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KEY PO INTS

� In the population aged
�80 years, distinct
mutational patterns
define risk to develop
myeloid neoplasms vs
inflammatory-
associated diseases.

� In individuals with
unexplained cytopenia,
mutational status
identifies subjects with
presumptive evidence
of myeloid neoplasms.

Clonal hematopoiesis of indeterminate potential (CHIP) is associated with increased risk of
cancers and inflammation-related diseases. This phenomenon becomes common in persons
aged �80 years, in whom the implications of CHIP are not well defined. We performed a
mutational screening in 1794 persons aged �80 years and investigated the relationships
between CHIP and associated pathologies. Mutationswere observed in one-third of persons
aged �80 years and were associated with reduced survival. Mutations in JAK2 and splicing
genes, multiple mutations (DNMT3A, TET2, and ASXL1with additional genetic lesions), and
variant allele frequency �0.096 had positive predictive value for myeloid neoplasms. Com-
bining mutation profiles with abnormalities in red blood cell indices improved the ability
of myeloid neoplasm prediction. On this basis, we defined a predictive model that identifies
3 risk groups with different probabilities of developing myeloid neoplasms. Mutations in
DNMT3A, TET2, ASXL1, or JAK2 were associated with coronary heart disease and rheuma-
toid arthritis. Cytopenia was common in persons aged �80 years, with the underlying cause
remaining unexplained in 30% of cases. Among individuals with unexplained cytopenia, the

presence of highly specific mutation patterns was associated with myelodysplastic-like phenotype and a probability of
survival comparable to that of myeloid neoplasms. Accordingly, 7.5% of subjects aged�80 years with cytopenia had pre-
sumptive evidence of myeloid neoplasm. In summary, specific mutational patterns define different risk of developing
myeloid neoplasms vs inflammatory-associated diseases in persons aged�80 years. In individuals with unexplained cyto-
penia, mutational status may identify those subjects with presumptive evidence of myeloid neoplasms.

Introduction
Exome sequencing studies have identified the frequent age-
dependent clonal expansion of somatic mutations in the hema-
topoietic system.1-5 Clonal hematopoiesis of indeterminate
potential (CHIP) describes individuals with hematologic

malignancy–associated mutations in blood or marrow but with-
out other diagnostic criteria for a hematologic malignancy5 and
is associated with increased risk of cancers (in particular myeloid
neoplasms) and chronic inflammatory diseases (coronary heart
disease).1-6

© 2021 by The American Society of Hematology blood® 25 NOVEMBER 2021 | VOLUME 138, NUMBER 21 2093

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/138/21/2093/1847978/bloodbld2021011320.pdf by guest on 19 M

ay 2023

https://crossmark.crossref.org/dialog/?doi=10.1182/blood.2021011320&domain=pdf&date_stamp=2021-11-25


The phenomenon of CHIP becomes very common in the popula-
tion of people aged $80 years,7-10 which represents the fastest
growing age segment in developed countries.9,11 In these individ-
uals, clinical implications of CHIP are expected to be relevant but
are not well defined.7,8

The incidence of solid cancers and myeloid neoplasms
increases with age, and mortality is higher after the age of 75
years.12 The risk of several chronic inflammatory diseases is
age related as well, leading to large prevalence of frailty and
disability among people aged $80 years.13 We hypothesized
that the study of the population aged$80 years can contribute
to define the relationship between specific mutational patterns
in the hematopoietic system and the individual risk of develop-
ing cancers vs other adverse events (chronic inflammatory
diseases).

Anemia is a common finding in the elderly and is associated with
worse cognitive and functional outcomes and increased mortal-
ity.14-18 Underlying cause of anemia remained unexplained in
30% of cases, and a proportion of unexplained cytopenia may
account for myeloid neoplasms.15,18 We hypothesized that the
study of CHIPmay contribute to determine specific causes of ane-
mia in elderly people and define personalized treatment strate-
gies to mitigate anemia-related negative sequela.

The primary objective of the present study was to evaluate the
prevalence of CHIP and the relationships between CHIP and asso-
ciated pathologies in the population aged $80 years. The sec-
ondary objective was to analyze clinical outcome of patients
affected with unexplained cytopenia and define the clinical effect
of clonal abnormalities among these individuals. The definitions of
idiopathic cytopenia of unknown significance (ICUS) and clonal
cytopenia of unknown significance (CCUS) were applied to iden-
tify individuals with nonclonal vs clonal unexplained cytopenia.5,19

Patients and methods
Study procedures are in accordance with the Declaration of Hel-
sinki. Ethics Committees of Humanitas Research Hospital and
Mario Negri Pharmacological Institute, Milan, Italy approved the
study.Written informed consent was obtained prior to blood sam-
pling. This trial was registered at www.clinicaltrials.gov as
#NCT03907553.

Study population
Study procedures are described in supplemental File 1 (available
on the Blood Web site).

We analyzed subjects included in 2 population-based studies
enrichedinindividualsaged$80years(ie,“Health_&_Anemia”19,20

and “Monzino_801”
21).

Health_&_Anemia is a prospective study (2003-2018) aimed to
investigate clinical consequences of anemia in the elderly.15,17

We studied 1059 subjects aged $80 years (median age, 83
years; range, 80-105 years) in whom peripheral blood samples
collected at study enrollment were available for mutational
screening. At study enrollment (May 2003), clinical history was
collected and complete blood count was performed. When a
hemoglobin concentration was below the World Health Orga-
nization reference criteria for anemia (,12 g/dL in women

and ,13 g/dL in men), further investigations were made to
define specific causes of anemia. Follow-up was updated to
December 2018. A total of 344 565 laboratory tests were avail-
able during follow-up. Data on hospitalization and mortality
were available for all subjects. Diagnoses of chronic inflamma-
tory diseases and cancers were defined according to Interna-
tional Classification of Diseases for Oncology, 9th Revision,
Clinical Modification codes and local cancer registry data.
Diagnosis of myeloid neoplasms was based in addition on
information provided by revision of bone marrow biopsy
reports provided by the Hematology Unit of Biella Hospital.
Three investigators (M.R., Emma Riva, and M.G.D.P.) reviewed
this information independently, and a final diagnosis of myeloid
neoplasms was provided after a consensus meeting.

As a second cohort, we analyzed 735 individuals (median
age, 90 years; range, 80-104 years) enrolled in the Mon-
zino_801 prospective study (2002-2018) aimed at investigat-
ing relationships between age and cognitive decline and
dementia.22

Because data collection on myeloid neoplasm diagnosis was less
accurate in the Monzino_801 population than in the Health_
&_Anemia cohort (see supplemental File 1), we analyzed in
addition 727 subjects aged $75 to ,80 years from the Health_
&_Anemia study, to specifically validate the predictive value of
clinical and mutational features on the risk of developing myeloid
neoplasms.

Finally, to compare clinical features and outcome of subjects aged
$80 years with CHIP to those of patients with myeloid neoplasms,
we analyzed a sex- and age-matched population of patients
affected with myelodysplastic syndrome from the retrospective
EuroMDS database. (2000-2018, www.clinicaltrials.gov #
NCT04174547). Each subject with CHIP was matched with 5
patients with the same year of birth and sex; overall, 255 patients
with myeloid neoplasms were included in this analysis.

Mutation screening
Using peripheral bloodDNA, we looked formutations in 47 genes
related to myeloid neoplasms. The gene list is available in supple-
mental Table 1, and sequencing procedures and variant calling
are available in supplemental File 2.5

CHIP was defined as the presence of a clonal blood cell popula-
tion associated with a hematologic malignancy–related mutation
at a variant allele frequency (VAF) $0.01. Median coverage was
34553. Mutations with VAF,0.10 were resequenced on an inde-
pendent platform. The effectiveness of resequencing in confirm-
ing genomic variants with VAF $0.01 and ,0.10 was 96.5%,
while DNA sequencing was significantly less performant and
reproducible below the threshold of 0.01 (P5 .02). The technique
we used missed clonal skewing in the absence of mutations in
putative myeloid neoplasm driver genes.23

Statistical analysis
Numerical variables were summarized by median and range; cat-
egorical variables were described with count and relative fre-
quency (%) of subjects in each category.
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Survival analyses were performed with the Kaplan-Meier method,
and differences between groups were evaluated by log-rank test.
Coxmodels were built to estimate hazard ratio (HR) with 95% con-
fidence interval (CI) for probability of overall survival and risk of
developing coronary heart disease and chronic inflammatory dis-
eases (only incident cases were considered in the analyses).

The accuracy of mutational factors in predicting the risk of devel-
oping myeloid neoplasms was analyzed (only incident cases were
considered in the analyses). The accuracy of categorical variables
(presence vs absence of mutations in a specific gene) was esti-
mated by calculating time-dependent positive predictive value
(PPV) and negative predictive value (NPV).24 For variables mea-
sured on a continuous scale (VAF), time-dependent receiver-oper-
ating characteristic (ROC) curve, the corresponding area under the
ROC curve (AUC), and the optimal cutoff point were calculated by
using online available cenROC R package.21,25

To define a risk score for developing myeloid neoplasms, HRs
from a multivariable Cox analysis on the Health_&_Anemia popu-
lation including age, sex, mutational status, and nonmutational
parameters as covariates were used. A diagnosis of myeloid neo-
plasmwas considered as event; subjects were censored at the end
of follow-up or at time of death. The goodness of concordance for
the predictive score was measured by concordance index

(C-index), internal fivefold cross-validation, and independent
external validation.

Cumulative incidence of myeloid neoplasms was calculated by
Kaplan-Meier method (death for any cause was considered as
competing event in the estimation of cumulative incidence func-
tion).26 Left truncation was applied when calculating the cumula-
tive incidence of myeloid neoplasms with age as the time scale.27

Results
Prevalence and clinical effect of CHIP in the
population aged 80 years or older
We studied prevalence of CHIP and relationship between CHIP
and probability of survival in the population aged $80 years.
Analyses were performed on both the Health_&_Anemia and
Monzino_801 cohorts.

Mutations were observed in 32.6% (95% CI, 29.4-35.5) and 26.0%
(22.9-29.8) of subjects enrolled in the Health_&_Anemia and
Monzino_801 cohorts, respectively. The majority of variants in
both cohorts occurred in 3 genes: DNMT3A, TET2, and ASXL1
(prevalence of mutated genes is reported in Figure 1; supplemen-
tal Figure 1 and supplemental Table 2).
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Figure 1. CHIP in subjects aged 80 years or older from the Health_&_Anemia and Monzino_801 cohorts. (A,C) Prevalence of most frequently mutated genes in the 2
cohorts (considering mutated and unmutated persons). (B,D) Number of persons with 1, 2, or .2 variants.
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CHIP was more common in males than females (P 5 .02 and P 5

.005, respectively), and its prevalence increased with age (P 5

.001 and P 5 .03, respectively). Considering genes grouped
according to functional patterns in both cohorts, we observed a
significant increase ofmutations with age in epigenetics and cohe-
sin complex–related genes (P 5 .01 and P 5 .02, respectively).
Considering single genes, we observed a significant increase in
the prevalence of TET2 and ASXL1 mutations after the age of
90 years (P 5 .021 and P 5 .032, respectively). After testing for
gender bias, we observed 2 genes significantly more mutated in
males than in females: ZRSR2 and U2AF1.

We focused on centenarians in both cohorts (n 5 44) stratified
according to the presence of comorbidity (including heart disease,
diabetes, stroke, cancer, osteoporosis, thyroid condition, Parkin-
son disease, and chronic obstructive pulmonary disease).28 Indi-
viduals with chronic age-related illness before the age of 100
were 33 vs 11 who remained disease-free at age 100 years. Prev-
alence of CHIP was higher in patients with vs without comorbidity
(62% vs 20%, P 5 .015).

Subjects with CHIP were older than individuals without CHIP
(median age of individuals without CHIP vs those with 1 mutation
vs those with $2 mutations was 83 years vs 84 years vs 85 years,
respectively, in the Health_&_Anemia cohort [P 5 .019] and 90
years vs 91 years vs 94 years, respectively, in the Monzino_801
cohort (P , .001). The presence of CHIP was associated with a
lower probability of survival (P , .001 in both cohorts), and prog-
nosis was even poorer in subjects carrying$2mutations (P, .001
in both cohorts; Figure 2). The independent association between
CHIP and increased mortality was maintained in a multivariable
analysis including age, sex, and cytopenia as covariates (HR,
1.28 [1.1-1.9], P 5 .009 in the Health_&_Anemia cohort and HR,
1.37 [1.2-1.71], P 5 .006 in the Monzino_801 cohort) and when
focusing on cancer-related death (HR, 1.91 [1.44-2.21], P 5 .001
and HR, 2.13 [1.94-2.39], P 5 .002) and non–cancer-related mor-
tality (HR, 1.43 [1.29-1.77], P 5 .02 and HR, 1.56 [1.31-1.8], P 5

.01) as separate outcomes.

Focusing on subjects carrying $2 mutations in both cohorts, the
independent effect of carrying $2 mutations on mortality was
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Figure 2. Clinical effect of CHIP in the population aged 80 years or older. (A,C) Cumulative probability of overall survival according to the presence of CHIP in subjects
aged$80 years from the Health_&_Anemia and Monzino_801 cohorts, respectively. (B,D) Cumulative probability of overall survival according to the number of variants (0 vs
1 vs $2) in subjects aged $80 years from the Health_&_Anemia and Monzino_801 cohorts, respectively.
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maintained in a multivariate analysis including age, sex and cyto-
penia as covariates (HR, 1.4 [1.19-2.31]; P 5 .008). Considering
specific causes of death, a higher prevalence of cancer-related
deaths was observed in individuals carrying $ 2 mutations vs
both subjects carrying 1 mutation and those without CHIP (P 5

.028 and P 5 .009, respectively).

CHIP and risk of developing myeloid neoplasms in
the population aged 80 years or older
We investigated the relationship between CHIP and risk of
developing myeloid neoplasms. Analyses were performed
on the Health_&_Anemia cohort. Prevalent and incident cases
were 16 and 25, respectively. We calculated the time-
dependent PPV and NPV for developing myeloid neoplasms
at the age of 95 years for most relevant genomic features (sup-
plemental Figure 2). Absence of mutations had high NPV (0.89
[0.86-0.92]), while the presence of CHIP per se had low PPV
(0.11 [0.09-0.16]). Among investigated genes, splicing genes
(SF3B1, SRSF2, U2AF1, and ZRSR2) and JAK2 had the highest
PPV (0.58 [0.41; 0.63] and 0.70 [0.41-0.98], respectively). To
evaluate the impact of multiple mutations in the same individ-
ual, we focused on the 3 most commonly mutated genes
(DMNT3A, TET2, and ASXL1) comparing single mutations
with comutation patterns. PPV of mutations in TET2, DNMT3A
or ASXL1 with comutation patterns was higher than PPV of sin-
gle lesions (0.28[0.14; 0.41] vs 0.08[0.02-0.23], P5 .001). (sup-
plemental Figure 2). Overall, mutations in splicing genes,
mutations in JAK2 gene, and comutation patterns involving
TET2, DNMT3A, and ASXL1 accounted for 75% of myeloid
neoplasms diagnosed in subjects with prior CHIP.

We then explored the best cutoff value of VAF for developing
myeloid neoplasms. VAF showed a significant accuracy as evalu-
ated by time-dependent ROC curve (AUC was 0.88 [0.81-0.94],
P , .001). At the age of 95 years, a VAF of 0.096 was found as
optimal cutoff value (sensitivity, 0.84; specificity, 0.83).

In a multivariable analysis including the number of mutations per
subject and the most frequently mutated genes, having comuta-
tion patterns involving TET2, DNMT3A, and ASXL1 (HR, 4.64
[2.11-12.23], P , .001), carrying splicing mutation (HR, 10.63
[5.23-17.68], P , .001), or having VAF . 0.096 (HR, 2.35 [1.22-
5.48], P5 .021) were independent predictors for developingmye-
loid neoplasms.

Finally, we aimed to study whether nonmutational factors
may improve the capability to capture individual risk of
developing myeloid neoplasms. We focused on changes in
red blood cell (RBC) indices (mean corpuscular volume
[MCV] and RBC distribution width [RDW]) that occur as early
phenotypic abnormalities in subjects who later develop mye-
loid neoplasms.4

In the Health_&_Anemia cohort, we found that high MCV
(.98 fL) and RDW (.14) values at study enrollment were asso-
ciated with reduced survival (P 5 .01 and P 5 .008, respec-
tively, supplemental Figure 3). In a multivariable analysis
including splicing mutations; comutation patterns involving
TET2,DNMT3A, and ASXL1; and VAF as covariates, abnormal
RBC indices are associated with higher risk of developing

myeloid neoplasms, independently of mutational features
(HR, 2.02 [1.18-4.7], P , .001).

Definition of a risk score for developing myeloid
neoplasms according to mutational status and
RBC indices
We aimed to define a risk score for developing myeloid neo-
plasms according to mutational status and RBC indices. Subjects
from the Health_&_Anemia cohort entered this analysis.

HRs frommultivariable Cox analysis including age, sex, mutational
status, and RBC indices as covariates were used to define a risk
score (details are reported in Figure 3). A score of 1 was assigned
for abnormalities in RBC indices and VAF.0.096; a score of 2 was
assigned for comutation patterns involving TET2, DNMT3A, and
ASXL1; and a score of 5 was assigned for splicing mutations.
Risk groups were defined as low (score 0-1), intermediate (score
2-4), and high (score $5). A simplified risk classification was also
provided. Cumulative incidence of myeloid neoplasms was signif-
icantly different among these 3 risk groups (P, .001). In particular,
in high-risk individuals (3% of the whole general population aged
$80 years), cumulative incidences of myeloid neoplasm was 14%,
34%, and 42% at the age of 85, 90, and 95 years, respectively. The
accuracy of the predictive score was good (C-index, 0.851) and
was confirmed by internal fivefold cross-validation (mean
C-index in test sets, 0.849).

We performed in addition an external validation on an indepen-
dent cohort of 727 subjects aged $75 to ,80 years from the
Health_&_Anemia study (Figure 3; supplemental Figure 4). The
analyses performed on the validation cohort confirmed a high
concordance of the model (C-index was 0.889), thus suggesting
a high generalizability of the results.

Clonal evolution in the population aged 80 years or
older with multiple samples available
We studied clonal evolution in 96 subjects from the Health_
&_Anemia cohort, in which multiple samples were available over
a period of 4 years.

CHIP was found at baseline in 22 cases (23%); during follow-up, 2
individuals acquired additional mutations, 10 displayed $0.05
VAF increase, andCHIPwas lost in 3 cases. In 13 out of 74 subjects
without mutations at baseline, CHIP was acquired during follow-
up (17.5%). We identified 2 subjects in whom clonal evolution pre-
ceded a diagnosis of a myeloid neoplasm (myelodysplastic syn-
drome in both cases) (Figure 4; supplemental Table 3).

Relationship between CHIP and coronary heart
disease or chronic inflammatory diseases in the
population aged 80 years or older
We aimed to define the relationship between CHIP and risk of
developing chronic inflammatory diseases. We analyzed the
Health_&_Anemia cohort, in which the diagnosis of chronic
inflammatory diseases was systematically recorded.

Coronary heart disease was defined as a history of myocardial
infarction or coronary revascularization after the time of DNA col-
lection. Prevalent and incident cases were 57 and 27, respectively.
We defined ASXL1, TET2, DNMT3A, and JAK2mutations as high
risk for vascular events.6 Participants with CHIP had a significantly
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higher risk of coronary heart disease with respect to those
without mutations (HR, 1.61 [1.28-3.21], P 5 .02). When con-
sidering patients with high-risk mutations, HR increased to
2.21 (1.45-4.01; P 5 .006), and the effect was maintained when

adjusting for sex, age smoking, hypertension, and hyperlipidemia
(not shown). Mutations in splicing genes were not associated with
an increased risk of coronary heart disease (HR, 0.91 [0.79-1.65],
P 5 .84).
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Figure 3. CHIP and risk of developing myeloid neoplasms. (A) Definition of a score based on specific mutational patterns (CHIP) and RBC indices to predict the risk of
developing myeloid neoplasms. To define a risk score for developing myeloid neoplasms, we used HR from a multivariable Cox analysis on the Health_&_Anemia cohort (learn-
ing cohort) adjusted for age and sex, including mutational status (splicing mutations; comutation patterns involving TET2, DNMT3A and ASXL1; and VAF.0.096) and nonmuta-
tional parameters (RBC indices) as covariates. A diagnosis of myeloid neoplasm (including myelodysplastic syndrome and acute myeloid leukemia) was considered as event;
subjects were censored at the end of follow-up or at time of death. (B) Cumulative incidence (C.I.) of myeloid neoplasms for individuals aged $80 years stratified into 3 risk
categories (learning cohort). Cumulative incidence was calculated by Kaplan-Meier method (death for any cause was considered as competing-event in the estimation of cumu-
lative incidence function). Left truncation was applied to calculate the cumulative incidence of myeloid neoplasms with age as the time scale. MDS/AML, myelodysplastic syn-
drome/acute myeloid leukemia. (C) Validation of the score on an independent cohort of 727 subjects aged $75 to ,80 years from the Health_&_Anemia study.
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Figure 4. Clonal evolution in the population aged 80 years or older. (A) Clonal evolution in subjects from the Health_&_Anemia cohort with multiple samples available (n
5 96). (B) Clonal evolution (subject 269). This female subject was born on 1921. In 1999, she displayed normal blood count. In 2003, a first mutational screening was per-
formed with evidence of a mutation in SF3B1 gene with 0.02 VAF. At this time, the subject showed normal hemoglobin (Hb) level (12.1 g/dL), RDW (12), and MCV (87). Since
2003, this subject experienced increasing in RDW and MCV, and in 2007, a mild anemia was observed (10 g/dL). At this time, mutational screening showed increase in SF3B1
VAF (0.24). In 2008, a diagnosis of myelodysplastic syndrome with ring sideroblasts was performed. (C) Clonal evolution (subject 1145). This male subject was born in 1922. In
1999 blood count was normal. In 2003 a first mutational screening revealed a mutation in TET2 gene with 0.02 VAF. At this time, the subject showed a mild anemia (12.7 g/
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0.16. From 2007 to 2012, a further decrease in hemoglobin level, together with an increase in RDW and MCV, was noticed. In 2013, a diagnosis of myelodysplastic syndrome
with unilineage dysplasia was made.
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As a further step, we investigated the possible role of CHIP in
other chronic inflammatory diseases (stroke, diabetes, arthritis,
and autoimmune diseases). We observed preliminary evidence
of increased risk of developing rheumatoid arthritis (12 prevalent
and 6 incident cases) in participants with vs without high-risk muta-
tions6 (HR, 4.79 [1.9-17.62], P 5 .039). However, due to the low
number of cases observed, this finding should be interpreted
with caution.

Clinical relevance of CHIP in individuals aged 80
years or older with unexplained cytopenia
We aimed to specifically analyze clinical outcome of patients aged
$80 years affected with unexplained cytopenia and to define the
clinical effect of clonal abnormalities among these individuals. The
definitions of ICUS and CCUS were applied to identify individuals
with nonclonal vs clonal unexplained cytopenia.

Individuals from both the Health_&_Anemia and Monzino_801
cohorts entered this analysis. The most common cytopenia
reported at study enrollment was anemia (14.9% and 29.5%,
respectively).15-18 The underlying cause of persistent (.6 months)
cytopenia was unexplained in 29% and 34% of cases, respectively
(Table 1). Prevalence of CHIP was not significantly different in sub-
jects aged $80 years with vs without cytopenia (30.5% vs 29.6%,
respectively; P 5 .24). Focusing on subjects affected with anemia
stratified according to the underlying cause, no significant differ-
ence on the prevalence of CHIP was observed among different
groups of patients. We noticed an enrichment of splicing gene
mutations in patients with unexplained anemia with respect to
subjects with anemia associated with specific underlying cause
(P 5 .031).

We considered subjects with unexplained cytopenia from both
studies (n 5 133), stratified according to the presence of muta-
tions as ICUS (n 5 82) vs CCUS (n 5 51,38%).19 Subjects with
CCUS showed a significantly lower probability of survival com-
pared with ICUS (P5 .002), while no significantly different proba-
bility of survival was noticed between ICUS and individual without
cytopenia (Figure 5).

As we observed a difference in survival among CCUS vs ICUS, we
tested the hypothesis that highly specific mutation patterns for
myeloid neoplasms may provide presumptive evidence of hema-
tological malignancy in patients with unexplained cytopenia even
in absence of definitive morphological criteria. According to our
findings, highly specific mutation patterns for myeloid neoplasms
were defined as the presence of mutations of splicing factors;
comutation patterns involving TET2, ASXL1, or DNMT3A; and/
or mutations with VAF . 0.096.

CCUS with highly specific mutation patterns frequently showed
macrocytic anemia and/or multilineage cytopenia (30 of 39 cases)
consisting with a myelodysplastic syndrome phenotype. Two sub-
jects died because of acute myeloid leukemia, while the most fre-
quent cause of death was cardiac disease (25 subjects).

We then compared clinical features and outcomes of subjects with
CCUS with those of an age- and sex-matched population affected
with myeloid neoplasms (myelodysplastic syndromes) reported to
retrospective EuroMDS database (n 5 255; supplemental Table
4). No significant differences were observed in probability of sur-
vival between CCUS with highly specific mutation patterns with
respect to patients with myeloid neoplasms, while CCUS without
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Table 1. Prevalence and leading causes of anemia and other cytopenias at study enrollment in subjects aged 80 years
or older from the Health_&_Anemia and Monzino_801 cohorts

Health_&_Anemia study Monzino_801 study P

No. of subjects 1059 735

Women (%) 697 (65.8) 546 (74.3) ,.001

Men (%) 362 (34.2) 189 (25.7)

Age (y), median (range) 82.8 (80-105) 90.5 (80.5-103.9) ,.001

$80 to ,85 y (%) 725 (68.5) 128 (17.4) ,.001

$85 to ,90 y (%) 235 (22.2) 215 (29.3)

$90 to ,95 y (%) 71 (6.7) 247 (33.6)

$95 to ,100 y (%) 24 (2.3) 105 (14.3)

$100 y (%) 4 (0.3) 40 (5.4)

Death (%) 683/1059 (64.5) 695/735 (94.5) ,.001

Blood count at study enrollment

Hb (g/dL), median (range) 13.6 (7.3-18) 13.1 (6.7-16.8) ,.001

HCT (%), median (range) 42.4 (22.9-55.5) 39.2 (22-50.6) ,.001

MCV (fL), median (range) 95.9 (61.9-123.3) 92.2 (58.6-121.8) ,.001

RDW (fL), median (range) 14.4 (12.3-21.6) 13.4 (11.3-22.2) ,.001

WBCs (3109/L), median (range) 6.4 (1.6-40.3) 6.5 (2.3-78.9) .664

ANC (3109/L), median (range) 3.8 (0.6-21.2) 3.8 (1.2-15.2) .059

PLTs (3109/L), median (range) 222 (52-1117) 231 (25-915) .044

Anemia at study enrollment

All n (%) 158/1059 (14.9) 217/735 (29.5) ,.001

Women (%) 94/697 (13.5) 142/546 (26) ,.001

Men (%) 64/362 (17.7) 75/189 (39.7) ,.001

Anemia by age (y)

$80 to ,85 (%) 81/725 (11.2) 21/128 (16.4) .142

$85 to ,90 (%) 41/235 (17.4) 49/215 (22.8) .249

$90 to ,95 (%) 25/71 (35.2) 87/247 (35.2) .930

$95 to ,100 (%) 9/24 (37.5) 40/105 (38.1) .971

$100 (%) 2/4 (50) 20/40 (50) 1.000

Severity of anemia

Mild (normal value to 10 g/dL)
(%)

141/158 (89.3) 197/217 (90.7) .910

Moderate (9.9-8 g/dL) (%) 16/158 (10.1) 16/217 (7.3) .389

Severe (,8 g/dL) (%) 1/158 (0.6) 4/217 (2) .320

Causes of anemia

Iron deficiency (%) 9/158 (5.7) 14/217 (6.4) .777

b thalassemia (%) 12/158 (7.6) 5/217 (2.3) .021

B12/folate deficiency (%) 18/158 (11.4) 41/217 (18.8) .091

Renal (%) 29/158 (18.4) 49/217 (22.6) .419

Chronic disease (%) 16/158 (10.1) 16/217 (7.3) .389

Multifactorial (%) 23/158 (14.6) 18/217 (8.2) .087

Unexplained (%) 41/158 (25.9) 74/217 (34.1) .216

The classification of anemia and other cytopenias (based on the hematologic findings) was supported by the clinical conditions and pharmacological therapies of older patients (criteria
are defined in supplemental File 1). Anemias and other cytopenias that could not be classified into any of the previously defined categories were considered to be of unexplained origin.
A panel 3 physicians reviewed, discussed, and reached a final consensus for each case of cytopenia with discrepant classification.

ANC, absolute neutrophil count; Hb, hemoglobin; HCT, hematocrit; MCV, mean corpuscular volume; PLTs, platelets; RDW, red cell distribution width; WBCs, white blood cells.

CLONAL HEMATOPOIESIS IN OLDER PEOPLE blood® 25 NOVEMBER 2021 | VOLUME 138, NUMBER 21 2101

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/138/21/2093/1847978/bloodbld2021011320.pdf by guest on 19 M

ay 2023



highly specificmutation patterns showed higher probability of sur-
vival with respect to CCUS with highly specific mutation patterns
(HR, 2.05 [1.61-4.64], P 5 .06; Figure 5).

Considering CCUS with highly specific mutation patterns as
“potential myeloid neoplasms,” 7.5% of subjects aged$80 years
with cytopenia had presumptive evidence of myeloid neoplasm.

Discussion
We observed that CHIP is a common finding in the population
aged $80 years (30% of individuals) and that specific mutational
profiles are associated with distinct clinical outcomes.

Mutations in splicing genes (mostly occurring as single genetic
lesion)29 showed the highest predictive value for myeloid neo-
plasms,1-4,30 while they are not significantly associated with
increased risk of developing chronic inflammatory diseases.

By contrast, the PPV for myeloid neoplasms of isolated mutations
in TET2, DNMT3A, and ASXL1 genes was lower, and additional
genetic events are required to give rise to a myeloid neo-
plasm.1-4,30 These mutations are mostly linked to increased risk
of myocardial infarction and arthritis.1-4,6,31

Focusing on prediction of myeloid neoplasms, both number of
mutations per subject and size of the mutant clone (VAF) had sig-
nificant PPV.30 We observed in addition that abnormalities in RBC
indices significantly improve the capability of molecular features
to capture individual risk of developing myeloid neoplasms.4 By
combining specific mutational patterns, size of mutant clone,
and abnormalities in RBC indices, we defined 3 groups of individ-
uals with different risk of developing myeloid neoplasms. In
details, we identified a small population (3% of individuals aged
$80 years) in which cumulative incidence of myeloid neoplasm
was 14%, 34%, and 42% at the age of 85, 90, and 95 years,
respectively. Importantly, the predictive power of the score was
confirmed by an external, independent validation.

Clonal evolution was a frequently observed event in subjects
aged $80 years with sequential samples available and in
some cases preceded the occurrence of an overt myeloid neo-
plasm, suggesting that serial analysis may improve clinical
monitoring.30

We had the opportunity to study CHIP in centenarian according to
different morbidity profiles. CHIP is common in centenarians with
age-associated diseases while rarely observed in those who reach
their 100th birthday without comorbidity. The possible relation-
ship between absence of CHIP and exceptional longevity should
be addressed by specific investigations.32

Finally, we hypothesized that myeloid neoplasms could be
underdiagnosed in the population subjects $80 years,
especially in cases with unexplained cytopenia.14,32 We
observed that among individuals with unexplained cytope-
nia, the presence of a highly specific mutation pattern for
myeloid neoplasms30,33 is associated with reduced survival.
According to mutational features, 7.5% of subjects aged
$80 years with cytopenia may have a presumptive evidence
of myeloid neoplasm. The study of CHIP is therefore
expected to contribute to determine specific causes of
cytopenia in elderly people and define personalized treat-
ment strategies.

Since CHIP was described, caution is suggested against
adopting mutational testing in clinical practice. In fact, the
presence of mutations per se in a given individual has
only limited predictive power, as conversion to overt dis-
eases is rare regardless of mutation status.1-3,34 Our findings
improve the capability to capture clinical information at indi-
vidual patient level with respect to the presence of specific
mutation patterns. These data support the rationale for pro-
spective studies including CHIP as a part of conventional
laboratory investigations to evaluate the health general sta-
tus of elderly people and drive strategies to prevent
adverse events.

Table 1. (continued)

Health_&_Anemia study Monzino_801 study P

Neutropenia at study
enrollment

All (%) 10/1059 (1) 26/735 (3.5) ,.001

Unexplained (%) 4/10 (40) 11/26 (42.3) .936

Thrombocytopenia at study
enrollment

All (%) 51/1059 (4.8) 56/735 (7.6) 0.021

Unexplained (%) 9/51 (17.6) 16/56 (28.5) .294

Unexplained cytopenia 48/1059 (4.5) 85/735 (11.5) ,.001

The classification of anemia and other cytopenias (based on the hematologic findings) was supported by the clinical conditions and pharmacological therapies of older patients (criteria
are defined in supplemental File 1). Anemias and other cytopenias that could not be classified into any of the previously defined categories were considered to be of unexplained origin.
A panel 3 physicians reviewed, discussed, and reached a final consensus for each case of cytopenia with discrepant classification.

ANC, absolute neutrophil count; Hb, hemoglobin; HCT, hematocrit; MCV, mean corpuscular volume; PLTs, platelets; RDW, red cell distribution width; WBCs, white blood cells.
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Figure 5. Clinical relevance of CHIP in individuals aged 80 years or older with unexplained cytopenia. (A) Overall survival of subjects with unexplained cytopenia form
both the Health_&_Anemia and Monzino_801 cohorts stratified according to the presence of mutations as ICUS vs CCUS. Probability of survival of individuals without cyto-
penia was also reported. (B) Overall survival of subjects with CCUS with highly specific mutational patterns for myeloid neoplasms vs CCUS without specific mutational pat-
terns and vs age- and sex-matched patients affected with myeloid neoplasm (myelodysplastic syndromes, from the EuroMDS database).

CLONAL HEMATOPOIESIS IN OLDER PEOPLE blood® 25 NOVEMBER 2021 | VOLUME 138, NUMBER 21 2103

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/138/21/2093/1847978/bloodbld2021011320.pdf by guest on 19 M

ay 2023



Acknowledgments
This work was supported by the Cariplo Foundation (Milan, Italy;
project 2016-0860 [M.G.D._P., U.L.]), the AIRC Foundation (Associa-
zione Italiana per la Ricerca contro il Cancro, Milan, Italy; project
22053 [M.G.D.P.]), Ricerca Finalizzata 2016 (Italian Ministry of
Health, Italy; project RF2016-02364918 [M.G.D.P., U.L.]), the Beat
Leukemia Foundation (Milan, Italy [M.G.D.P.]), PRIN 2017 (Ministry
of University & Research, Italy; Project 2017WXR7ZT [M.G.D.P.]),
and the European Union (Transcan 7, Horizon 2020, EuroMDS pro-
ject 20180424 [M.G.D.P., F.S., U.P., P.F.]; and Horizon 2020,
GenoMed4All project 101017549 [M.G.D.P., G.C., T.H., U.P., P.F.]).
The Health_&_Anemia study was supported by a research grant
from Amgen Italy. The Monzino_801 study was supported by a
research grant from Italo Monzino Foundation, Milan, Italy.

Authorship
Contribution: M.R., U.L., and M.G.D.P. designed the study; M.R., M.M.,
M.Z., M.T., Emma Riva, E.T., E.S., C.C., N.M., C.M., M.U., L.M., C.P., C.
Selmi, M.D.S., K.M., G.M., M. Bicchieri, A.C., C.A.T., A.R., E.C., P.A.,
P.D., A.M., L.S., S.R., R.Z., C. Saitta, Elena Riva, G. Condorelli, F.P., A.S.,
W.K., T.H., and U.L. collected data; M.R., M.M., M.Z., M.T., Emma Riva,
E.T., M. Bersanelli, S.M., A.A.G., E.M., G.S., R.A., S.D., R.P., G. Corrao,
C. Sala, A.T., L.G., N.B., G. Castellani, W.K., T.H., U.L., and M.G.D.P. ana-
lyzed data; M.R., M.T., Emma Riva, E.T., M. Bersanelli, F.S., U.P., P.F., N.B.,
G. Castellani, W.K., G.S.V., T.H., U.L., and M.G.D.P. interpreted data; and
all authors wrote and revised the manuscript.

Conflict -of-interest disclosure: M.R. has a consulting or advisory role with
Pfizer, Celgene, IQvia, and Janssen; M.M. is employed by the MLLMunich
Leukemia Laboratory. F.P. is a member of the speakers’ bureau of Novartis
and AOP Orphan Pharmaceuticals. A.S. has a consulting or advisory role
with Bristol-Myers Squibb, Servier, Gilead Sciences, Pfizer, Eisai, Bayer
AG, MSD, Sanofi, and ArQule and is a member of the speakers’ bureau
of Takeda, Roche, AbbVie, Amgen, Celgene, AstraZeneca, ArQule, Lilly,
Sandoz, Novartis, Bristol-Myers Squibb, Servier, Gilead Sciences, Pfizer,
Eisai, Bayer AG, and MSD. U.P. received honoraria from Celgene/Jazz;
has a consulting or advisory role with Celgene/Jazz; received research
funding from Amgen, Janssen, Novartis, BerGenBio, and Celgene; and
received travel and accommodation expense reimbursement from Cel-
gene. P.F. received honoraria from Celgene and research funding from
Celgene. N.B. has a consulting or advisory role with Janssen and is a mem-
ber of the speakers’ bureau at Celgene and Amgen. W.K. is employed by
and has a leadership role at the MLL Munich Leukemia Laboratory and has

stock and other ownership interests there. T.H. is employed by and has a
leadership role at the MLL Munich Leukemia Laboratory and has a consult-
ing or advisory role at Illumina. The remaining authors declare no compet-
ing financial interests.

ORCID profiles: M.Z., 0000-0002-9952-1142; M.T., 0000-0001-7345-
0887; E.R., 0000-0002-0391-8162; M.B., 0000-0001-9041-5493;
A.A.G., 0000-0003-0163-1034; E.M., 0000-0002-3102-5150; C.C.,
0000-0002-7927-8317; M.U., 0000-0003-3862-7119; L.M., 0000-0002-
3693-0483; C.P., 0000-0001-7055-3629; G.S., 0000-0003-0972-610X;
R.A., 0000-0001-5351-0619; S.D., 0000-0003-3457-1410; C.S., 0000-
0002-0323-0376; M.D., 0000-0002-3196-1336; K.M., 0000-0003-
0494-8897; M.E.B., 0000-0001-9674-9304; A.C., 0000-0002-8481-
759X; C.A.T., 0000-0002-1728-368X; A.R., 0000-0002-4374-6684;
E.C., 0000-0001-5180-8008; P.A., 0000-0002-6697-6028; R.P., 0000-
0003-4198-9620; C.S., 0000-0002-4889-1047; A.T., 0000-0002-9697-
906X; S.R., 0000-0001-6816-2661; C.S., 0000-0002-5842-7774; E.R.,
0000-0002-0701-3889; F.P., 0000-0001-8068-5289; A.S., 0000-0003-
1709-9492; F.S., 0000-0002-3251-2161; U.P., 0000-0003-1863-3239;
M.G.D., 0000-0002-6915-5970.

Correspondence: Matteo G. Della Porta, Center for Accelerating Leuke-
mia/Lymphoma Research IRCCS Humanitas Research Hospital, via Man-
zoni 56, 20089 Rozzano, Milan, Italy; e-mail: matteo.della_porta@
hunimed.eu.

Footnotes
Submitted 16 February 2021; accepted 7 June 2021; prepublished
online on Blood First Edition 14 June 2021. DOI 10.1182/
blood.2021011320.

Access is provided to DNA sequence obtained from peripheral blood
samples of the present study through the Sequence Read Archive
(https://www.ncbi.nlm.nih.gov/sra) public repository. Data can be found
under accession number PRJNA736552.

The online version of this article contains a data supplement.

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 USC section 1734.

REFERENCES
1. Genovese G, K€ahler AK, Handsaker RE, et al.

Clonal hematopoiesis and blood-cancer risk
inferred from blood DNA sequence. N Engl J
Med. 2014;371(26):2477-2487.

2. Jaiswal S, Fontanillas P, Flannick J, et al. Age-
related clonal hematopoiesis associated with
adverse outcomes. N Engl J Med. 2014;
371(26):2488-2498.

3. Xie M, Lu C, Wang J, et al. Age-related
mutations associated with clonal
hematopoietic expansion and malignancies.
Nat Med. 2014;20(12):1472-1478.

4. Abelson S, Collord G, Ng SWK, et al.
Prediction of acute myeloid leukaemia risk in
healthy individuals. Nature. 2018;
559(7714):400-404.

5. Steensma DP, Bejar R, Jaiswal S, et al.
Clonal hematopoiesis of indeterminate
potential and its distinction from
myelodysplastic syndromes. Blood. 2015;
126(1):9-16.

6. Jaiswal S, Natarajan P, Silver AJ, et al. Clonal
hematopoiesis and risk of atherosclerotic

cardiovascular disease. N Engl J Med. 2017;
377(2):111-121.

7. Shlush LI. Age-related clonal hematopoiesis.
Blood. 2018;131(5):496-504.

8. Warren JT, Link DC. Clonal hematopoiesis
and risk for hematologic malignancy. Blood.
2020;136(14):1599-1605.

9. Survey of Health. Ageing and retirement in
Europe.

10. Chung SS, Park CY. Aging, hematopoiesis,
and the myelodysplastic syndromes. Blood
Adv. 2017;1(26):2572-2578.

11. Christensen K, Doblhammer G, Rau R, Vaupel
JW. Ageing populations: the challenges
ahead. Lancet. 2009;374(9696):1196-1208.

12. Rollison DE, Howlader N, Smith MT, et al.
Epidemiology of myelodysplastic syndromes
and chronic myeloproliferative disorders in
the United States, 2001-2004, using data from
the NAACCR and SEER programs. Blood.
2008;112(1):45-52.

13. Wilkins JT, Ning H, Berry J, Zhao L, Dyer AR,
Lloyd-Jones DM. Lifetime risk and years lived

free of total cardiovascular disease. JAMA.
2012;308(17):1795-1801.

14. Stauder R, Valent P, Theurl I. Anemia at older
age: etiologies, clinical implications, and
management. Blood. 2018;131(5):505-514.

15. Tettamanti M, Lucca U, Gandini F, et al.
Prevalence, incidence and types of mild
anemia in the elderly: the “Health and
Anemia” population-based study. Haemato-
logica. 2010;95(11):1849-1856.

16. Penninx BW, Pahor M, Woodman RC,
Guralnik JM. Anemia in old age is associated
with increased mortality and hospitalization. J
Gerontol A Biol Sci Med Sci. 2006;
61(5):474-479.

17. Riva E, Tettamanti M, Mosconi P, et al.
Association of mild anemia with
hospitalization and mortality in the elderly:
the Health and Anemia population-based
study. Haematologica. 2009;94(1):22-28.

18. Guralnik JM, Eisenstaedt RS, Ferrucci L, Klein
HG, Woodman RC. Prevalence of anemia in
persons 65 years and older in the United
States: evidence for a high rate of unexplained
anemia. Blood. 2004;104(8):2263-2268.

2104 blood® 25 NOVEMBER 2021 | VOLUME 138, NUMBER 21 ROSSI et al

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/138/21/2093/1847978/bloodbld2021011320.pdf by guest on 19 M

ay 2023

http://orcid.org/0000-0002-9952-1142
http://orcid.org/0000-0001-7345-0887
http://orcid.org/0000-0001-7345-0887
http://orcid.org/0000-0002-0391-8162
http://orcid.org/0000-0001-9041-5493
http://orcid.org/0000-0003-0163-1034
http://orcid.org/0000-0002-3102-5150
http://orcid.org/0000-0002-7927-8317
http://orcid.org/0000-0003-3862-7119
http://orcid.org/0000-0002-3693-0483
http://orcid.org/0000-0002-3693-0483
http://orcid.org/0000-0001-7055-3629
http://orcid.org/0000-0003-0972-610X
http://orcid.org/0000-0001-5351-0619
http://orcid.org/0000-0003-3457-1410
http://orcid.org/0000-0002-0323-0376
http://orcid.org/0000-0002-0323-0376
http://orcid.org/0000-0002-3196-1336
http://orcid.org/0000-0003-0494-8897
http://orcid.org/0000-0003-0494-8897
http://orcid.org/0000-0001-9674-9304
http://orcid.org/0000-0002-8481-759X
http://orcid.org/0000-0002-8481-759X
http://orcid.org/0000-0002-1728-368X
http://orcid.org/0000-0002-4374-6684
http://orcid.org/0000-0001-5180-8008
http://orcid.org/0000-0002-6697-6028
http://orcid.org/0000-0003-4198-9620
http://orcid.org/0000-0003-4198-9620
http://orcid.org/0000-0002-4889-1047
http://orcid.org/0000-0002-9697-906X
http://orcid.org/0000-0002-9697-906X
http://orcid.org/0000-0001-6816-2661
http://orcid.org/0000-0002-5842-7774
http://orcid.org/0000-0002-0701-3889
http://orcid.org/0000-0001-8068-5289
http://orcid.org/0000-0003-1709-9492
http://orcid.org/0000-0003-1709-9492
http://orcid.org/0000-0002-3251-2161
http://orcid.org/0000-0003-1863-3239
http://orcid.org/0000-0002-6915-5970


19. Valent P. ICUS, IDUS, CHIP and CCUS:
diagnostic criteria, separation from MDS and
clinical implications. Pathobiology.
2019;86(1):30-38.

20. Haferlach T, Nagata Y, Grossmann V, et al.
Landscape of genetic lesions in 944 patients
with myelodysplastic syndromes. Leukemia.
2014;28(2):241-247.

21. Liu X, Jin Z. Optimal survival time-related
cut-point with censored data. Stat Med. 2015;
34(3):515-524.

22. Lucca U, Tettamanti M, Logroscino G, et al.
Prevalence of dementia in the oldest old: the
Monzino 80-plus population based study.
Alzheimers Dement. 2015;11(3):258-70.e3.

23. Zink F, Stacey SN, Norddahl GL, et al. Clonal
hematopoiesis, with and without candidate
driver mutations, is common in the elderly.
Blood. 2017;130(6):742-752.

24. Moskowitz CS, Pepe MS. Quantifying and
comparing the accuracy of binary biomarkers
when predicting a failure time outcome. Stat
Med. 2004;23(10):1555-1570.

25. cenROC R package: functions to estimate a
smoothed and a non-smoothed (empirical)
time-dependent ROC curve (receiver operat-
ing characteristic curve), the corresponding
area under the ROC curve (AUC) and the
optimal cutoff point for the right and interval
censored survival data. https://cran.r-project.
org/web/packages/cenROC/cenROC.pdf.

26. Chen BE, Kramer JL, Greene MH, Rosenberg
PS. Competing risks analysis of correlated
failure time data. Biometrics. 2008;64(1):
172-179.

27. Klein J, Moeschberger M. Survival Analysis
Techniques for Censored and Truncated
Data. New York: Springer; 1997.

28. Evert J, Lawler E, Bogan H, Perls T. Morbidity
profiles of centenarians: survivors, delayers,
and escapers. J Gerontol A Biol Sci Med Sci.
2003;58(3):232-237.

29. Cazzola M, Della Porta MG, Malcovati L. The
genetic basis of myelodysplasia and its
clinical relevance. Blood. 2013;122(25):4021-
4034.

30. Malcovati L, Gall�ı A, Travaglino E, et al.
Clinical significance of somatic mutation in
unexplained blood cytopenia. Blood. 2017;
129(25):3371-3378.

31. Fuster JJ, MacLauchlan S, Zuriaga MA, et al.
Clonal hematopoiesis associated with TET2
deficiency accelerates atherosclerosis
development in mice. Science. 2017;
355(6327):842-847.

32. Garagnani P, Marquis J, Delledonne M, et
al. Whole-genome sequencing analysis of
semi-supercentenarians. eLife. 2021;10:
e57849.

33. van Zeventer IA, de Graaf AO, Wouters
HJCM, et al. Mutational spectrum and
dynamics of clonal hematopoiesis in anemia
of older individuals. Blood. 2020;
135(14):1161-1170.

34. Bersanelli M, Travaglino E, Meggendorfer M,
et al. Classification and personalized prognostic
assessment on the basis of clinical and genomic
features in myelodysplastic syndromes. J Clin
Oncol. 2021;39(11):1223-1233.

CLONAL HEMATOPOIESIS IN OLDER PEOPLE blood® 25 NOVEMBER 2021 | VOLUME 138, NUMBER 21 2105

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/138/21/2093/1847978/bloodbld2021011320.pdf by guest on 19 M

ay 2023

https://cran.r-project.org/web/packages/cenROC/cenROC.pdf
https://cran.r-project.org/web/packages/cenROC/cenROC.pdf

	TF1
	TF3

