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ORIGINAL RESEARCH

Healthy Lifestyle and Clonal Hematopoiesis 
of Indeterminate Potential: Results From the 
Women’s Health Initiative
Bernhard Haring , MD, MPH; Alexander P. Reiner, MD; Jingmin Liu, MS; Deirdre K. Tobias, ScD; Eric Whitsel, MD; 
Jeffrey S. Berger , MD; Pinkal Desai, MD, MPH; Sylvia Wassertheil-Smoller, PhD; Michael J. LaMonte , PhD, MPH;  
Kathleen M. Hayden, PhD; Alexander G. Bick, MD, PhD; Pradeep Natarajan , MD, MMSc; Joshua S. Weinstock, MS; 
Patricia K. Nguyen, MD; Marcia Stefanick, PhD; Michael S. Simon, MD, MPH; Charles B. Eaton, MD;  
Charles Kooperberg , PhD; JoAnn E. Manson , MD, DrPH

BACKGROUND: Presence of clonal hematopoiesis of indeterminate potential (CHIP) is associated with a higher risk of athero-
sclerotic cardiovascular disease, cancer, and mortality. The relationship between a healthy lifestyle and CHIP is unknown.

METHODS AND RESULTS: This analysis included 8709 postmenopausal women (mean age, 66.5  years) enrolled in the WHI 
(Women’s Health Initiative), free of cancer or cardiovascular disease, with deep-coverage whole genome sequencing data 
available. Information on lifestyle factors (body mass index, smoking, physical activity, and diet quality) was obtained, and a 
healthy lifestyle score was created on the basis of healthy criteria met (0 point [least healthy] to 4 points [most healthy]). CHIP 
was derived on the basis of a prespecified list of leukemogenic driver mutations. The prevalence of CHIP was 8.6%. A higher 
healthy lifestyle score was not associated with CHIP (multivariable-adjusted odds ratio [OR] [95% CI], 0.99 [0.80–1.23] and 
1.13 [0.93–1.37]) for the upper (3 or 4 points) and middle category (2 points), respectively, versus referent (0 or 1 point). Across 
score components, a normal and overweight body mass index compared with obese was significantly associated with a 
lower odds for CHIP (OR, 0.71 [95% CI, 0.57–0.88] and 0.83 [95% CI, 0.68–1.01], respectively; P-trend 0.0015). Having never 
smoked compared with being a current smoker tended to be associated with lower odds for CHIP.

CONCLUSIONS: A healthy lifestyle, based on a composite score, was not related to CHIP among postmenopausal women. 
However, across individual lifestyle factors, having a normal body mass index was strongly associated with a lower prevalence 
of CHIP. These findings support the idea that certain healthy lifestyle factors are associated with a lower frequency of CHIP.
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Human aging is associated with an increased fre-
quency of somatic mutations in hematopoietic 
cells. The acquisition of specific somatic muta-

tions in the absence of other criteria for hematologic 
neoplasia, dysplasia, or cytopenia is termed clonal 
hematopoiesis of indeterminate potential (CHIP).1 The 
prevalence of CHIP in peripheral blood is low (<0.5%) 
from birth until 50  years of age, after which it may 
begin to increase, affecting 10% of people aged 70 to 

80 years.2–4 The most frequently mutated driver genes 
are DNMT3A and TET2, which play an important role 
in epigenetic regulation and inflammatory response.1–6 
More important, mutations in these driver genes may 
occur while blood counts remain normal and in people 
who are otherwise apparently healthy.7 Although such 
somatic mutations greatly increase the risk of acquir-
ing additional driver mutations and eventually develop-
ing a hematologic cancer, the main cause of death in 
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individuals with CHIP is notably atherosclerotic cardio-
vascular disease (CVD).2,3,8–10

Somatic mutations in hematopoietic cells, such 
as TET2, have been shown to contribute to the de-
velopment of atherosclerosis mainly by interactions 
between clonal monocytes-macrophages and the en-
dothelium and the increased expression of proinflam-
matory genes.7,11,12 As many of the CVD risk factors are 
influenced by lifestyle practices, we hypothesized that 
modifiable lifestyle factors may be associated with a 
lower presence of CHIP. Adherence to a healthy life-
style is a major approach to controlling CVD at the 
population level, and is associated with more favor-
able CVD risk factor profiles and with lower CVD in-
cidence and mortality.13–16 However, at this time, it 

remains largely unknown whether a healthy lifestyle or 
individual lifestyle factors are related to CHIP, as de-
tailed information on lifestyle has not been available in 
most studies on CHIP.11,17–19 Moreover, most previous 
studies of CHIP have involved study populations who 
already experienced a high burden of atherosclerotic 
disease.8,11,17,20–23

The aim of this study was first to examine the 
associations of adherence to a healthy lifestyle and 
presence of CHIP in postmenopausal women with-
out history of CVD or cancer. Second, we aimed to 
relate the presence of CHIP in the most frequently 
affected driver mutations (DNMT3A and TET2) to a 
healthy lifestyle. We hypothesized that a healthy life-
style would be associated with a lower frequency of 
CHIP.

METHODS
The data, analytic methods, and study materials are 
made available to other researchers for purposes of 
reproducing the results or replicating the procedure. 
The data underlying our work can be obtained through 
2 mechanisms. First, interested investigators can con-
tact the WHI (Women’s Health Initiative) Coordinating 
Center. Details about the procedures for data request 
can be found online (www.whi.org). Second, most data 
from the WHI can also be obtained from BioLINCC, 
a repository maintained by the National Heart, Lung, 
and Blood Institute. The BioLINCC website includes 
detailed information about the available data and the 
process to obtain such data (https://bioli​ncc.nhlbi.nih.
gov/home/).

Study Population
The study population consisted of women enrolled 
in the WHI. Participating women were recruited be-
tween 1993 and 1998 (baseline) at 40 clinical centers 
in the United States and were eligible if they were 50 
to 79 years old, were in overall good health, and were 
postmenopausal at the time of enrollment.24 Further 
details of the WHI have been described elsewhere.25–28 
Through the National Heart, Lung, and Blood Institute 
Trans-Omics for Precision Medicine program, WHI had 
11 085 participants undergo whole genome sequenc-
ing. The WHI Trans-Omics for Precision Medicine 
sample was selected from a WHI case-control ancil-
lary substudy of venous thromboembolism and stroke 
cases (a virtual census) and controls (a stratified-ran-
dom sample). Whole genome sequencing was per-
formed at the Broad Institute Sequencing Center at 
38× coverage for >400 million variants using a central-
ized, rigorous approach to variant calling for germ-line 
variants.29 After strict quality check procedure, CHIP 
information was available for 11 029 WHI participants.

CLINICAL PERSPECTIVE

What Is New?
•	 Is a healthy lifestyle associated with a lower 

prevalence of clonal hematopoiesis of indeter-
minate potential (CHIP)?

•	 Adherence to a healthy lifestyle, on the basis 
of a composite score of various lifestyle fac-
tors (body mass index, smoking, physical activ-
ity, and diet quality), was not related to CHIP in 
postmenopausal women.

•	 In detailed analyses across individual lifestyle 
factors, having a normal body mass index com-
pared with being obese was strongly associ-
ated with a lower prevalence of CHIP. Having 
never smoked compared with current smoking 
tended to be related to a lower odds for CHIP.

What Are the Clinical Implications?
•	 Certain healthy lifestyle factors are associated 

with a lower prevalence of CHIP in an older 
population.

•	 These findings emphasize the importance of 
maintaining a normal body weight and non-
smoking status. The results may clarify ongo-
ing disputes as how to handle “metabolically 
healthy” obesity.

•	 Screening for CHIP and its major driver muta-
tions can help to better identify and characterize 
(early or subclinical) health changes.

Nonstandard Abbreviations and Acronyms

AHEI	 Alternate Healthy Eating Index-2010
CHIP	 clonal hematopoiesis of 

indeterminate potential
WHI	 Women’s Health Initiative

http://www.whi.org
https://biolincc.nhlbi.nih.gov/home/
https://biolincc.nhlbi.nih.gov/home/
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As presence of CHIP increases strongly with age 
and has been shown to be associated with athero-
sclerotic CVD and cancer, we excluded women with 
history of any cancer (except nonmelanoma skin 
cancer) (n=722) or a history of coronary heart dis-
ease or stroke (n=368). Moreover, women with im-
plausible total energy intake (<600 or >5000 kcal/d) 
(n=308), who were underweight (body mass index 
[BMI] ≤18.5  kg/m2) (n=80), who had missing infor-
mation on any of the components composing the 
healthy lifestyle score (n=817), or who had insuffi-
cient CHIP data quality (n=25) were also excluded. 
The final study population consisted of 8709 women 
(Figure). Institutional review boards at participating 
institutions approved all study protocols, and all par-
ticipants provided written informed consent.

Lifestyle Measures
We considered 4 lifestyle factors assessed at base-
line: BMI, smoking, physical activity, and diet quality.24 
We categorized women as normal weight (18.5 kg/
m2≤BMI<25 kg/m2), overweight (25 kg/m2≤BMI≤30 kg/
m2), and obese (BMI >30 kg/m2). Smoking status was 
categorized as current, former, or never smoker on the 
basis of self-report. To assess continued exposure to 
smoking and smoking intensity, pack-years of smok-
ing were further derived. Recreational physical activity 
was assessed using a questionnaire on frequency and 
duration of several activity types, which were summa-
rized as metabolic equivalent task hours per week.30,31 
We categorized physical activity as inactive (eg, no re-
port of moderate or vigorous physical activity), insuf-
ficiently active (ie, less active than recommendations: 
<150 min/wk of moderate physical activity, <75 min/
wk of vigorous physical activity, or equivalent com-
bination), or active (eg, meeting physical activity rec-
ommendations: ≥150  min/wk of moderate physical 
activity, ≥75  min/wk of vigorous physical activity, or 
an equivalent combination).32,33 Finally, dietary intake 
was captured from a self-administered WHI food fre-
quency questionnaire.24,34,35 Diet quality was derived 
using the Alternative Healthy Eating Index-2010 (AHEI), 
which is typically used to broadly assess adherence 
to national dietary guidelines.36,37 The AHEI includes 
11 items, and each component score ranges from 0 
(worst) to 10 (best). It emphasizes vegetables, fruits, 
whole grains, nuts, legumes, vegetable proteins, long-
chain omega-3 polyunsaturated fatty acids, polyun-
saturated fatty acids (excluding long-chain omega-3 
polyunsaturated fatty acids), moderate alcohol con-
sumption, avoidance of trans fat, and lower intakes of 
sugar-sweetened beverages (including fruit juice), red 
and processed meats, and sodium. Total AHEI scor-
ing can range from 0 (nonadherence) to 110 (perfect 
adherence).

Healthy Lifestyle Score
For this analysis, a healthy lifestyle score was created 
following prior studies.16,33,38,39 Each lifestyle factor 
at baseline was dichotomized as healthy versus un-
healthy, as follows: low-scoring AHEI (quintiles 1–3) 
versus high-scoring AHEI (quintiles 4 and 5), physically 
inactive or insufficiently active versus physically ac-
tive, overweight or obese BMI (BMI ≥25 kg/m2) versus 
normal BMI (18.5 kg/m2≤BMI<25 kg/m2), and current 
smoker versus noncurrent smoker. Women received 1 
point for every healthy criterion met, and points were 
summed to obtain the healthy lifestyle score (mini-
mum 0 points/least healthy to maximum 4 points/most 
healthy).

Clonal Hematopoiesis of Indeterminate 
Potential
CHIP was determined by calling somatic variants 
from whole genome DNA sequencing from banked 
peripheral blood drawn at WHI enrollment between 
1993 and 1998. When baseline DNA sample was not 
available, DNA sample from subsequent annual visits 
(AVs) were used (24.2% baseline, 23.0% AV1, 10.9% 
AV2, 20.4% AV3, 13.2% AV4, 1.3% AV5, 3.5% AV6, 
2.5% AV7, 0.4% AV8, 0.5% AV9, and 0.2% AV10).24 
Specifically, the presence of CHIP was defined using 
the GATK Mutect2 somatic variant caller on the basis 
of 74 prespecified driver genes known to promote 
clonal expansion of hematopoietic stem cells using a 
variant allele frequency of >0.06 to minimize the false 
discovery rate.11,29

Covariates
Information on covariates was obtained by self-report 
questionnaires.24 Hypertension was defined as cur-
rent antihypertensive medication use or value of sys-
tolic blood pressure ≥140  mm  Hg or diastolic blood 
pressure ≥90 mm Hg.40 Women were categorized as 
having high cholesterol on the basis of cholesterol-low-
ering medication use. Diabetes mellitus was defined 
as self-report of physician diagnosis or self-report of 
taking diabetes mellitus medication.

Statistical Analysis
Descriptive statistics by categories of the healthy life-
style score were generated to describe demograph-
ics and other characteristics. Baseline characteristics 
across categories of healthy lifestyle scoring were eval-
uated by Pearson χ2 test for categorical variables and 
by ANOVA test for continuous variables.

To assess the relationship between presence of 
CHIP and healthy lifestyle, we used multiple logis-
tic regression models with covariate adjustment in 
2 nested models: the first model adjusted for age 
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at blood draw/CHIP assessment (continuous) and 
race/ethnicity; the second model additionally ad-
justed for education, family income, marital status, 
use of cholesterol-lowering medication, history of 
treated diabetes mellitus, family history of cancer, 
hypertension, hormone therapy use, and WHI trial 
participation. To account for the sampling scheme of 
the WHI Trans-Omics for Precision Medicine sample, 
both primary and secondary models used 3 strata 

(conditional logistic regression): case (stroke and 
venous thromboembolism) and control. The strata 
were not a covariate (ie, we assumed a different stra-
tum-specific baseline risk profile [intercept] but the 
same confounding/modification effect of the covari-
ates). The main variable of interest for this analysis 
was the composite healthy lifestyle score. However, 
we also looked at each component of the healthy 
lifestyle score separately. For each explanatory 

Table 2.  Presence of CHIP in Relation to Individual Lifestyle Factors and Healthy Lifestyle Score (n=8709)

Variable CHIP (Yes/No)

Minimally Adjusted Model* Fully Adjusted Model†

OR (95% CI) P Value OR (95% CI) P Value

Healthy lifestyle score (range)

Category 1 (0–1) 274/3257 Referent 0.48 Referent 0.35

Category 2 (2) 271/2651 1.11 (0.93–1.32) 1.13 (0.93–1.37)

Category 3 (3–4) 201/2055 1.01 (0.83–1.23) 0.99 (0.80–1.23)

P trend‡ 0.82 0.95

Healthy lifestyle score, continuous 1.00 (0.92–1.08) 0.96 0.98 (0.90–1.08) 0.72

AHEI (range)

Quintile 1 (18–42.3) 133/1606 Referent 0.37 Referent 0.22

Quintile 2 (42.3–48.1) 138/1604 0.99 (0.77–1.27) 1.05 (0.80–1.37)

Quintile 3 (48.1–53.4) 137/1605 0.96 (0.74–1.23) 0.93 (0.71–1.23)

Quintile 4 (53.4–59.9) 170/1573 1.17 (0.92–1.49) 1.24 (0.96–1.61)

Quintile 5 (60–91) 168/1575 1.12 (0.88–1.43) 1.13 (0.86–1.48)

P trend‡ 0.14 0.16

AHEI, continuous 1.00 (1.00–1.01) 0.20 1.01 (1.00–1.01) 0.22

Physical activity

Inactive 306/3473 Referent 0.51 Referent 0.71

Insufficiently active 233/2363 1.11 (0.93–1.33) 1.08 (0.89–1.31)

Active 207/2127 1.07 (0.89–1.29) 1.03 (0.84–1.26)

P trend‡ 0.42 0.73

MET h/wk, continuous 1.00 (1.00–1.01) 0.62 1.00 (0.99–1.01) 0.87

BMI

Obese (BMI >30 kg/m2) 271/2794 Referent 0.0246 Referent 0.0062

Overweight (25 kg/m2≤BMI≤30 kg/
m2)

271/2815 0.89 (0.74–1.06) 0.83 (0.68–1.01)

Normal (18.5 kg/m2≤BMI≤25 kg/m2) 204/2354 0.76 (0.63–0.93) 0.71 (0.57–0.88)

P trend‡ 0.0065 0.0015

BMI, continuous 1.02 (1.00–1.03) 0.0148 1.02 (1.01–1.04) 0.0028

Smoking

Current smoker 48/594 Referent 0.0205 Referent 0.0336

Past smoker 339/3238 1.08 (0.79–1.49) 1.01 (0.72–1.41)

Never smoker 359/4131 0.87 (0.63–1.19) 0.81 (0.58–1.13)

P trend‡ 0.0199 0.0168

Pack-year of smoking, continuous 1.00 (1.00–1.01) 0.0094 1.00 (1.00–1.01) 0.0103

AHEI indicates Alternate Healthy Eating Index-2010; BMI, body mass index; CHIP, clonal hematopoiesis of indeterminate potential; MET, metabolic equivalent 
task; and OR, odds ratio.

*Model adjusted for age at CHIP and race/ethnicity, stratified by case type (stroke, venous thromboembolism, and controls).
†Model adjusted for age at CHIP, race/ethnicity, education, income, marital status, use of cholesterol-lowering medication, history of treated diabetes mellitus, 

hypertension, family history of cancer and hormone therapy use, and WHI (Women’s Health Initiative) trial participation, stratified by case type (stroke, venous 
thromboembolism, and controls).

‡P value for trend test was obtained from the regression model by fitting the categorical variable as a continuous variable to evaluate a dose-response 
relationship.
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variable, we computed the odds ratios (ORs) for the 
presence of CHIP for different categories compared 
with the reference category; P values for the differ-
ence between highest and lowest category and P 
values from trend test to look at a possible dose-re-
sponse relationship were calculated. In addition, we 

looked at these explanatory variables in their con-
tinuous forms. Participants with missing covariates 
were excluded from the analysis. Percentage of 
missing covariates ranged from 0% (age at blood 
draw/CHIP, race/ethnicity, and WHI trial participa-
tion) to 6% (annual income). In sensitivity analyses, 

Table 3.  Presence of CHIP in DNMT3A and TET2 Genes in Relation to Individual Lifestyle Factors and Healthy Lifestyle 
Score

Variable
DNMT3A 

CHIP (Yes/No)

DNMT3A (n=8395)
TET2 

CHIP (Yes/No)

TET2 (n=8126)

OR (95% CI)* P Value OR (95% CI)* P Value

Healthy lifestyle score (range)

Category 1 (0–1) 166/3257 Referent 0.96 60/3257 Referent 0.95

Category 2 (2) 144/2651 1.02 (0.79–1.30) 57/2651 1.03 (0.69–1.54)

Category 3 (3–4) 122/2055 1.04 (0.79–1.37) 46/2055 0.96 (0.62–1.50)

P trend† 0.78 0.89

Healthy lifestyle score, 
continuous

0.99 (0.89–1.11) 0.90 1.00 (0.83–1.20) 0.98

AHEI (range)

Quintile 1 (18–42.3) 79/1606 Referent 0.0466 22/1606 Referent 0.16

Quintile 2 (42.3–48.1) 75/1604 0.92 (0.65–1.30) 38/1604 1.86 (1.03–3.36)

Quintile 3 (48.1–53.4) 75/1605 0.83 (0.59–1.19) 28/1605 1.29 (0.69–2.42)

Quintile 4 (53.4–59.9) 111/1573 1.33 (0.97–1.84) 31/1573 1.42 (0.76–2.63)

Quintile 5 (60–91) 92/1575 1.01 (0.71–1.42) 44/1575 1.88 (1.03–3.41)

P trend† 0.28 0.18

AHEI, continuous 1.01 (0.99–1.02) 0.32 1.01 (1.00–1.03) 0.15

Physical activity

Inactive 179/3473 Referent 0.89 72/3473 Referent 0.88

Insufficiently active 132/2363 1.06 (0.83–1.36) 47/2363 0.91 (0.61–1.36)

Active 121/2127 1.02 (0.79–1.32) 44/2127 0.93 (0.62–1.41)

P trend† 0.85 0.72

MET h/wk, continuous 1.00 (0.99–1.00) 0.33 1.01 (1.00–1.02) 0.14

BMI

Obese (BMI >30 kg/m2) 169/2794 Referent 0.0210 61/2794 Referent 0.06

Overweight (25 kg/
m2≤BMI≤30 kg/m2)

151/2815 0.78 (0.61–1.00) 58/2815 0.72 (0.48–1.07)

Normal (18.5 kg/
m2≤BMI≤25 kg/m2)

112/2354 0.69 (0.52–0.91) 44/2354 0.59 (0.38–0.92)

P trend† 0.0070 0.0188

BMI, continuous 1.02 (1.01–1.04) 0.0085 1.03 (1.00–1.06) 0.0338

Smoking

Current smoker 33/594 Referent 0.0203 5/594 Referent 0.27

Past smoker 203/3238 0.87 (0.58–1.30) 66/3238 2.20 (0.79–6.13)

Never smoker 196/4131 0.67 (0.45–1.00) 92/4131 2.31 (0.83–6.40)

P trend† 0.0057 0.23

Pack-year of smoking, 
continuous

1.01 (1.00–1.01) 0.0028 1.00 (0.99–1.01) 0.78

AHEI indicates Alternate Healthy Eating Index-2010; BMI, body mass index; CHIP, clonal hematopoiesis of indeterminate potential; MET, metabolic equivalent 
task; and OR, odds ratio.

*Model adjusted for age at CHIP, race/ethnicity, education, income, marital status, use of cholesterol-lowering medication, history of treated diabetes 
mellitus, hypertension, family history of cancer and hormone therapy use, and WHI (Women’s Health Initiative) trial participation, stratified by case type (stroke, 
venous thromboembolism, and controls).

†P value for trend test was obtained from the regression model by fitting the categorical variable as a continuous variable to evaluate a dose-response 
relationship.
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we repeated the analysis for presence of CHIP in 
the DNMT3A and TET2 genes. We also undertook 
sensitivity analyses, restricting to participants aged 
≥65 years, and by additionally adjusting our analy-
ses between AHEI, physical activity, smoking, and 
CHIP for BMI.

All statistical tests were 2 sided. Analyses were per-
formed by SAS statistical software version 9.4 (SAS 
Inc, Cary, NC).

RESULTS
Baseline characteristics according to categories of 
healthy lifestyle scoring are presented in Table  1. 
Women with a higher score were older, were more 
likely to be non-Hispanic White individuals, were more 
likely to be married, were more likely to have a college 
degree or higher, and had an annual income ≥35 000 
US$ and were less likely to report a history of treated 

Table 4.  Presence of CHIP in Relation to Individual Lifestyle Factors and Healthy Lifestyle Score Among Participants Aged 
≥65 Years at Baseline (n=5488)

Variable CHIP (Yes/No)

Minimally Adjusted Model* Fully Adjusted Model†

OR (95% CI) P Value OR (95% CI) P Value

Healthy lifestyle score (range)

Category 1 (0–1) 187/1796 Referent 0.40 Referent 0.28

Category 2 (2) 212/1705 1.15 (0.93–1.42) 1.17 (0.94–1.47)

Category 3 (3–4) 163/1425 1.04 (0.83–1.30) 1.01 (0.79–1.29)

P trend‡ 0.72 0.89

Healthy lifestyle score, continuous 1.01 (0.92–1.11) 0.78 1.00 (0.90–1.10) 0.96

AHEI (range)

Quintile 1 (18–42.3) 86/861 Referent 0.50 Referent 0.28

Quintile 2 (42.3–48.1) 102/948 1.06 (0.78–1.44) 1.16 (0.83–1.60)

Quintile 3 (48.1–53.4) 106/990 1.05 (0.78–1.42) 1.10 (0.80–1.53)

Quintile 4 (53.4–59.9) 131/1027 1.24 (0.93–1.66) 1.39 (1.01–1.90)

Quintile 5 (60–91) 137/1100 1.19 (0.90–1.59) 1.24 (0.90–1.71)

P trend‡ 0.11 0.10

AHEI, continuous 1.01 (1.00–1.01) 0.23 1.01 (1.00–1.02) 0.24

Physical activity

Inactive 236/2100 Referent 0.79 Referent 0.99

Insufficiently active 162/1457 0.98 (0.80–1.22) 0.99 (0.79–1.24)

Active 164/1369 1.06 (0.86–1.31) 1.01 (0.80–1.27)

P trend‡ 0.62 0.95

MET h/wk, continuous 1.00 (1.00–1.01) 0.57 1.00 (0.99–1.01) 0.94

BMI

Obese (BMI >30 kg/m2) 197/1543 Referent 0.0131 Referent 0.0027

Overweight (25 kg/m2≤BMI≤30 kg/m2) 203/1801 0.81 (0.66–1.00) 0.74 (0.59–0.93)

Normal (18.5 kg/m2≤BMI≤25 kg/m2) 162/1582 0.72 (0.57–0.90) 0.66 (0.52–0.85)

P trend‡ 0.0036 0.0010

BMI, continuous 1.02 (1.01–1.04) 0.0018 1.03 (1.01–1.05) 0.0005

Smoking

Current smoker 24/260 Referent 0.05 Referent 0.09

Past smoker 254/1981 1.28 (0.82–1.99) 1.12 (0.71–1.75)

Never smoker 284/2685 1.03 (0.66–1.60) 0.90 (0.58–1.41)

P trend‡ 0.11 0.07

Pack-year of smoking, continuous 1.00 (1.00–1.01) 0.06 1.00 (1.00–1.01) 0.10

AHEI indicates Alternate Healthy Eating Index-2010; BMI, body mass index; CHIP, clonal hematopoiesis of indeterminate potential; MET, metabolic equivalent 
task; and OR, odds ratio.

*Model adjusted for age at CHIP and race/ethnicity, stratified by case type (stroke, venous thromboembolism, and controls).
†Model adjusted for age at CHIP, race/ethnicity, education, income, marital status, use of cholesterol-lowering medication, history of treated diabetes mellitus, 

hypertension, family history of cancer and hormone therapy use, and WHI (Women’s Health Initiative) trial participation, stratified by case type (stroke, venous 
thromboembolism, and controls).

‡P value for trend test was obtained from the regression model by fitting the categorical variable as a continuous variable to evaluate a dose-response 
relationship.
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diabetes mellitus or hypertension. There was no dif-
ference in cholesterol medication use or family history 
of cancer. Most women participated in the WHI trials 
(≈59%).

The prevalence of CHIP in our study sample was 
8.57% (746/8709). A higher healthy lifestyle score was 
not associated with presence of CHIP (OR [95% CI], 
0.99 [0.80–1.23] and 1.13 [0.93–1.37] after full adjust-
ment for the upper and middle category versus referent 
[P-trend 0.95], respectively) (Table 2). Across the indi-
vidual lifestyle factors, neither higher AHEI nor higher 
levels of physical activity were related to the presence 
of CHIP. Compared with women with obesity, a normal 
or overweight BMI (overweight BMI: OR, 0.83 [95% CI, 
0.68–1.01]; or normal BMI: OR, 0.71 [95% CI, 0.57–
0.88]; P-trend 0.0015) was significantly associated with 
presence of CHIP. Having never smoked or being a 
past smoker, compared with a current smoker, tended 
to be associated with a lower odds for the presence 
of CHIP (never smoker: OR, 0.81 [95% CI, 0.58–1.13]; 
or past smoker: OR, 1.01 [95% CI, 0.72–1.41]; P-trend 
0.0168).

In analyses stratified by presence of a CHIP-defining 
DNMT3A or TET2 mutation, no relationship between 
healthy lifestyle score and CHIP was detected (Table 3). 
Having a normal or overweight BMI, compared with 
obese BMI, was associated with presence of CHIP for 
both driver mutations in a graded manner (DNMT3A: 
normal BMI, OR, 0.69 [95% CI, 0.52–0.91]; overweight 
BMI, OR, 0.78 [95% CI, 0.61–1.00] [P-trend 0.0070]; 
and TET2: normal BMI, OR, 0.59 [95% CI, 0.38–0.92]; 
overweight BMI, OR, 0.72 [95% CI, 0.48–1.07] [P-trend 
0.0188]). Having never smoked, compared with being 
a current smoker, tended to be related to a lower odds 
for presence of a CHIP-defining DNMT3A mutation 

(P-trend 0.0057). No association between smoking 
and presence of a CHIP-defining TET2 mutation was 
detected, but there was an insufficient number of 
cases available.

As presence of CHIP strongly increases with age, 
we undertook additional sensitivity analyses, where 
we restricted our study population to participants 
aged ≥65 years (Table 4). The main results did not 
change. A higher healthy lifestyle score was not re-
lated to the presence of CHIP, whereas a normal 
or an overweight BMI, compared with an obese 
BMI, remained associated with presence of CHIP 
in a graded manner (normal BMI: OR, 0.66 [95% 
CI, 0.52–0.85]; overweight BMI: OR, 0.74 [95% CI, 
0.59–0.93] [P-trend 0.001]). Smoking status was not 
associated with presence of CHIP. In stratified analy-
sis by presence of CHIP-defining DNMT3A and TET2 
mutations in participants aged ≥65 years, a normal 
or overweight BMI remained strongly related to a 
CHIP-defining DNMT3A mutation (normal BMI: OR, 
0.65 [95% CI, 0.47–0.90]; or overweight BMI: OR, 
0.76 [95% CI, 0.57–1.01] [P-trend 0.0082]), but the 
association was slightly attenuated in case of TET2 
(normal BMI: OR, 0.61 [95% CI, 0.38–1.00]; or over-
weight BMI: OR, 0.65 [95% CI, 0.41–1.02] [P-trend 
0.0499]), most likely because of lower sample sizes 
(Table S1). No relationship between healthy lifestyle 
scoring, AHEI, physical activity, or smoking status 
and presence of CHIP-defining DNMT3A and TET2 
mutations was detected in older women.

Finally, we undertook sensitivity analyses to inves-
tigate the relationship between AHEI, physical activ-
ity, and smoking with CHIP by additionally adjusting 
for BMI (Table  S2). The association between AHEI, 
physical activity, and presence of CHIP remained 

Figure 1.  Study inclusion criteria.
BMI indicates body mass index; CHD, coronary heart disease; CHIP, clonal hematopoiesis of indeterminate potential; CVD, 
cardiovascular disease; and TOPMed, Trans-Omics for Precision Medicine.

Women’s Health Ini�a�ve 
TOPMed sample (n = 11,029)

Analy�c study popula�on 
(n = 8,709)

Unusual daily energy consump�on (<600 or > 5000 kcal/day), n=308
Underweight (BMI ≤ 18.5 kg/m2), n=80
Missing informa�on on healthy lifestyle score, n=817
History of any cancer (except non-melanoma skin cancer), n= 722
History of CVD (CHD or stroke), n=368
Insufficient CHIP data quality, n=25
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nonsignificant, whereas never smoking or past smok-
ing, compared with being a current smoker, again 
showed a stronger relationship (never smoker: OR, 
0.78 [95% CI, 0.55–1.09]; past smoker: OR, 0.96 [95% 
CI, 0.68–1.35] [P-trend=0.0120]).

DISCUSSION
A healthy lifestyle at midlife has been shown to be 
associated with higher life expectancy free of major 
chronic diseases, including CVD and cancer.16,41 At 
the same time, available evidence suggests that 95% 
of individuals in midlife already possess low levels 
of hematopoietic somatic mutations, predominantly 
in the DNMT3A and TET2 regions.21 These findings 
have led to the compelling hypothesis that age-as-
sociated chronic diseases, both CVD and non-CVD, 
may be influenced by somatic mutations that lead to 
CHIP.12 Therefore, the question emerges if a healthy 
lifestyle, which is a mainstay to CVD and cancer pri-
mary prevention, is associated with a lower preva-
lence of CHIP.

In a large cohort of community-dwelling ambula-
tory postmenopausal women free of CVD or cancer at 
baseline, we found that a higher healthy lifestyle score, 
a composite measure of 4 prespecified lifestyle factors 
(BMI, smoking, diet quality, and physical activity), was 
not associated with presence of CHIP. However, there 
was a suggestion that individual healthy lifestyle com-
ponents (namely, normal BMI and never smoking) are 
associated with a lower prevalence of CHIP.

Compared with obese women, normal weight 
women had a significantly lower presence of CHIP, de-
fined by either DNMT3A or TET2 mutations. Recently, 
CRISPR technology has been used to evaluate the 
consequences of inactivating mutations in TET2 and 
DNMT3A.42 The inactivation of either DNMT3A or TET2 
led to increased cytokine expression, but the effects 
differed qualitatively and quantitatively, suggesting that 
they confer gene-specific effects. Although inactivation 
of DNMT3A resulted in greater cardiac hypertrophy 
and increased fibrosis after angiotensin-II administra-
tion, TET2-mediated CHIP lead to the upregulation of 
interleukin-6/interleukin-1β because TET2 acts as a 
negative regulator of proinflammatory macrophage ac-
tivation and induces atherosclerosis.43,44 On the other 
hand, genetically reduced interleukin-6 signaling can 
decrease CVD risk in CHIP carriers.45 Adipose tissue 
can synthesize cytokines, such as tumor necrosis fac-
tor-α and interleukin-6, and has been shown to pro-
mote inflammation and atherogenesis, independent of 
effects on insulin resistance or lipoproteins.46,47 Most 
recently, high-sensitivity CRP (C-reactive protein) has 
been found to be associated with CHIP.48 Thus, obe-
sity and CHIP may be related to one another through 
increased activation of proinflammatory pathways.46 

Nonetheless, data on the relationship between obe-
sity and CHIP are largely missing, and evidence is 
conflicting.11,17,18,49 However, such information is of im-
portance.12 Our data can help to better characterize 
early weight-associated health changes. Specifically, 
screening for CHIP and its major driver mutations 
may help to clarify ongoing disputes on how to han-
dle “metabolically healthy” obesity. The presence of 
CHIP in obese individuals may prompt clinicians to 
consider more intensified interventions, such as indi-
vidualized weight loss strategies or even interleukin-6/
interleukin-1β blockade, with the aim of preventing ath-
erosclerotic lesion development and accumulation of 
further somatic mutations at an early subclinical dis-
ease stage.7,12,45 Further outcome research, aimed at 
examining body weight and adiposity trajectories and 
associated metabolic factors in relation to presence of 
CHIP, is needed.

Prior evidence mainly based on study populations 
experiencing a high burden of atherosclerotic dis-
ease suggests that smoking is positively associated 
with the presence of CHIP, although findings have 
been inconsistent.8,11,17,50 In our analysis consisting 
of relatively healthy postmenopausal women, having 
never smoked compared with being a current smoker 
tended to be associated with a lower frequency of 
CHIP, which is in support of the underlying pathophys-
iological hypothesis. Unfortunately, however, our sam-
ple sizes were low and our results were not consistent 
across all subgroups, as in case of TET2 driver car-
riers. In fact, the prevalence of current smoking was 
≈7% in women included in this analysis. In contrast, in 
the United States, the prevalence was 17% and 14% 
among women aged 60 to 74 years in the National 
Health and Nutrition Examination Survey 1988 to 1994 
and the National Health and Nutrition Examination 
Survey 1999 to 2002, respectively.51

In contrast to our hypothesis, we did not observe a 
relationship between diet quality, assessed via AHEI, 
and presence of CHIP. These results did not change 
after additional adjustment for BMI. There may be 
several explanations for the lack of an association. 
The AHEI is based on the US Dietary Guidelines for 
Americans recommendations for optimal overall health 
and prevention of major chronic diseases, such as CVD 
and type 2 diabetes mellitus.37 There may be other di-
etary factors, not accurately assessed using the AHEI, 
that are potentially associated with CHIP, and further 
research is warranted to understand whether other di-
etary patterns or specific foods are relevant to CHIP. 
Studies in mice show that a life-long, high-fat diet does 
not affect hematopoietic stem cell function, but caloric 
restriction can prevent age-dependent increases in 
bone marrow cellularity.52 Although dietary intake was 
assessed on the basis of a validated food-frequency 
questionnaire in our cohort, measurement error may 
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be present and data reflecting dietary changes over 
time are missing. Physical activity, or lack thereof, plays 
a role in maintaining genomic stability and greatly in-
fluences the immune and inflammatory systems, and 
atherosclerosis risk factors and clinical end points.53 
To this point, to our knowledge, specific evidence on a 
relationship between physical activity and presence of 
CHIP is missing. Again, in contrast to our hypothesis, 
we did not observe a significant association between 
physical activity and presence of CHIP. Considering 
potential methodological issues, physical activity was 
ascertained using a self-report questionnaire in WHI, 
and the potential for misclassification is present.54 Prior 
investigations in mice demonstrate that exercise can 
increase hematopoietic stem cell quantity and is asso-
ciated with more activated, differentiated hematopoi-
etic cells. However, this expansion may not improve or 
impair hematopoietic stem cell function.55,56 Thus, our 
results on diet quality, physical activity, and CHIP are 
hypothesis generating and need further replication in 
both epidemiological and basic science investigations.

Our investigation is the first to report on the associa-
tion of a healthy lifestyle, as a composite score and indi-
vidual factors, with CHIP among a diverse group of older 
women. Strengths of this study include a large ethnically 
diverse sample size without a history of CVD or cancer 
and a well-structured cohort with availability of a wide 
range of confounding factors. Among the limitations, 
most important, our results stem from a cross-sectional 
assessment of lifestyle factors and presence of CHIP, 
and causation cannot be inferred. Herein, we studied 
older postmenopausal women in whom CHIP frequency 
already is relatively high because of aging-related influ-
ences. Additional data from human studies are needed 
to evaluate the prospective association between lifestyle 
habits and their change over time with development 
of CHIP. Moreover, our study population was not ade-
quately powered to investigate other driver mutations, 
such as TP53, SF3B1, and JAK2, with only 7, 13, and 
32 women, respectively, with CHIP attributable to these 
driver mutations in our study sample.

CONCLUSIONS
A healthy lifestyle, based on a composite score, was 
not related to presence of CHIP among postmenopau-
sal women free of CVD and cancer. Across individual 
lifestyle factors, compared with obese women, normal 
weight women had a significantly lower presence of 
CHIP, defined by either DNMT3A or TET2 mutations. 
Moreover, having never smoked, compared with being 
a current smoker, tended to be associated with lower 
frequency of CHIP. Our data suggest that certain 
healthy lifestyle factors are associated with a lower 
prevalence of CHIP in an older population.
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Table S1. Presence of CHIP in DNMT3A and TET2 gene in relation to individual lifestyle factors and Healthy Lifestyle Score among participants 

aged 65 and older at baseline. 

DNMT3A 

CHIP (Yes/No) 

DNMT3A (n=5,244) 

 Tet2  

CHIP (Yes/No) 

TET2 (n=5,054) 

OR (95% CI) * P OR (95% CI) * P 

Healthy lifestyle score 

  Tertile 1 (0-1) 111/1796 Referent 0.89 44/1796 Referent 0.93 

  Tertile 2 (2) 112/1705 1.07(0.80,1.43) 43/1705 0.93(0.59,1.46) 

  Tertile 3 (3-4) 95/1425 1.02(0.74,1.40) 41/1425 0.92(0.57,1.50) 

P-trend † 0.90 0.74 

Healthy lifestyle score, continuous 1.01(0.88,1.15) 0.94 0.98(0.80,1.21) 0.87 

AHEI 

  Quintile 1 (18-42.3) 50/861 Referent 0.08 15/861 Referent 0.44 

  Quintile 2 (42.3-48.1) 51/948 0.99(0.64,1.51) 29/948 1.70(0.86,3.35) 

  Quintile 3 (48.1-53.4) 58/990 1.01(0.66,1.54) 24/990 1.44(0.72,2.87) 

  Quintile 4 (53.4-59.9) 85/1027 1.52(1.03,2.25) 23/1027 1.22(0.60,2.48) 

  Quintile 5 (60-91) 74/1100 1.14(0.75,1.71) 37/1100 1.71(0.87,3.34) 

P-trend † 0.13 0.37 

AHEI, continuous 1.01(0.99,1.02) 0.30 1.01(0.99,1.03) 0.34 

Physical activity 

  Inactive 135/2100 Referent 0.97 60/2100 Referent 0.35 

  Insufficiently active 91/1457 0.97(0.73,1.29) 30/1457 0.71(0.44,1.13) 

  Active 92/1369 0.97(0.72,1.31) 38/1369 0.88(0.56,1.38) 

P-trend † 0.84 0.49 

MET-hrs/week, continuous 1.00(0.99,1.01) 0.33 1.01(0.99,1.02) 0.30 



DNMT3A 

CHIP (Yes/No) 

DNMT3A (n=5,244) 

 Tet2  

CHIP (Yes/No) 

TET2 (n=5,054) 

OR (95% CI) * P OR (95% CI) * P 

BMI 

  Obese (BMI > 30kg/m2) 117/1543 Referent 0.0256 44/1543 Referent 0.09 

  Overweight (25 ≤ BMI ≤ 30kg/m2) 114/1801 0.76(0.57,1.01) 45/1801 0.65(0.41,1.02) 

  Normal (18.5 ≤ BMI ≤ 25kg/m2) 87/1582 0.65(0.47,0.90) 39/1582 0.61(0.38,1.00) 

P-trend † 0.0082 0.0499 

BMI (kg/m2), continuous 1.03(1.01,1.05) 0.0072 1.04(1.00,1.07) 0.0321 

Smoking 

  Current smoker 16/260 Referent 0.16 3/260 Referent 0.58 

  Past smoker 147/1981 1.00(0.58,1.72) 50/1981 1.84(0.57,6.00) 

  Never smoker 155/2685 0.79(0.46,1.36) 75/2685 1.87(0.58,6.06) 

P-trend † 0.08 0.51 

Pack-year of smoking, continuous 1.01(1.00,1.01) 0.0497 1.00(0.99,1.01) 0.60 

Pack years of smoking      OR Odds ratio; CI confidence interval; AHEI Alternate Healthy Eating Index-2010; MET metabolic equivalent of task; BMI Body Mass Index
* Model adjusted for age at CHIP, race/ethnicity, education, income, marital status, use of cholesterol-lowering medication, history of treated diabetes, hypertension,
family history of cancer and hormone therapy use and WHI trial participation, stratified by case type (stroke, venous thromboembolism, controls)
† P-value for trend test was obtained from the regression model by fitting the categorical variable as a continuous variable to evaluate a dose-response relationship



Table S2. Presence of CHIP in relation to individual lifestyle factors after additionally adjusting for BMI. 

CHIP (yes/no) 

Fully adjusted model * 

OR (95% CI) p 

AHEI 

  Quintile 1 133/1606 Referent 0.15 

  Quintile 2 138/1604 1.07(0.82,1.40) 

  Quintile 3 137/1605 0.95(0.72,1.25) 

  Quintile 4 170/1573 1.28(0.99,1.66) 

  Quintile 5 168/1575 1.18(0.90,1.55) 

P-trend † 0.08 

  AHEI, continuous 1.01(1.00,1.02) 0.11 

Physical activity 

  Inactive 306/3473 Referent 0.58 

  Insufficiently active 233/2363 1.10(0.91,1.34) 

  Active 207/2127 1.07(0.88,1.32) 

P-trend † 0.44 

  MET-hrs/week, continuous 1.00(1.00,1.01) 0.50 

Smoking 

  Current smoker 48/594 Referent 0.0319 

  Past smoker 339/3238 0.96(0.68,1.35) 

  Never smoker 359/4131 0.78(0.55,1.09) 

P-trend † 0.0120 

  Pack-year of smoking, continuous 1.00(1.00,1.01) 0.0114 

OR Odds ratio; CI confidence interval; AHEI Alternate Healthy Eating Index-2010; MET metabolic equivalent of task; BMI Body 
Mass Index 
* Model adjusted for age at CHIP, race/ethnicity, education, BMI, income, marital status, use of cholesterol-lowering medication,
history of treated diabetes, hypertension, family history of cancer and hormone therapy use and WHI trial participation,
stratified by case type (stroke, venous thromboembolism, controls)
† P-value for trend test was obtained from the regression model by fitting the categorical variable as a continuous variable to
evaluate a dose-response relationship
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