). When T1 times were tested as a
continuous variable using linear regression (see Supplementary data
online, Table $23), associations of CHIP with myocardial fibrosis were
largely consistent yet slightly attenuated. The associations of CHIP
with myocardial interstitial fibrosis were stronger when excluding
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Table2 Association of any and large (i.e. variant allele fraction >10%) clonal haematopoiesis of indeterminate potential
with incident arrhythmias

Any CHIP (n=13892)

Minimally adjusted Fully adjusted model
model

CHIP with VAF >10% (n = 9191)

Minimally adjusted Fully adjusted model
model

Primary outcomes
Supraventricular arrhythmia  1.12 (1.06-1.20) <.001
1.11 (1.02-1.20) 015

1.18 (1.02-1.37) 026

111 (1.04-1.18) 001
109 (101-1.19) 031
116 (1.00-134) 049

115 (1.07-1.24) <001
115 (1.04-126) 005
125 (1.06-149) 010

113 (105-122) 001
113 (1.03-125) 011
122 (1.03-145) 021

Bradyarrhythmia

Ventricular arrhythmia
Secondary outcomes

Any arrhythmia 1.12 (1.06-1.18)  <.001

1.13 (1.06-1.20) <.001

110 (1.04-1.16)  <.001
111 (1.04-1.18) 001

115 (1.08-123) <001
116 (107-1.25) <001

114 (1.07-121) <001

Atrial fibrillation 1.14 (1.06-1.23) <.001

Cardiac arrest 1.33 (1.09-1.62) .006 1.29 (1.06-1.58) 012 143 (1.13-1.81) .003 1.39 (1.10-1.76) .006

All models represent Cox regression models in which participants without CHIP (n = 396 810) constitute the reference group. The minimally adjusted model is adjusted for age, age?, sex,
and genetic ancestry. The fully adjusted is further adjusted for smoking status, BMI, systolic blood pressure, antihypertensive medication use, alcohol intake frequency, history of any cancer,

type 2 diabetes mellitus, and coronary artery disease.

CHIP, clonal haematopoiesis of indeterminate potential; Cl, confidence interval; HR, hazard ratio; VAF, variant allele frequency.

individuals with prevalent coronary artery disease (see Supplementary
data online, Table $24) at the time of CMR.

Association of clonal haematopoiesis risk

score with incident arrhythmias

The CHRS is a recently developed and validated risk score that incor-
porates genetic and clinical parameters to predict incident myeloid ma-
lignancies in individuals with CHIP.** As the majority of CHIP carriers
never progress to haematologic malignancies, and because previous
work suggests that CHRS is associated with risk of non-malignant out-
comes including ischaemic heart disease,*® we tested whether indivi-
duals with CHRS-defined high-risk CHIP were at a heightened risk of
developing incident arrhythmias. Among 13 464 CHIP carriers with
available data on haematologic traits, the median CHRS was 8 (IQR,
7.5-9). The low-risk (i.e. CHRS <9.5), intermediate-risk (i.e. CHRS
10-12), and high-risk (i.e. CHRS >12.5) categories included 12,037,
1,308, and 119 individuals, respectively.

Multivariable-adjusted models indicated that CHRS was significantly
associated with incident supraventricular arrhythmias [HR, 1.18 (95%
Cl, 1.12-1.24) per point increase; P <.001], bradyarrhythmias [HR,
1.11 (95% Cl, 1.03-1.19) per point increase; P =.005], and ventricular
arrhythmias [HR, 1.23 (95% CI, 1.09-1.38) per point increase;
P <.001] among those with CHIP. Non-genetic parameters included
in the CHRS, including red cell distribution width, mean corpuscular
volume, and age, were independently associated with incident ar-
rhythmias (see Supplementary data online, Table $25). Risk group-
stratified analyses revealed a dose-response relationship between
CHRS and risk of incident arrhythmias, with the highest risks ob-
served in the high-risk CHRS category (i.e. CHRS >12.5) vs. those
without CHIP (Figure 4). Consistent with these findings, the strongest
associations were observed for individuals with ‘progressive CHIP’
(i.e. CHIP carriers who progressed to malignancy during follow-up),
even though associations for those with ‘stable CHIP’ (ie. CHIP

carriers who did not progress to malignancy) remained materially un-
changed compared with findings from the primary analyses (see
Supplementary data online, Table $26).

Discussion

In this large cohort of middle-aged adults with next-generation sequen-
cing, CHIP was independently associated with incident arrhythmias. We
observed heterogeneity across specific arrhythmia subtypes; the stron-
gest associations were observed for cardiac arrest, particularly in indi-
viduals with large CHIP clones. Gene-specific analyses indicated that the
risk for incident arrhythmias was generally increased across gene-
specific CHIP subtypes other than DNMT3A (Structured
Graphical Abstract). Furthermore, CHIP carriers, especially TET2
CHIP carriers, had higher myocardial T1 times, supporting the notion
that CHIP is linked to increased myocardial fibrosis which may in
turn contribute to CHIP-associated arrhythmia risk. Collectively, these
findings shed light on the interplay between aging and arrhythmogenesis
and highlight new potential opportunities for precision medicine in the
management of arrhythmias.

First, CHIP may represent a novel, clinically relevant risk factor for ar-
rhythmias. Previous population-based studies have established that CHIP
is independently associated with increased risk of coronary artery dis-
ease,'®" stroke,'® heart failure,"” and all-cause mortality."* The present
study extends these findings by identifying CHIP as an independent pre-
dictor of arrhythmias in the general population, independent of coronary
artery disease and heart failure risk. Notably, CHIP-associated significantly
with incident atrial fibrillation and cardiac arrest, both of which are import-
ant contributors to cardiovascular morbidity and mortality worldwide'>*
with incompletely effective non-invasive options for prevention.>>>*
Findings from this study corroborate the notion that CHIP carriers might
benefit from multi-disciplinary follow-up including cardiovascular risk fac-
tor assessment and modification. Although Mendelian randomization
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Table 3 Multivariable-adjusted associations of gene-specific clonal haematopoiesis of indeterminate potential
subtypes with supraventricular arrhythmias, bradyarrhythmias, and ventricular arrhythmias during follow-up

Any CHIP (n =13 892)

Fully adjusted model

Minimally adjusted

CHIP with VAF >10% (n = 9191)

Minimally adjusted Fully adjusted model

model model
HR (95% CI) P-value HR (95%Cl) P-value HR (95%Cl) P-value HR(95%CI) P-value
SSupraventricular
arrhythmia
DNMT3A 1.03 (0.95-1.12) 5 1.03 (0.95-1.12) 48 1.02 (0.92-1.13) 74 1.02 (0.92-1.14) 68
TET2 1.13 (0.97-1.31) A3 1.12 (0.96-1.31) A5 1.16 (0.98-1.38) 09 1.15 (0.97-1.37) .10
ASXL1 1.24 (1.06-1.46) .007 1.15 (0.98-1.35) .08 1.29 (1.08-1.55) .006 1.19 (0.99-1.43) .06
JAK2 1.83 (1.06-3.16) 029 1.86 (1.08-3.21) 025 1.83 (1.06-3.16) 029 1.86 (1.08-3.21)  .025
PPM1D 1.51 (1.14-2.00) .004 1.42 (1.07-1.88) 014 179 (129-250) <001  1.72(1.24-240) .001
TP53 191 (1.30-2.81) <001  1.79 (1.22-2.63) .003 1.86 (1.18-2.91) .007 177 (1.13-2.78)  .012
Spliceosome genes 1.53 (1.18-1.97) .001 1.47 (1.14-1.90) .003 1.68 (1.29-2.19) <001  1.61(1.24-2.09) <.001
Bradyarrhythmia
DNMT3A 0.98 (0.88-1.10) 73 0.98 (0.88-1.10) 79 1.01 (0.88-1.16) .88 1.02 (0.88-1.17) 83
TET2 1.24 (1.02-1.50) 028 1.25 (1.04-1.52) 019 1.18 (0.95-1.47) 14 1.19 (0.96-1.48) 12
ASXL1 1.35 (1.11-1.65) .003 1.25 (1.02-1.52) 028 1.40 (1.12-1.76) .003 1.29 (1.03-1.61) 028
JAK2 1.16 (0.48-2.79) 74 1.13 (0.47-2.70) 79 1.16 (0.48-2.79) 74 1.13 (0.47-2.70) 79
PPM1D 1.42 (0.98-2.05) 07 1.34 (0.92-1.94) A2 1.60 (1.02-2.52) 039 1.55 (0.99-2.43) .06
TP53 1.62 (0.94-2.79) .08 1.53 (0.89-2.63) A3 1.32 (0.66-2.63) 44 1.26 (0.63-2.51) .52
Spliceosome genes 1.46 (1.04-2.03) 027 1.43 (1.02-1.99) 036 1.64 (1.17-2.31) .005 1.61(1.14-2.27)  .006
Ventricular arrhythmia
DNMT3A 0.99 (0.80-1.21) 89 0.99 (0.81-1.21) 9 1.06 (0.82-1.36) 66 1.06 (0.82-1.36) 66
TET2 1.28 (0.90-1.81) A7 1.32 (0.93-1.87) A2 1.12 (0.74-1.70) 59 1.15 (0.76-1.75) .51
ASXL1 1.26 (0.86-1.84) 24 1.11 (0.76-1.63) .58 1.15 (0.72-1.82) .56 1.00 (0.63-1.59) 1
JAK2 1.56 (0.39-6.24) 53 1.52 (0.38-6.10) .55 1.56 (0.39-6.24) 53 1.52 (0.38-6.10) .55
PPM1D 1.40 (0.70-2.81) 34 1.29 (0.65-2.59) 47 2.02 (0.96-4.25) .06 1.90 (0.90-3.98) .09
TP53 2.50 (1.12-5.57) 025 229 (1.03-5.11) 042 275 (1.14-6.61) 024 257 (1.07-6.18)  .035
Spliceosome genes 2.05 (1.21-3.46) .008 1.94 (1.15-3.29) 013 2.26 (1.31-3.90) .003 216 (1.25-3.72)  .006

All models represent Cox regression models in which participants without CHIP (n = 396 810) constitute the reference group, adjusted for age, age”, sex, genetic ancestry, smoking status,
BMI, systolic blood pressure, antihypertensive medication use, alcohol intake frequency, history of any cancer, type 2 diabetes mellitus, and coronary artery disease. Spliceosome genes

include PRPF8, SF3B1, SRSF2, U2AF1, and ZRSR2.

CHIP, clonal haematopoiesis of indeterminate potential; Cl, confidence interval; HR, hazard ratio; VAF, variant allele frequency.

analyses support a causal role for CHIP in the development of atrial fibril-
Iation,55 additional mechanistic research is needed to understand specific
causal mediators and prioritize targets for therapeutic development.
Future clinical trials should test whether CHIP-guided precision therapeu-
tics®® can effectively reduce arrhythmia risk.

Second, myocardial interstitial fibrosis may contribute mechanistical-
ly to the associations of CHIP with cardiovascular diseases. Cardiac
arrhythmias encompass a diverse group of diseases with distinct aeti-
ologies, pathophysiological mechanisms, and clinical consequences.®
However, shared pathways associated with aging may contribute to dif-
ferent arrhythmia subtypes.?” Studies in both humans and animals have
shown that fibrotic changes in the heart can disrupt electrical impulse

propagation and generate re-entry circuits, thereby predisposing indivi-
duals to rhythm disorders such as atrial fibrillation and cardiac ar-
rest?”*” Mice with cardiomyocytes that overexpress the NLRP3
inflammasome—which acts upstream of inflammatory mediators
IL-1pB and IL-6—exhibit increased atrial fibrosis and susceptibility to at-
rial fibrillation, implicating inflammation in the association of fibrotic re-
modelling with arrhythmogenesis.®® A recent study of 104 patients
undergoing aortic valve replacement revealed that the presence of
CHIP was associated with an increased risk of developing atrial fibrilla-
tion within 7 days after surgery.>® Patients with vs. without CHIP had
higher counts of activated circulating monocytes and myocardial
macrophages, which resulted in a more pronounced perioperative
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Table 4 Multivariable-adjusted associations of gene-specific clonal haematopoiesis of indeterminate potential
subtypes with any arrhythmia, atrial fibrillation, and cardiac arrest during follow-up

Any CHIP (n=13892)

Minimally adjusted

CHIP with VAF >10% (n = 9191)

Minimally adjusted model Fully adjusted model

model
HR (95% CI) P-value HR (95% CI)
Any arrhythmia
DNMT3A 1.01 (0.94-1.08) 84 1.01 (0.94-1.08)
TET2 1.22 (1.07-1.38) .002 1.22 (1.08-1.38)
ASXL1 1.26 (1.10-1.44) <.001 1.17 (1.02-1.33)
JAK2 1.47 (0.88-2.43) 14 1.49 (0.90-2.47)
PPM1D 1.45 (1.14-1.85) .002 1.37 (1.08-1.74)
TP53 1.62 (1.15-2.30) .006 1.52 (1.07-2.15)
Spliceosome genes  1.46 (1.17-1.81) <.001 142 (1.14-1.76)
Atrial fibrillation
DNMT3A 1.03 (0.95-1.13) 45 1.03 (0.95-1.13)
TET2 1.15 (0.99-1.35) 07 1.15 (0.98-1.34)
ASXL1 1.23 (1.05-1.45) 012 1.14 (0.97-1.34)
JAK2 1.77 (1.01-3.13) 047 1.81 (1.03-3.18)
PPM1D 1.58 (1.20-2.10) .001 1.48 (1.12-1.96)
TP53 1.93 (1.30-2.85) .001 1.79 (1.21-2.65)
Spliceosome genes  1.50 (1.15-1.94) .002 144 (1.11-1.87)
Cardiac arrest

DNMT3A 0.99 (0.74-1.33) 96 0.99 (0.73-1.33)
TET2 1.77 (1.15-2.73) .009 1.81 (1.17-2.78)
ASXL1 1.57 (0.96-2.57) 07 1.38 (0.84-2.26)
JAK2 a a a
PPM1D 2.23 (1.00-4.97) .05 2,06 (0.92-4.59)
TP53 3.54 (1.33-9.43) 012 321 (1.20-8.56)
Spliceosome genes  2.13 (1.01-4.49) .046 2.00 (0.95-4.20)

P-value  HR(95%Cl)  P-value HR(95%CI)  P-value
83 1.02 (0.94-1.12) 61 1.03 (0.94-1.12) 56
002 121(1.05-1.39) 009 121 (1.05-139) 009
023 131(112-152) <001 120 (1.03-140) 017
13 147 (0.88-2.43) 14 1.49 (0.90-2.47) A3
01 1.73 (130-2.29) <001  168(127-223) <001
018 155 (1.03-2.33) 037 148 (0.98-2.23) 06
002 161(1.28-201) <001  155(124-194) <001
44 1.03 (0.93-1.15) 54 1.04 (0.93-1.16) 49
09 1.19 (1.00-1.41) 051 1.18 (0.99-1.40) 06
12 1.27 (1.06-1.54) 012 117 (097-1.41) A
041 1.77 (1.01-3.13) 047 181 (1.03-3.18) 041
006 187 (135-2.61) <001 180 (129-250) <001
004 184 (1.16-2.92) 01 1.76 (1.11-2.79) 017
006 1.64(125-2.15) <001 157 (1.20-2.06) 001
94 1.18 (0.83-1.67) 36 117 (0.83-1.66) 37
007 150 (0.89-2.54) 13 1.53 (0.90-2.59) E3

2 148 (0.82-2.68) 2 1.28 (0.71-2.32) 42
08 3.05 (1.27-7.35) 013 2.87 (1.19-6.90) 019
02 466 (175-1242) 002 432 (1.62-1154) 003
07 2.18 (0.98-4.87) 06 2,05 (0.92-4.57) 08

All models represent Cox regression models in which participants without CHIP (n = 396 810) constitute the reference group, adjusted for age, age?, sex, genetic ancestry, smoking status,
BMI, systolic blood pressure, antihypertensive medication use, alcohol intake frequency, history of any cancer, type 2 diabetes mellitus, and coronary artery disease. Splicecosome genes

include PRPF8, SF3B1, SRSF2, U2AF1, and ZRSR2.

CHIP, clonal haematopoiesis of indeterminate potential; Cl, confidence interval; HR, hazard ratio; VAF, variant allele frequency.
?Cox regression models were not run when no incident events occurred in the indicated gene-specific CHIP subgroup.

inflammatory response and potentially increased risk of arrhythmogen-
esis.>” These results further support the notion that dysregulated in-
flammation and inflammation-related fibrosis may contribute to
arrhythmia risk in individuals carrying somatic mutations such as those
defining CHIP. Furthermore, the present study found that CHIP was
significantly associated with T1 times in a population-based cohort of
middle-aged adults, extending recent findings of more severe liver fibro-
sis in humans with vs. without CHIP and mice modelled for TET2
CHIP.%% As both myocardial interstitial fibrosis and CHIP predict new-
onset heart failure'®" as well as adverse outcomes in individuals with
valvular heart disease®”®® or established heart failure,* ¢ myocardial

fibrosis may contribute to CHIP-associated cardiovascular risk in these
contexts as well.

Third, the effects of CHIP on arrhythmia risk may vary depending on
the specific driver mutation. Gene-specific analyses revealed an in-
creased risk for incident arrhythmias across driver genes other than
DNMT3A, which is consistent with epidemiologic studies indicating
weaker associations of DNMT3A CHIP with heart failure’ and athero-
sclerotic cardiovascular disease,*®*? as well as recent work suggesting
biologic differences between CHIP driven by DNMT3A vs. other driver
genes.”7¢? Although our findings suggest that the associations of other
gene-specific CHIP subtypes with arrhythmias are independent of
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Figure 3 Multivariable-adjusted associations of CHIP and gene-specific CHIP subtypes with myocardial fibrosis. All models represent logistic regres-
sion models in which participants without CHIP (n = 33 671) constitute the reference group, adjusted for age, age’, sex, age X sex, time between blood
draw and imaging visit, genetic ancestry, smoking status, BMI, systolic blood pressure, antihypertensive medication use, alcohol intake frequency, history
of any cancer, type 2 diabetes mellitus, and coronary artery disease at baseline. Myocardial fibrosis was evaluated using rank-based
inverse-normal-transformed T1 times, modelled as a binary variable in which the top 20th percentile of T1 time serves as the outcome of interest
(i.e. ‘7). CHIP indicates clonal haematopoiesis of indeterminate potential; Cl, confidence interval; OR, odds ratio; VAF, variant allele frequency
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Figure 4 (A) Cumulative incidence of incident arrhythmias across CHRS categories and (B) multi-variable-adjusted associations of CHRS categories
with incident arrhythmias. (A) Cumulative incidence functions were constructed using models accounting for all-cause mortality as a competing risk and
represent the cumulative incidence of the co-primary study outcomes (i.e. supraventricular arrhythmia, bradyarrhythmia, and ventricular arrhythmia)
during a median follow-up of 11.1 (IQR, 10.4-11.8) years. Follow-up for cumulative incidence functions was truncated at 12.5 years. (B) Forest plots
represent Cox regression models in which participants without CHIP (n = 396 810) constitute the reference group, adjusted for age, age?, sex, genetic
ancestry, smoking status, BMI, systolic blood pressure, antihypertensive medication use, alcohol intake frequency, history of any cancer, type 2 diabetes
mellitus, and coronary artery disease. CHIP indicates clonal haematopoiesis of indeterminate potential; CHRS, clonal haematopoiesis risk score; Cl,
confidence interval; HR, hazard ratio; VAF, variant allele frequency

cardiovascular diseases such as coronary artery disease and heart fail-
ure, there may be overlapping pathways linking different CHIP driver
genes with arrhythmogenesis. For instance, mice that were engineered
to mimic TET2 or ASXLT CHIP and subsequently exposed to

myocardial ischaemia or cardiac loading conditions exhibited overpro-
duction of IL-6 and IL-1f, as well as increased myocardial fibrosis.
PPM1D CHIP may similarly induce a proinflammatory state with in-
creased IL-6 and IL-1p levels,>® but mechanistic data on TP53 are less

22,2326
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conclusive.¥7% A recently developed atherosclerotic mouse model of
TP53 CHIP did not suggest involvement of IL-6 or IL-1 B,42 whereas an-
other line of evidence suggests that TP53 CHIP has detrimental effects
on doxorubicin-induced cardiotoxicity through increased neutrophil in-
filtration in the myocardium.”® Myocardial neutrophil infiltration has re-
cently been shown to induce ventricular arrhythmias and cardiac
arrest,”’ which supports the strong associations of TP53 with these ar-
rhythmias. CHIP driven by spliccosome mutations has not been exten-
sively investigated in experimental models of cardiovascular disease.
However, some preclinical evidence suggests increased IL-6 mRNA in
myeloid cell lines and patients with mutations in spliccosome genes
SF3B1, SRSF2, or U2AF1.”? Further research is needed to elucidate path-
ways driving arrhythmia risk in individuals with CHIP, particularly those
with driver mutations in DNA damage repair or spliceosome genes.
While our study benefits from large sample size and the use of next-
generation sequencing methods to ascertain CHIP, findings should be
interpreted in the context of limitations. First, this study utilized
population-scale WES, which has greater sensitivity to detect mutations
in candidate genes and can more accurately identify CHIP carriers than
whole genome sequencing;’® however, in comparison with deeper tar-
geted sequencing, WES may have reduced sensitivity for detection of
clonal haematopoiesis at VAF <5%”2 and result in an underestimation
of overall CHIP prevalence. We also used a stringent filtering protocol
that may misclassify the proportion of individuals carrying CHIP clones
with VAF <10%. However, this approach also minimizes the number of
false-positive CHIP calls, resulting in a high-fidelity CHIP call set.***?
Although sensitivity analyses using more lenient filtering strategies sup-
ported our primary analyses, future studies are needed to identify op-
timal VAF thresholds for arrhythmia prediction using targeted deep
sequencing methods. Second, outcome ascertainment relied primarily
on ICD and procedure codes, which might introduce misclassification.
However, previous studies using the same outcome definitions re-
vealed high-definition accuracies in an external validation cohort
(with positive predictive values >80% across arrhythmia categories)®
and successfully replicated well-known Mendelian gene-trait associa-
tions for these diseases in the UK Biobank.** Additionally, self-report,
which was used together with ICD and procedure codes to ascertain
prevalent but not incident diseases, is associated with high accuracies
for traits such as type 2 diabetes in the UK Biobank.”* Third, the major-
ity of study participants had European ancestry or self-reported as
White, precluding adequately powered subgroup analyses in partici-
pants from other races/ethnicities. Future studies should examine
whether relationships generalize to other ancestry groups, who gener-
ally have lower CHIP prevalence than European ancestry individuals.
Four, CHIP was only ascertained at baseline in the UK Biobank. As
such, were unable to test whether associations of CHIP or gene-specific
CHIP subtypes with incident arrhythmias differed by rate of clonal ex-
pansion. Some participants without CHIP at baseline may also have de-
veloped CHIP during follow-up, potentially introducing misclassification
of the study exposure. However, any such misclassification is expected
to bias results towards the null. Fifth, although we identified CHIP as an
independent risk factor for arrhythmias, the association of CHIP with
incident arrhythmias did not reach statistical significance in the subset
(~8%) of participants with CMR data, precluding formal mediation ana-
lysis to test the role of myocardial fibrosis in the CHIP-arrhythmia as-
sociation. In addition, the CMR subset included individuals that were
healthier than the rest of the UK Biobank cohort,”>” likely indicating
survival bias and leading to an underestimation of the association be-
tween CHIP and arrhythmias in this subgroup. Finally, we lacked the
power to examine less common CHIP drivers in the CMR sub-cohort.

Conclusions

In this study, CHIP was independently associated with certain arrhyth-
mias spanning supraventricular, brady- and ventricular arrhythmias.
Individuals carrying CHIP also had higher T1 times, supporting the no-
tion that myocardial fibrosis may contribute to CHIP-associated ar-
rhythmia risk. Future research should delineate mechanisms driving
the observed associations and define the role of CHIP as potential tar-
get for modulation towards arrhythmia prevention and treatment.
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