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Although cell-free DNA (cfDNA) tests have emerged as a potential non-invasive alternative to bone marrow biopsies for monitoring 
clonal hematopoiesis in hematologic diseases, whether commercial cfDNA assays can be implemented for the detection and 
quantification of de novo clonal hematopoiesis in place of blood cells is uncertain. In this study, peripheral plasma cfDNA samples 
available from patients with aplastic anemia (n=25) or myelodysplastic syndromes (n=27) and a healthy cohort (n=107) were screened 
for somatic variants in genes related to hematologic malignancies using a Clinical Laboratory Improvement Amendments-certified 
panel. Results were further compared to DNA sequencing of matched blood cells. In reported results, 85% of healthy subjects, 36% 
of patients with aplastic anemia and 74% of patients with myelodysplastic syndromes were found to have somatic cfDNA variants, 
most frequently in DNMT3A, TET2, ASXL1 and SF3B1. However, concordance between cfDNA and blood cell findings was poor for the 
detection of clonal hematopoiesis when the allele frequency of the variants was <10%, which was mostly observed in the healthy and 
aplastic anemia cohorts but not in patients with myelodysplastic syndromes. After filtering data for potential artifacts due to low 
variant allele frequency and sequencing depth, the frequency of clonal hematopoiesis in cfDNA from healthy individuals and patients 
with aplastic anemia decreased to 52% and 20%, respectively. cfDNA and matched blood cells were not interchangeable for tracking 
changes in allele burdens as their agreement by Bland-Altman analysis was poor. A commercial cfDNA assay had good performance 
for de novo detection of clonal hematopoiesis in myelodysplastic syndromes, but showed no advantage over blood cells in diseases 
with low allele burdens or in healthy individuals.  
 

Abstract 

Introduction 
Plasma circulating cell-free DNA (cfDNA) has been used as a 
source of tumor-derived DNA in peripheral blood (PB) for 
liquid biopsies.1,2 Commercial liquid biopsies based on mass-
ively parallel sequencing have been utilized in practice as 
they are minimally invasive, and tumor-derived cfDNA shows 
a good correlation with tissue genotypes.3-5 However, more 
than 50% of somatic variants identified in circulating DNA 
derive from blood cells and are consistent with clonal hema-
topoiesis (CH),4,6 a phenomenon in which hematopoietic 
blood cells acquire variants in genes recurrently mutated in 
hematologic malignancies.7-10  
CH occurs with normal aging, and healthy individuals have 
CH of indeterminate potential (CHIP), defined as a clonal 
population at variant allele frequency (VAF) ≥2% in blood, and 
mostly associated with a small subset of genes: DNMT3A, 
TET2, ASXL1, JAK2 and TP53.11 The prevalence of CHIP is age-
dependent, with the condition being rare until middle age 
but ubiquitous in individuals older than 60 years when error-

correcting sequencing approaches are used for screening.7,12 
CH has been used as a predictor for development of blood 
cancers and associated with an increased risk of cardiovas-
cular disease.7,10,13-15 The particular genes mutated, the number 
of variants and clone sizes influence the likelihood of healthy 
individuals with CHIP progressing to develop a hematologic 
malignancy.10,14-16 
In hematologic diseases, CH has been used as a predictor of 
clinical outcomes and for risk stratification of patients.17-19 In 
aplastic anemia (AA), pathogenic variants in PIGA and BCOR 
correlate with a better response to immunosuppressive ther-
apy whereas patients with variants in RUNX1, TP53, DNMT3A 
and ASXL1 have worse outcomes; typically the median VAF 
of these variants is 9%.19 Genomic data are also incorporated 
into prognostic models for myelodysplastic syndromes 
(MDS); variants are commonly found at higher VAF (>30%) 
and in genes such as ASXL1, DNMT3A, NRAS, RUNX1, U2AF1 
and TP53, which are associated with poor prognosis.17-20  
In this context, the use of plasma cfDNA sequencing assays 
for the detection and quantification of CH has emerged as a 
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potential non-invasive alternative to bone marrow (BM) bi-
opsies in MDS and AA. In addition, plasma is underused in 
many laboratories and may be a source of DNA for many 
retrospective CH studies in asymptomatic individuals when 
blood samples are not available. A few studies have shown 
that both PB and BM cells can be used for detection and 
quantification of CH,10 however, it is not yet known whether 
cfDNA is equally accurate. Previous experiences with liquid 
biopsies have demonstrated that highly sensitive assays are 
required to reliably detect small clonal populations, and poor 
congruence between Clinical Laboratory Improvement 
Amendments (CLIA)-certified commercial cfDNA assays has 
often been reported.21-23 These findings imply that detection 
of de novo CH in cfDNA may be troublesome, as CHIP variants 
can often be seen at low frequency and no matched samples 
or previous genotyping data would be available for validating 
cfDNA results.  
To investigate the cfDNA performance of a commercial CLIA-
approved targeted sequencing panel of genes related to CH 
and hematologic malignancy in detecting and quantifying de 
novo CH variants, we screened healthy individuals from the 
Baltimore Longitudinal Study of Aging (BLSA) and patients 
with AA and MDS. Reported cfDNA results were validated 
against DNA-sequencing from matched blood cells.  

Methods 
Cohorts and samples 
EDTA-PB plasma for cfDNA assay was available for 107 healthy 
individuals, including 96 participants of BLSA at the National 
Institute of Aging (NIA, NCT00233272) and 11 healthy volun-
teers at the National Heart, Lung, and Blood Institute (NHLBI). 
EDTA-PB samples were also collected at diagnosis from pa-
tients with AA (n=25) or MDS (n=27) from the Hematology 
Branch marrow failure clinic at the NHLBI (NCT00932156 and 
NCT01623167). Matched PB or BM cells collected at the same 
time as peripheral plasma samples were used for com-
parative analyses. In the healthy cohort, only 25 individuals 
had matched samples from PB mononuclear cells (PBMC, 
n=15) or granulocytes (n=10). In the AA and MDS cohorts, 
paired BM cells from diagnosis and serial time-points were 
used as matched samples (AA, n=53 and MDS, n=55) (Online 
Supplementary Figure S1).  
This study was approved by the Institutional Review Boards 
of the NHLBI and NIA. All samples were collected according 
to the Declaration of Helsinki and written consent was ob-
tained from all participants or their legal guardians.  

Commercial massively parallel sequencing of targeted 
genes 
cfDNA and PB/BM samples were screened for somatic vari-
ants in hematologic neoplasm-related genes using the GTC-
Hematology profile (Genomic Testing Cooperative, CA, USA), 

a commercial CLIA panel that includes genes commonly as-
sociated with CHIP (CHIP genes) and cancer and hemato-
logic neoplasia (non-CHIP genes) (Online Supplementary 
Table S1).16,24  
The somatic origin of variants at VAF >35% reported by the 
commercial assay was confirmed by targeted DNA sequenc-
ing of sorted CD3+ cells or PBMC/granulocytes; variants pres-
ent in these fractions at similar VAF to cfDNA were 
considered germline (Online Supplementary Tables S2-S4). Of 
note, the cfDNA GTC-Hematology profile assay was CLIA-vali-
dated for detecting abnormalities in MDS and AA but not for 
non-myeloid neoplasms; therefore, samples from healthy in-
dividuals were screened for research purposes only.  

Comparative analysis of cell-free DNA and matched 
peripheral blood or bone marrow samples 
Sensitivity, specificity and positive predictive value of the 
CLIA-certified cfDNA test were assessed in comparison to 
matched PB or BM samples. Likely germline variants were 
also included in this comparative analysis. Concordance 
among matched samples was evaluated at a variant level 
with each variant classified as true positive, false positive, 
false negative and true negative (Figure 2A). The performance 
of the cfDNA assay in quantifying both somatic and likely 
germline variants was assessed by linear regression and the 
Bland-Altman analysis, a more accurate method to evaluate 
the agreement between paired values.25 Statistical analysis 
was performed using GraphPad Prism v5 (GraphPad Software 
Inc, CA, USA).  

Stringent criteria for filtering likely false positive and false 
negative variants 
Ultra-deep error-correcting sequencing was performed in our 
institution as previously described to validate the CLIA results 
of selected samples from healthy individuals for whom we 
had available materials.26 Results obtained from genetic re-
ports were refined by stringent criteria to filter variants that 
were below the VAF and read depth thresholds of confirmed 
negative variants by the ultra-deep error-correcting sequenc-
ing.  
Detailed experimental procedures and analytical methods are 
described in the Online Supplementary Data. 

Results 
Clonal landscapes of cell-free DNA variants in healthy 
individuals, and patients with aplastic anemia or 
myelodysplastic syndromes 
Among 107 healthy subjects (median age 72 years; range, 
24-96) screened for somatic variants in cfDNA, 91 (85%) 
had at least one variant. The majority (75/107 subjects, 
71%) had one (n=27) or two or more (n=48) variants in 
CHIP genes, most frequently in DNMT3A, TET2, TP53 and 
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ASXL1 (Figure 1A, Online Supplementary Figure S2). How-
ever, 50/107 subjects (47%) also had somatic variants in 
non-CHIP genes, and 16 of them (16/50) had variants in 
non-CHIP genes only (Online Supplementary Table S2). 
The frequency of somatic cfDNA variants in CHIP genes, 
DTA genes (DNMT3A, TET2 and ASXL1) and non-CHIP genes 
increased with age and CH was observed in more than 
60% of individuals older than 40 years (Figure 1B).   
Among the 25 patients with AA (median age 51 years; 
range, 13-82), nine (36%) were found to have somatic 
cfDNA variants. Most of them had one (n=1) or two (n=5) 
cfDNA variants in CHIP genes (6/25, 24%), most commonly 
in BCOR and SF3B1 (Figure 1C). Among 27 MDS patients 
(median age 63 years; range, 35-85), 20 (74%) had somatic 
cfDNA variants, including 16/27 (60%) with variants in CHIP 
genes. Patients had one (n=10) or two or more (n=6) 
cfDNA variants, TET2, SF3B1 and ASXL1 being most fre-
quent (Figure 1D). Also, 5/32 AA and 9/27 MDS patients 
were found to have cfDNA variants in non-CHIP genes 
(Figure 1C, D). Four MDS and three AA patients had cfDNA 
variants exclusively in non-CHIP genes (Online Supple-
mentary Tables S3 and S4).  

Concordance between cell-free DNA and blood cells 
was limited by the allele frequency of the variants 
In paired samples from healthy individuals (n=25), most 
cfDNA variants identified were not found in matched cells 
(i.e, they were false-positives), and true positives were 
likely germline variants (median VAF 47% in all cfDNA, 
PBMC and granulocytes) (Figure 2B). Sensitivity was de-
fined as a proportion of variants that was correctly de-
tected in cfDNA, and specificity was defined as the 
probability that a given patient was correctly reported 
with no variants. The positive predictive value was de-
fined as the probability of a variant detected in cfDNA 
being also detected in blood cells. In this cohort, sensi-
tivity, specificity and positive predictive value of the 
cfDNA assay were low (32%, 26% and 15%, respectively), 
and most discordant variants had median VAF <10% 
(Table 1, Figure 2B). Here, the median VAF of variants 
identified in the healthy cohort was 2.5%±10% (95% con-
fidence interval [CI]: 2-4] and both the sensitivity and 
positive predictive value of the assay for detecting vari-
ants at VAF <10% were poor (Figure 2E, Table 1). 
In contrast to healthy subjects, most cfDNA variants 
found in AA and MDS patients were true positives with 
high concordance between paired samples. Sensitivity, 
specificity and the positive predictive value of cfDNA in 
comparison to BM cells were greater than 70% and 85% 
in AA and MDS patients, respectively (Table 1). Most of the 
discordant pairs from AA- and MDS-matched samples 
were at lower VAF (Figure 2B). In all cohorts, the median 
VAF of discordant pairs was significantly lower than the 
VAF of true positives (7.6% [95% CI: 4-10] vs. 33% [95% CI: 

28-37]; t-test, P<0.001), and most discordant variants 
were at VAF <10% (upper CI of VAF from discordant pairs). 
Indeed, discordance observed in paired samples cor-
related with a proportion of discordant variants at VAF 
<10% in each cohort, regardless of disease types (Table 
1). Sensitivity, specificity and positive predictive value 
were very high in MDS, in which most variants were seen 
at higher VAF (median VAF=32%, 95% CI: 27-42) (Figure 
2E). In contrast, the lowest concordance was seen in 
healthy subjects, in whom most discordant variants were 
seen at VAF <10% (Figure 2B).  

Analytical factors associated with cell-free DNA 
screening were related to assay discordance 
We next investigated whether discordance also correlated 
with sequencing depth, an analytical factor that can lead 
to high rates of sequencing artifacts. In all cohorts, read 
depth of deduplicated reads in true positives was signifi-
cantly higher (482X, 95% CI: 368X–578X) (Figure 2D) than 
in false positives and false negatives (110X, 95% CI: 89X–
143X). To confirm these findings, we validated variants 
found in PB cells from two healthy subjects using an 
ultra-deep error-correcting sequencing panel with 13 
genes: plasma samples were not available for this in-
house validation. Four out of six variants initially identified 
in these PB cells at a median VAF of 2.5% (range, 2-3.6%) 
and a median read depth of 246X (range, 104X-347X) were 
all confirmed negative (Figure 2D). In this validation, 95% 
of confirmed negative variants were at VAF <3.5% and 
were sequenced at coverages below <350X, which may 
represent a limit of detection of this commercial assay 
(Figure 2D). Of note, as stated by the vendor, the assay 
has a typical sensitivity of 5% for overall variant detection 
and 3% for detecting specific somatic variants in “hot-
spots.” However, somatic variants with an allele frequency 
as low as 0.9% were reported by the laboratory, and in-
cluded in our concordance analysis. 
We found no specific genes or types of variants associ-
ated with assay discordance. When combining all three 
cohorts, false positive and false negative cfDNA variants 
were found mostly in ASXL1, TET2, SF3B1 and DNMT3A, 
and included missense, stop-gain and frameshift variants. 
The remaining discordant variants were seen in a broad 
spectrum of genes (Online Supplementary Figure S3).  

Stringent criteria to filter out discordant variants 
improved cell-free DNA concordance with blood cells 
To improve concordance between paired samples, we 
further refined our analysis by filtering out variants that 
were below the VAF and read depth thresholds of con-
firmed negative variants by error-correcting sequencing 
(likely artifacts from the cfDNA CLIA assay). We first dis-
carded variants at VAF <1% and read depth <700X, and 
variants at VAF <3.5% and read depth <400X (more strin-
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Figure 1. Clonal landscapes of somatic cell-free DNA variants detected in healthy individuals and patients with aplastic anemia 
or myelodysplastic syndromes. (A) The most frequently mutated genes in 107 healthy subjects obtained from genetic reports. 
Cell-free (cfDNA) variants were mostly found in DNMT3A, TET2, TP53 and ASXL1 (full lists of genes are shown in Online 
Supplementary Figure S2). However, during analysis, the original data from genetic reports were filtered out to remove variants 
that were likely false positive and false negative, due to low variant allele frequency (VAF) and low sequencing coverage. Variants 
originally reported by the Clinical Laboratory Improvement Amendments (CLIA) assay were filtered out from analysis if present 
at VAF <10% and had been sequenced at a read depth <100X, or were present at VAF <3.5% and had been sequenced at a read 
depth <400X. After data filtering, cfDNA variants were mostly found in DNMT3A, TET2, ASXL1 (DTA genes) and KIT. (B) Frequency 
of cfDNA variants by age ranges. Frequency of variants in genes commonly associated with clonal hematopoiesis of 
indeterminate potential (CHIP), including DTA genes,  and non-CHIP genes. Approximately 60% of individuals aged 40 years or 
older were found to have clonal hematopoiesis in cfDNA. (C) The most frequently mutated genes in 25 patients with aplastic 
anemia at enrollment in the NCT00932156 trial or at diagnosis. (D) The most frequently mutated genes in 27 patients with 
myelodysplastic syndromes at enrollment in the NCT01623167 trial. (E) Frequency of cfDNA variants by age ranges after original 
data were filtered to remove variants that were likely false positive and false negative, due to low VAF and low sequencing 
coverage. Frequency of variants in both CHIP genes, including DTA genes alone but also in non-CHIP genes, increased with aging. 
Approximately 30% of individuals aged 40 years or older were found to have clonal hematopoiesis in cfDNA. (F) The most 
frequently mutated genes in 25 patients with aplastic anemia after data filtering. BM: bone marrow; PB: peripheral blood; AA: 
aplastic anemia; MDS: myelodysplastic syndromes.

TP 
N

FN 
N

FP 
N

TN 
N

Sensitivity 
%

Specificity 
%

PPV  
%

Discordant 
variants %

Data originally reported by the CLIA- certified assay

Healthy individuals 7 16 41 4 30 9 15 89.1

VAF>10% 6 1 26 86 19 42.2

VAF<10% 1 15 15 6 6 46.9

Aplastic anemia 25 6 10 33 81 77 71 39

VAF>10% 11 0 0 100 100 0

VAF<10% 14 6 10 70 58 39

Myelodysplastic syndromes 85 15 0 11 85 100 100 15

VAF>10% 80 7 0 92 100 7

VAF<10% 5 8 0 38 100 8

Concordance after data filtering*

Healthy individuals 7 2 34 9 78 21 17 83.7

VAF>10% 6 1 25 86 19 60.5

VAF<10% 1 1 9 50 10 23.3

Aplastic anemia 17 3 1 39 85 98 94 19

VAF>10% 11 0 0 100 100 0

VAF<10% 6 3 1 67 86 19

Myelodysplastic syndromes 83 13 1 12 86 92 99 14.4

VAF>10% 80 11 1 88 99 12.4

VAF<10% 3 2 0 60 100 2.1

Table 1. Concordance between cell-free DNA and bone marrow or peripheral blood cells for detection of clonal hematopoiesis.

*Variants originally reported by the CLIA assay were filtered out from analysis if they were present at VAF <10% and had been sequenced at 
read depth <100X, or present at VAF <3.5% and had been sequenced at read depth <400X. No variants were found in four healthy individuals, 
and 33 AA and 11 MDS patients’ paired samples (labeled as true negatives). TP: true positive; FN: false negative; FP: false positive; TN: true 
negatives; PPV: positive predictive value; CLIA:  Clinical Laboratory Improvement Amendments; VAF: variant allele frequency.
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gent than the minimum of 350X observed as the upper 
95% CI for confirmed negative variants). cfDNA variants 
at a VAF <10% were only included in the analysis if the 
read depth was >100X (Figure 2D). Of note, the read depth 
of a variant at the lowest VAF (0.96%) found in both cfDNA 
and blood cells was 750X. Overall concordance between 
cfDNA and matched samples was improved for both 
healthy individuals and AA patients, but there were no 
significant changes in MDS paired samples (Table 1). 

In the healthy cohort, once filtering criteria were applied, 
the frequency of subjects with somatic cfDNA variants 
was lower than that in the original analysis (56/107; 52% 
vs. 92/107; 86%); the frequency of CHIP variants in indi-
viduals >40 years old also decreased (30% vs. 60%) (Fig-
ure 1B, E). In addition, the frequency of cfDNA variants in 
non-CHIP genes was no longer related to increased age, 
and the median allele frequency of the variants increased 
substantially to 12% (95% CI: 10-15) (Figures 1E and 2E, F). 



Figure 2. Concordance analysis of variants detected in cell-free DNA and in matched peripheral blood or bone marrow cells. (A) 
Schematic criteria used to classify cell-free DNA (cfDNA) variants as (i) true positive (TP), if detected in both cfDNA and a matched 
sample, or a matched sample at a different time-point; (ii) false positive (FP), if detected only in cfDNA; (iii) false negative (FN), if 
absent in cfDNA but present in the matched-sample; and (iv) true negative (TN), if no variants were found in either cfDNA or the 
paired samples. (B) Analysis with original data from genetic reports.  The figure shows the variant allele frequency (VAF) of TP, FN 
and FP variants detected in paired samples from healthy individuals (n=25), patients with aplastic anemia (AA, n=53) and patients 
with myelodysplastic syndromes (MDS, n=55).  VAF of FN variants corresponded to VAF found in peripheral blood (PB) or bone 
marrow (BM) cells. (C) VAF of TP, FP and FN detected in paired samples that remained in the analysis after original Clinical Laboratory 
Improvement Amendments (CLIA) data were filtered out to remove variants that were likely FP and FN, due to low VAF and low 
sequencing coverage. (D) VAF and coverage (read depth) of discordant variants (FP and FN) in comparison to TP variants. Single 
variants found in both cfDNA and matched blood cells are represented by dark blue circles (TP). Single discordant variants in cfDNA 
and matched blood cells are indicated with light blue circles (FP and FN). Variants identified in PB cells from healthy individuals and 
confirmed negative by ultra-deep error-correcting sequencing are represented by red circles. VAF of 10% and minimal read depth 
100X were thresholds that delimited the 95% confidence interval (95% CI) observed for discordant variants. VAF below 3.5% and read 
depth below 400X were the minimum thresholds of the assay sensitivity based on the VAF and read depth of confirmed negative 
variants (limits of detection of the assay). VAF and read depth of FN variants represent VAF and coverage of variants detected in PB 
or BM cells. (E) Median VAF with 95% CI of cfDNA variants reported in the CLIA cfDNA assay. Median VAF of cfDNA in healthy controls, 
and individuals with AA or MDS were 2.5% (2%-4%), 2.6% (2%-4%) and 32% (27%-42%), respectively. (F) Median VAF with 95% CI of 
cfDNA variants that remained in the analysis after original CLIA data were filtered out to remove variants that were likely FP and FN, 
due to low VAF and low sequencing coverage. Median VAF of cfDNA in healthy controls, and individuals with AA or MDS were 12% 
(10%-15%), 6.7% (2%-45%) and 37% (31%-42%), respectively.
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Figure 3. Performance of cell-free DNA for quantification of variants in comparison to matched peripheral blood or bone 
marrow cells. Linear regression was used to assess a correlation between quantification of clones in paired samples. Agreement 
analysis by the Bland-Altman method was performed to assess how accurate and precise the quantification of variants in cell-
free DNA (cfDNA) were in comparison to matched blood cells. This method calculates the bias, the mean difference between 
the variant allele frequency (VAF) of matched samples and its standard deviation (SD) to more accurately evaluate agreement 
between paired values. Bias and SD were later used to define limits of agreement (LoA; mean±2 SD) which represent the 95% 
confidence interval of mean differences. Both analyses were performed with paired variants from healthy subjects (A), patients 
with aplastic anemia  (B) and patients with myelodysplastic syndromes (C) who remained in the analysis after data filtering. For 
Bland-Altman analysis, differences of VAF of individual paired variants detected in cfDNA and peripheral blood or bone marrow 
cells are plotted against their average VAF (right panels). Mean differences (bias) of VAF and LoA (mean±2 SD) are shown in the 
graphic. The closer the mean was to zero and the narrower the LoA was, the better agreement between VAF of variants detected 
in paired samples. PB: peripheral blood; grans: granulocytes; PBMC: peripheral blood mononuclear cells; BM: bone marrow; AA: 
aplastic anemia; MDS: myelodysplastic syndromes.
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The frequency of CH in AA also decreased after data fil-
tering (9/25; 36% vs. 5/25; 25%). Although the median al-
lele frequency of the variants and the most commonly 
mutated genes changed slightly in AA after the filtering 
process (6.7%, 95% CI: 2%-45%) (Figures 1F and 2E, F), no 
changes were seen in MDS as most variants had high VAF 
and sequencing coverage (Figure 2B, C). In MDS, a variant 
previously found in matched samples and classified as a 
true positive was reclassified as a false positive after data 
filtering; in the BM, this variant was of low quality and 
systematically filtered with stringent criteria (Figure 2C).      

Quantification of clonal hematopoiesis in cell-free DNA 
was not comparable to that in blood cells 
We further investigated whether the VAF of filtered cfDNA 
variants accurately replicated the VAF in blood cells. Lin-
ear regression showed a high correlation between paired 
samples in all cohorts (R2 >0.7) (Figure 3). However, agree-
ment between the quantification of CH in cfDNA and 
matched blood samples by the Bland-Altman method 
was poor for all the cohorts (Figure 3A-C). An average dif-
ference (bias) and standard deviation (SD) of a clone size 
(VAF%) found in paired samples was 9.3%±9.5% in healthy 
individuals, 2.0%±5.7% in AA and -1.9%±6.5% in MDS. 
These large variations in the bias and SD translated to a 
wide range of limits of agreement (mean ± 2 SD); the lar-
gest variations were seen in healthy individuals and MDS 
samples as cfDNA variants over- and under-estimated 
clone sizes by up to 28% and 21%, respectively (Figure 3A, 
C). Also, in all cohorts, the bias of some paired values was 
not within the limits of agreement, suggesting that vari-
ations larger than the confidence intervals may often be 
observed in cfDNA, regardless of disease type.  

Healthy individuals with cell-free DNA variants 
in prognostically adverse genes  
We next assessed whether the presence of variants in 
genes highly related to an increased risk of developing 
myeloid malignancies (TP53, RUNX1, IDH1, IDH2 and U2AF1) 
was associated with clinical outcomes in healthy individ-
uals followed in the BLSA study. Nineteen individuals 
were initially found to have variants in prognostically ad-
verse genes, but most of these variants had no clinical 
significance as they were later filtered out due to their 
low VAF and poor sequencing coverage (especially TP53 
and DNMT3A variants) (Figure 4A). After data filtering, only 
two of ten individuals found with variants in prognos-
tically adverse genes developed hematologic diseases 
(Figure 4B). HC-26 and HC-64 were found with pathogenic 
variants in NRAS, U2AF1 and TP53 at VAF >30% which were 
associated with longstanding cytopenias. HC-26 died 2 
years following the data collection, reportedly from acute 
leukemia. Although HC-04 and HC-104 were also found to 
have pathogenic variants in U2AF1 and IDH1 at VAF around 

15%, the former had a diagnosis of prostate cancer with 
no evidence of hematologic disease at the time his 
sample was collected, and this variant may have been 
present in the bloodstream due to his solid organ malig-
nancy. Similarly, HC-64 had a high VAF TP53 variant, for 
which a somatic status was not confirmed. This individual 
had no history of hematologic disease or a solid malig-
nancy but had cytopenias of unknown significance for 9 
years before his last follow-up. The remaining cfDNA vari-
ants were at very small allele fractions (median VAF 1.2% 
with the subjects’ median age of 65 years) and none of 
the individuals was known to have myeloid malignancy at 
last follow-up, suggesting that the clinical utility of the 
cfDNA assays for CHIP surveillance in healthy individuals 
was limited. 

Discussion 
The questionable analytical validity of cfDNA assays has 
raised concerns regarding their clinical utility. Two major 
issues facing routine implementation of cfDNA tests are 
the high frequency of discordant variants in matched 
samples and the lack of characterization of the cfDNA ge-
nomic landscapes in both healthy individuals and in spe-
cific disease states.2 As most studies in this field have 
focused on precision oncology and detection of tumor-
derived DNA, the clinical utility of cfDNA assays for CH 
detection and surveillance remains poorly characterized. 
Using a single CLIA-certified assay, we showed that cfDNA 
assay performance in detecting CH was limited by ana-
lytical factors, which may preclude its use for CH detec-
tion and surveillance; and the reliability of a single 
commercial cfDNA assay was limited when variants were 
at VAF <10%.   
Assay sensitivity among massive parallel sequencing plat-
forms is a key limitation for accurate detection of variants 
with low allele frequency in cfDNA.4,6 Invariably, all studies 
showing high cfDNA accuracy for tumor genotyping over-
come potential sequencing errors by utilizing deep error-
correcting sequencing techniques with original depths of 
6200X-60000X to achieve error-correcting sequencing 
deduplication ratios of 360X-2400X and optimized proto-
cols to mitigate sequencing errors.4-6,27 In practice, there 
is still no evidence of clinical utility of cfDNA assays for 
detection and monitoring of variants at very low allele 
burdens.2 Discordance among CLIA assays has also been 
reported for liquid biopsies when patients’ paired 
samples were assessed in parallel in different labora-
tories.21-23 Similar to our results, discordance was mainly 
observed in variants at average VAF of 1% (and up to 3%) 
whereas higher concordance is observed at VAF >10%.21-23 
In contrast to the situation in malignant diseases, unbi-
ased CH detection and quantification in asymptomatic in-



Figure 4. Healthy individuals with cell-free DNA variants in prognostically adverse genes. (A) The number of cell-free DNA 
(cfDNA) variants in prognostically adverse genes that were reported in the original genetic reports (black columns) and filtered 
by stringent criteria (red columns). (B) Retrospective clinical data from individuals enrolled in the Baltimore Longitudinal Study 
of Aging who were found to have variants in clonal hematopoiesis of indeterminate potential (CHIP) genes associated with an 
increased risk of myeloid malignancies. VAF: variant allele frequency.
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dividuals or in a disease with a low allele burden may be 
more challenging because cfDNA levels are typically lower 
in healthy individuals and are proportional to an allele 
burden and cell turnover.28,29 Additionally, a cfDNA yield in 
AA is low because of the lack of hematopoietic cells. As 
seen in our MDS cohort, sensitivity may not be critical 
when cfDNA is used for molecular profiling of malignant 

hematologic diseases with high allele burdens. In 
contrast, for asymptomatic individuals with CHIP and for 
AA patients, a minimal threshold of 10% for detecting de 
novo variants may not be useful, and reliable CH detec-
tion and quantification may be better achieved by screen-
ing of blood cells.  
The frequency of CH in cfDNA from healthy individuals 

A

B
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was higher than that in blood cells reported in previous 
studies (60% of individuals >40 years old vs. 10% of indi-
viduals >60 years old).9,12 However, this discrepancy may 
be explained by analytical factors related to the cfDNA 
screening, such as the use of a high sensitivity DNA se-
quencing approach and the increased number of false 
positive variants found at very low VAF in cfDNA. After we 
filtered the data to remove likely discordant variants, the 
frequency of CH in cfDNA from healthy individuals >40 
years old was 30%, which was consistent with the data 
from error-correcting sequencing studies.14,16,24 Interest-
ingly, after data filtering healthy individuals were pre-
dominantly found with single CHIP variants, as opposed 
to the initial data showing they were more frequently ob-
served with two or more variants. 
Since we classified cfDNA variants as false positives solely 
based on their presence in matched blood cells and the 
cfDNA pool including circulating DNA released from other 
tissues, it is possible that variants labeled as false positive 
may be truly present but not be of a hematopoietic origin. 
Thus, an accurate and precise assay as well as character-
ization of the clonal cfDNA landscape in healthy people is 
critical for interpretation of results. In individuals from 
BLSA, who had long-term follow-up and from whom a 
comprehensive clinical history was available, cfDNA vari-
ants likely to be related to a malignant disease were not 
found in the most commonly mutated CHIP genes. True 
positive variants at VAF <10% were mainly observed in AA 
(Figure 2B, C), but increased concordance in this specific 
setting may be explained by the fact that their cfDNA and 
BM samples were the only ones analyzed and reported in 
parallel by the laboratory. The knowledge of parallel BM re-
sults or previous data may have influenced cfDNA results 
as opposed to a true de novo detection (independently se-
quenced, analyzed and reported).  
Accurate CH quantification in cfDNA is also critical for 
CHIP surveillance and therapeutic decisions in both AA 
and MDS. Although cfDNA often correlates with blood 
cells for quantification of clones,4,6,30 agreement by Bland-
Altman analysis showed poor agreement in quantification 
of mutant allele burdens between cfDNA and blood cells, 
suggesting that these DNA sources were not interchange-
able for monitoring clonal dynamics. These findings could 
mislead correct interpretation of patients’ clonal dy-
namics as the clone size is an important genomic marker 
of progression to myeloid malignancies.  
We could not assess association of the cfDNA profile 
with clinical outcomes and a cardiovascular risk, due to 
small sample sizes of the cohorts. Lack of paired 
samples from healthy individuals and other clinical 
samples for an in-house deep error-correcting sequenc-
ing validation was the major limitation of this study. 
Here, the hematopoietic origins of cfDNA variants found 
in BLSA individuals were only validated in PBMC. Al-

though previous studies have shown that either PB and 
BM cells can be used for the detection and quantifica-
tion of CH,10,31,32 whether PBMC and granulocytes mirror 
BM as matched samples is still uncertain. We did not in-
vestigate whether biological differences accounted for 
cfDNA discordance with blood cells, nor did we assess 
the contribution of copy number variations for CH as 
cfDNA was not suitable for its detection. Of note, the 
commercial cfDNA assay used in this study was only 
validated for screening of myeloid malignancies and AA, 
not of healthy individuals. Nevertheless, lack of concord-
ance was also seen in AA and MDS, suggesting that bio-
logical factors were not the main explanation of the 
assay discordance.  
To our knowledge, this is the first study that assessed 
the performance of a commercial cfDNA assay for the 
detection and quantification of CH in AA and MDS pa-
tients in parallel with healthy individuals. Although cfDNA 
tests have emerged as a non-invasive alterative to BM bi-
opsies, our data suggest that their performance was not 
superior to the use of BM cells for CH profiling of dis-
eases marked by variants present at low allele burdens. 
However, our data were derived from the use of a single 
commercial cfDNA assay, and its performance may not 
be comparable to that of other commercial assays. 
Nevertheless, the clinical use of cfDNA for detection and 
surveillance of CH in healthy individuals showed no ad-
vantage over the use of PB cells (additionally, both of 
these methods require the same PB sampling). The use 
of a cfDNA assay for de novo CH detection may be limited 
to diseases with a high allele burden (such as MDS) or 
retrospective studies for which plasma is the only source 
of DNA. Still, clinical reports must be interpreted with 
caution, especially when reporting de novo cfDNA vari-
ants at low levels; up to 50% of variants from the cfDNA 
reports of low VAF were likely artifacts. Ultra-sensitive 
assays with robust sequencing coverage and error-cor-
rection methodology may be required to overcome assay 
discordance; however, the commercial implementation 
of such assays may still be prohibited by costs. Although 
the primary focus of this study was not the screening of 
circulating tumor DNA, insights into methodology illus-
trated in our work could be applied to solid tumors when 
the circulating tumor DNA burden in plasma is low and 
detection of very small clones is required.  
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