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Background/Aims: We evaluated the role of next-generation sequencing (NGS)-based disease monitoring for elderly pa-
tients diagnosed with acute myeloid leukemia (AML) who received decitabine therapy. 
Methods: A total of 123 patients aged > 65 years with AML who received decitabine were eligible. We analyzed the dy-
namics of variant allele frequency (VAF) in 49 available follow-up samples after the fourth cycle of decitabine. The 58.6% 
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INTRODUCTION

The incidence of acute myeloid leukemia (AML) increases 
with age, with a median age of approximately 70 years at 
diagnosis [1,2]. The prognosis of elderly patients with AML 
is poor for various reasons, including patients’ medical co-
morbidities, performance status, and disease biology [3-5]. 
Compared with younger patients, elderly patients with AML 
have different genetic characteristics, and the treatment of 
elderly patients with AML remains challenging due to in-
tolerance and resistance to intensive chemotherapy [4,6,7]. 
These factors lead physicians to favor less-intensive treat-
ment rather than standard intensive chemotherapy [8,9]. 
Hypomethylating agents (HMAs) are widely used in clinical 
practice because they are relatively well tolerated with low 
treatment-related toxicity [10]. HMAs are particularly ap-
propriate in the treatment of AML in elderly patients with 
comorbidities, poor performance status, and intolerance to 
combination therapy with venetoclax [10].

The genomic approach in clinical medicine has improved 
by developing next-generation sequencing (NGS). Thus, with 
NGS testing, AML can be categorized according to genetic 
risk [9,11]. However, the risk stratification of 2017 Europe-
an LeukemiaNet (ELN) is generally focused on younger pa-
tients who are fit on standard induction treatment [11,12]. 
In addition, the therapeutic responses of AML patients were 
defined by morphologic complete remission (CR) [11]. Most 
patients with AML have molecular mutations at diagnosis, 
and NGS analysis has been widely used to detect and trace 
gene mutations. Therefore, NGS-based measurable residu-

al disease (MRD) monitoring has been used to predict re-
lapse in patients who have undergone intensive treatment 
[13,14]. Recent studies have been conducted to detect MRD 
to predict relapse risk [13-17]. However, the genetic muta-
tions associated with prognosis among older HMA-treated 
AML patients have not been well delineated, and an appro-
priate MRD marker for elderly AML patients has yet to be 
established [18,19].

In this retrospective study, we analyzed the prognostic 
impact of genetic mutations at AML diagnosis in elderly 
patients treated with decitabine. Additionally, we aimed to 
determine the prognostic significance of NGS-based disease 
monitoring in our cohort.

METHODS

Patients
Patients diagnosed with AML between 2013 and 2020 were 
enrolled from a single institution. Eligible patients were 
those aged 65 years or older, with a confirmed diagnosis 
of AML according to the 2016 World Health Organization 
criteria, receiving decitabine for first-line therapy, and avail-
able for NGS using bone marrow (BM) samples at diagno-
sis. Patients diagnosed with acute promyelocytic leukemia 
were excluded. All patients received decitabine in standard 
doses (20 mg/m2 by intravenous infusion for 5 consecutive 
days) every 4 weeks. Among 64 patients who received at 
least four cycles of decitabine, 55 underwent follow-up BM 
biopsy after the fourth decitabine cycle, and two patients 

VAF clearance (∆, [VAF at diagnosis − VAF at follow-up] × 100 / VAF at diagnosis) was the optimal cut-off for predicting over-
all survival (OS). 
Results: The overall response rate was 34.1% (eight patients with complete remission [CR], six of CR with incomplete he-
matologic recovery, 22 with partial responses, and six with morphologic leukemia-free status). Responders (n = 42) had sig-
nificantly better OS compared with non-responders (n = 42) (median, 15.3 months vs. 6.5 months; p < 0.001). Of the 49 pa-
tients available for follow-up targeted NGS analysis, 44 had trackable gene mutations. The median OS of patients with ∆VAF 
≥ 58.6% (n=24) was significantly better than that of patients with ∆VAF < 58.6% (n = 19) (20.5 months vs. 9.8 months,  
p = 0.010). Moreover, responders with ∆VAF ≥ 58.6% (n = 20) had a significantly longer median OS compared with respond-
ers with VAF < 58.6% (n = 11) (22.5 months vs. 9.8 months, p = 0.004). 
Conclusions: This study suggested that combining ∆VAF ≥ 58.6%, a molecular response, with morphologic and hemato-
logic responses can more accurately predict OS in elderly AML patients after decitabine therapy.
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underwent BM biopsy after the second and third decitabine 
cycles, respectively, due to disease progression. Forty-nine 
patients’ follow-up BM samples underwent sequential tar-
geted NGS sequencing. The study was conducted according 
to the principles of the Declaration of Helsinki. This study 
was approved by the Institutional Review Board of the 
Chonnam National University Hwasun Hospital, Korea (IRB 
No. CNUHH-2020-147). The details of the patients who un-
derwent treatment are summarized in Supplementary Fig. 1.

Molecular analysis: NGS
NGS was performed on 123 samples collected from BM at 
the time of initial diagnosis and 49 follow-up BM samples. 
Deep sequencing was performed by targeting the coding re-
gions of 51 genes with recurrent driver mutations based on 
data extracted from large cohort studies investigating AML 
and other myeloid malignancies (Supplementary Table 1)  
[20,21]. The targeted panel was constructed using a cus-
tom Agilent probe set (Agilent Technologies, Santa Clara, 
CA, USA). We defined the threshold of MRD positivity as 
variant allelic frequency (VAF) ≥ 0.2% for follow-up BM bi-
opsies based on the mutation locus background error rates, 
given that the mutations were present at diagnosis at VAF 
≥ 2% [13]. The detailed sample preparation, NGS, and vari-
ant calling procedures are provided in the Supplementary 
Materials.

Statistical analysis
Clinical characteristics were analyzed using chi-square tests 
for categorical variables, and two-sided Student’s t tests 
were used to analyze the quantitative variables. The sta-
tistical significance of VAF changes was determined using 
paired t tests. VAF clearance (∆VAF) was calculated using 
the following formula: (VAFdx − VAFfu) / VAFdx × 100. Using 
the R package ‘rpart’ for recursive partitioning to define a 
significant clearance rate (∆) of VAF, we defined ∆58.6% 
as the optimal cut-off value (Supplementary Fig. 2). For pa-
tients with multiple genetic alterations, the maximum VAF 
clearance rate was considered the ∆VAF. The genetic risk 
stratification, along with definitions of CR, CR with incom-
plete hematologic recovery (CRi), morphologic leuke-
mia-free state (MLFS), partial remission (PR), and no re-
sponse, followed the 2017 ELN recommendations [11]. 
The overall response rate was defined as the proportion 
of patients who achieved CR, CRi, PR, and MLFS. Overall 
survival (OS) was calculated from the diagnosis of AML to 

Table 1. Clinical characteristics of AML patients (n = 123)

Characteristic Value

Age, yr 75 (67–89)

Gender (male) 62 (50.4)

Type of AML

De novo 112 (91.1)

Secondary 11 (8.9)

ELN risk stratification

Favorable 22 (17.9)

Intermediate 62 (50.4)

Adverse 39 (31.7)

Karyotype

Favorable risk

t(8;21) 2 (1.6)

inv(16) 1 (0.8)

Intermediate risk

Normal karyotype 71 (57.7)

t(9;11) 1 (0.8)

del(13q) 2 (1.6)

Other numerical 5 (4.0)

Other structural 6 (4.8)

Adverse risk

Complex karyotype 20 (16.3)

-5 or del(5q) 2 (1.6)

-17 1 (0.8)

No mitotic cells 3 (2.4)

Blast percentage

Bone marrow, % 57.5 (10–95.5)

Peripheral blood, % 32.8 (0–99)

Bone marrow cellularity, % 65 (10–90)

White blood cells, /μL 32,190 (400–244,500)

Hemoglobin, g/dL 8.5 (3.6–15.0)

Platelet count, /μL 103,000 (2,000–1,809,000)

Median cycle of decitabine 6 (1–41)

Follow-up duration of surviving 
patients, months

15 (9.5–48.6)

Cause of death 109 (88.6)

Infection 53 (43.1)

Disease progression 51 (41.5)

Bleeding 3 (2.4)

Myocardial infraction 1 (0.8)

Combined other malignancy 1 (0.8)

Values are presented as median (range) or number (%).
AML, acute myeloid leukemia; ELN, European LeukemiaNet.
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the date of death or last follow-up. Event-free survival (EFS) 
was calculated as the interval from the date of the first ad-
ministration of decitabine to the date of disease progression 
or date of death from any cause, whichever occurred first. 
The Kaplan-Meier method was used to analyze OS and EFS. 
The log-rank test was used to analyze the survival outcomes. 
Cox regression models were used for the multivariate analy-
sis of various factors. To clarify the immortal time bias, land-
mark analyses were performed with patients (n = 84) who 
survived at least 3.6 months (because the median time from 
treatment initiation to follow-up BM examination after four 
decitabine cycles was 3.6 months). A p value less than 0.05 
was considered statistically significant. Data analysis was 
performed using SPSS Statistics for Windows, version 26.0 
(IBM Corp., Armonk, NY, USA) and EZR, version 1.54 (Jichi 
Medical University, Saitama, Japan) [22].

RESULTS

Characteristics of enrolled patients
A total of 123 patients diagnosed with AML were eligible. 
With a median age of 75 years (range, 67 to 89 years), 112 

patients (91.1%) were diagnosed with de novo AML and  
11 (8.9%) with secondary AML. According to the 2017 ELN 
risk stratification, 22 patients (17.9%) were classified as 
favorable, 62 (50.4%) as intermediate, and 39 (31.7%) as 
adverse risk. Favorable cytogenetic abnormalities were de-
tected in three patients (2.4%), and most patients (n = 71, 
57.7%) had normal karyotypes. Twenty patients (16.3%) 
had complex aberrant karyotypes. The median number of 
decitabine cycles was 6 (range, 1 to 41), and the median fol-
low-up duration was 15 months (range, 9.5 to 48.6 months) 
among survivors. There were 109 deaths (88.6%), and the 
most common causes of death were infection (43.1%) 
and disease progression (41.5%). The median OS was 6.3 
months (95% confidence interval [CI], 5.1 to 8.1; Supple-
mentary Fig. 3A), and the median EFS was 6.3 months (95% 
CI, 4.5 to 7.7; Supplementary Fig. 3B). Other details of the 
patients’ characteristics and clinical courses are summarized 
in Table 1 and Supplementary Fig. 1. 

Genetic mutation status at diagnosis
In the diagnostic samples, 108 patients (87.8%) had detect-
able genetic mutations, with a median of two mutations 
per patient (range, 1 to 6; mean, 2.3 per patient) and a me-

Table 2. Clinical correlation of overall response after four cycles of decitabine (n = 64)

Overall response
p value

Responder (n = 41) Non-responder (n = 23)

ELN risk stratification

Favorable risk (n = 11) 7 (17.1) 4 (17.4) 0.557

Intermediate risk (n = 33) 23 (56.1) 10 (43.5)

Adverse risk (n = 20) 11 (26.8) 9 (39.1)

Cytogenetics

Normal karyotype (n = 35) 22 (53.7) 13 (56.5) 0.517

Complex karyotype (n = 11) 6 (14.6) 5 (21.7) 0.347

Categories of related genes

Activated signaling genes (n = 28) 17 (41.5) 11 (47.8) 0.408

DNA-methylation-related genes (n = 24) 15 (36.6) 9 (39.1) 0.524

Chromatin-modifying genes (n = 3) 2 (4.9) 1 (4.3) 0.709

Transcription-factor fusion genes (n = 13) 8 (19.5) 5 (21.7) 0.537

Tumor-suppressor genes (n = 11) 5 (12.2) 6 (26.1) 0.143

NPM1 (n = 11) 8 (19.5) 3 (13.0) 0.386

Spliceosome-complex genes (n = 11) 5 (12.2) 5 (26.1) 0.143

Cohesin-complex genes (n = 4) 1 (2.4) 2 (8.7) 0.291

Values are presented as number (%).
ELN, European LeukemiaNet; NPM1, nucleophosmin 1.
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dian VAF of 32.5% (range, 2.0% to 95.0%). The patients’ 
mutational profile is shown in Supplementary Fig. 4. The 
most frequently detected mutations (in terms of categories 

of related genes) were those of activated signaling genes  
(n = 58; 47.2%), followed by DNA-methylation–related 
genes (n = 55, 44.7%), the gene encoding nucleophos-

Figure 1. Variant allele frequency clearance rate (∆VAF) at follow-up; ∆VAFs measured from paired samples at diagnosis and the fol-
low-up bone marrow samples after four cycles of decitabine. (A) ∆VAFs at follow-up, (B) ∆VAF at follow-up in association with each ge-
netic mutation.
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min 1 (n = 26, 21.1%), spliceosome-complex genes (n = 
26, 21.1%), transcription-factor fusions (n = 21, 17.1%), 
and tumor-suppressor genes (n = 18, 14.6%). The most fre-
quently detected mutations at diagnosis were mutations of 
FLT3 (n = 34, 27.6%; FLT3-ITD, n = 24 [high ratio, n = 10; 
low ratio, n = 14)]; FLT3-TKD, n = 10), followed by IDH1/IDH2 
(24.3%; IDH1, n = 12; IDH2, n = 19), NRAS/KRAS (n = 18, 
14.6%), DNMT3A (n = 18, 14.5%), TP53 (n = 15, 12.1%),  
and TET2 (n = 14, 11.0%) (Supplementary Fig. 4C). DNA 
methylation-related genes were more commonly detected 
in the intermediate ELN risk group than other risk groups 
(p = 0.019). Among 15 patients who carried no detectable 
mutations of known AML-associated driver genes, nine pa-
tients had normal karyotypes, and one patient had a com-
plex karyotype.

Prognostic impact of cytogenetics, mutation 
status at diagnosis, and treatment response
Patients with complex karyotypes (n = 20; hazard ratio [HR], 

1.52; 95% CI, 0.93 to 2.48; p = 0.095) showed a trend of 
poor survival compared with the other patients (Supplemen-
tary Fig. 5A). Patients with TET2 (n = 14; HR, 2.05; 95% 
CI, 1.15 to 3.63; p = 0.014) and TP53 (n = 15; HR, 1.64; 
95% CI, 0.95 to 2.56; p = 0.097) mutations had poor OS. 
Patients with mutations of tumor-suppressor genes trended 
toward poor survival compared with the other groups (HR, 
1.54; 95% CI, 0.92 to 2.56; p = 0.097). The survival analy-
sis, conducted according to genetic mutations at diagnosis, 
is depicted in Supplementary Fig. 5B.

The overall response rate to decitabine treatment in this 
cohort was 34.1% (42/123; CR, n = 8; CRi, n = 6; PR, n = 
22; MLFS, n = 6; Supplementary Fig. 6A). There were no 
significant differences in overall response rates according to 
2017 ELN risk stratification, cytogenetic abnormality, genet-
ic mutation, or category of related genes (Supplementary 
Fig. 6B, Table 2). Responders (n = 42; those who achieved 
CR, CRi, PR, or MLFS) had significantly better survival out-
comes compared with non-responders (n = 42) in the land-

Table 3. Clinical correlation between ∆VAF ≥ 58.6% and ∆VAF < 58.6% after the fourth cycle chemotherapy (n = 44)a)

∆VAF

∆VAF ≥ 58.6% (n = 24) ∆VAF < 58.6% (n = 20) p value

ELN risk stratification 0.726

Favorable risk (n = 6) 4 (16.7) 2 (10.0)

Intermediate risk (n = 26) 13 (54.2) 13 (65.0)

Poor risk (n = 12) 7 (29.2) 5 (25.0)

Cytogenetics

Normal karyotype (n = 26) 13 (54.2) 13 (65.0) 0.338

Complex karyotype (n = 6) 3 (12.5) 3 (15.0) 0.575

Categories of related genes

Activated signaling gene (n = 22) 13 (54.2) 9 (45.0) 0.381

DNA-methylation-related genes (n = 18) 6 (25.0) 12 (60.0) 0.020

Chromatin modifying gene (n = 3) 2 (8.3) 1 (5.0) 0.570

NPM1 (n = 7) 5 (20.8) 2 (10.0) 0.290

Transcription-factor fusion genes (n = 12) 7 (29.2) 5 (25.0) 0.514

Tumor-suppressor genes (n = 5) 1 (4.2) 4 (20.0) 0.121

Spliceosome-complex genes (n = 10) 4 (16.7) 6 (30.0) 0.245

Cohesin-complex genes (n = 3) 0 3 (15.0) 0.086

Overall response 0.043

Responder (n = 31) 20 (83.3) 11 (55.0)

Non-responder (n = 13) 4 (16.7) 9 (45.0)

Values are presented as number (%).
∆VAF, variant allele frequency clearance rate; ELN, European LeukemiaNet; NPM1, nucleophosmin 1.
a)Five of 49 patients who underwent follow-up bone marrow biopsy did not have traceable gene mutation.
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mark analysis (median OS, 15.3 months vs. 6.5 months; 
p < 0.001; median EFS, 14.7 months vs. 6.5 months; p < 
0.001) (Supplementary Fig. 3C, D). Among responders, the 
achievement of CR/CRi (n = 14) or PR (n = 22) was associ-
ated with better OS, but MLFS (n = 6) was associated with 

inferior OS (median OS, 19.3 months vs. 16.0 months vs. 
8.1 months; p = 0.023) and inferior EFS (median EFS, 15.3 
months vs. 15.1 months vs. 7.2 months; p = 0.036) (Supple-
mentary Fig. 3E, F).

Figure 3. Kaplan-Meier curves using landmark analysis (3.6 months) for elderly acute myeloid leukemia patients according to variant allele 
frequency VAF clearance (∆VAF). (A) Overall survival (OS) in the entire cohort excluding those with DNMT3A, TET2, and ASXL1 (DTA) mu-
tations; (B) OS in the non complete remission (non-CR)/CR with incomplete hematologic recovery (CRi) group; (C) event-free survival (EFS) 
in the entire cohort excluding those with DTA mutations; (D) EFS in the non-CR/CRi group. After landmark analysis, the 39 patients who 
died before 3.6 months were excluded from the survival analysis. Others included the stable VAF group (∆VAF < 58.6%), the group of 
patients with no mutations, and the group that did not have available follow-up BM samples in each cohort. 
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NGS-based MRD status
Of the 49 patients available for targeted NGS analysis after 
the fourth decitabine cycle, 44 had trackable gene mutations 
at diagnosis (Fig. 1). Eight of 44 patients (18.2%) achieved 
MRD negativity after four cycles of decitabine treatment. 
Among patients with each mutation, the median clearance 
rate of VAF was ∆43.7%. Figure 2 shows the clearance 
rates of VAF after the fourth decitabine cycle. Mutations of 
DNMT3A, TET2, and ASXL1 (DTA genes) were detected in 
samples from 29 patients at diagnosis. The DTA mutations, 
which are associated with age-related clonal hematopoiesis, 
were also persistently highly detected after the fourth cycle 
of decitabine (p = 0.428, Fig. 2B). Therefore, DTA mutations 
were excluded from the VAF clearance analysis. In the CR 
and CRi groups, the median VAFs at diagnosis decreased 
significantly after the fourth decitabine cycle (from 20.9% 
to 0.1% in the CR group, p = 0.001, Fig. 2C; from 20.6% to 
2.9% in the CRi group, p = 0.121, Fig. 2D). In the PR group, 
the median VAF also decreased from 24.4% to 12.0%  
(p = 0.002, Fig. 2E). However, in the MLFS and non-responder 
groups, the median VAF was persistently maintained (from 
18.7% to 19.9% in the MLFS group, p = 0.468, Fig. 2F;  
from 23.5% to 20.6% in the non-responder group; p = 
0.665, Fig. 2G).

In the survival analysis, a 10% increase in mutation clear-
ance improved OS by 11.7% (HR, 0.883; 95% CI, 0.837 to 
0.930; p = 3.00 × 10-6). Based on a clearance rate of VAF 
∆58.6%, which was the most informative cut-off point, 
24 patients (54%) had VAF reductions ≥ 58.6% (Fig. 1A). 
There were no associations of 2017 ELN risk stratification, 
cytogenetics, and categories of related gene abnormalities 
between responders and non-responders (Table 2). Howev-
er, there was a significantly higher proportion of responders 
than non-responders (p = 0.043, Table 3) with reduced VAF 
(∆VAF ≥ 58.6%).

PTPN1, FLT3-TKD, EZH2, RUNX1, and TP53 mutations 
were associated with a median ∆VAF ≥ 58.6%. DNA-meth-
ylation gene (DMNT3A, TET2, IDH1, and IDH2) mutations 
were associated with a median ∆VAF < 58.6% (Fig. 1B).

Correlation between survival and ∆VAF
The median OS of patients with ∆VAF ≥ 58.6% (n = 24) 
was significantly longer than that of patients with ∆VAF  
< 58.6% (n = 20 [median OS, 20.5 months vs. 9.8 months; 
p = 0.033]). MRD-negative patients had a good prognosis, 
with a median OS and EFS of 20.5 months, respectively. 
After DTA mutations were excluded, the survival outcomes 
remained similar to those derived from the analysis that in-

Table 4. Univariate and multivariate Cox proportional hazards regression analyses predicting OS and EFS in elderly AML  

patients

Variable

Overall survival Event free survival

Univariate HR 
(95% CI)

p value
Multivariate HRa) 

(95% CI)
p value

Univariate HR 
(95% CI)

p value
Multivariate HRa) 

(95% CI)
p value

Ageb) 1.06 (1.01–1.11) 0.009 1.09 (0.97–1.23) 0.149 1.05 (1.01–1.10) 0.020 1.06 (0.95–1.19) 0.309

TET2 2.05 (1.15–3.63) 0.014 4.54 (1.27–16.25) 0.020 2.00 (1.13–3.55) 0.018 4.67 (1.29–16.85) 0.019

TP53 1.65 (0.95–2.86) 0.077 3.97 (1.12–14.04) 0.032 1.77 (1.02–3.07) 0.044 1.72 (0.32–9.29) 0.530

Complex  
karyotype

1.52 (0.93–2.48) 0.095 0.98 (0.26–3.69) 0.978 1.76 (1.07–2.89) 0.026 3.79 (1.43–10.07) 0.008

∆VAFc)

≥ 58.6% 0.47 (0.22–0.98) 0.049 0.46 (0.21–0.99) 0.047 0.36 (0.17–0.80) 0.012 0.39 (0.17–0.86) 0.019

< 58.6% Reference Reference

Univariate analysis and multivariate Cox proportional hazards regression analysis was conducted using the log-rank method. Multi-
variate analysis was performed using the covariates that yielded p values < 0.1 in the univariate analysis.
OS, overall survival; EFS, event-free survival; AML, acute myeloid leukemia; HR, hazard ratio; CI, confidence interval; VAF, variant 
allele frequency; ∆VAF, VAF clearance rate.
a)Multivariate Cox regression analysis was conducted on 43 patients for whom the VAF clearance rate was measurable.
b)Continuous variable.
c)Forty-three patients who could be classified as VAF ≥ 58.6% and ∆VAF < 58.6% in entire cohort, except for those with DNMT3A, 
TET2, and ASXL1 mutations, were included in the univariate and multivariate analysis.
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cluded DTA mutations (median OS of ∆VAF ≥ 58.6% [n = 
24], 20.5 months; ∆VAF < 58.6% [n = 19], 9.8 months;  
p = 0.010; Fig. 3A). In addition, the median EFS of patients 
with reduced VAF was significantly longer than that of pa-
tients with ∆VAF < 58.6% (median EFS, 15.7 months vs. 
9.1 months, p = 0.007). In the analysis excluding the DTA 
mutations, the survival outcomes remained similar to those 
derived from the analysis that included the DTA mutations 
(median EFS of ∆VAF ≥ 58.6% [n = 24], 15.7 months; ∆VAF 
< 58.6% [n = 19], 9.1 months; p = 0.004, Fig. 3C).

∆VAF ≥ 58.6% was more frequently observed in respond-
ers (p = 0.043, Table 3). Therefore, we further analyzed the 
prognostic significance of ∆VAF ≥ 58.6% in responders. Re-
sponders with ∆VAF ≥ 58.6% had significantly longer OS 
and EFS than responders with ∆VAF < 58.6% (Fig. 3B, D). 
The median OS in the responders with ∆VAF ≥ 58.6% (n = 
20) was 22.5 months, which was longer than the median 
12.7 months in responders with ∆VAF < 58.6% (n = 11,  
p = 0.020, Fig. 3B). 

Table 4 summarizes the results of the univariate and mul-
tivariate Cox regression analyses to evaluate the variables 
associated with OS and EFS. Univariate analysis revealed 
∆VAF ≥ 58.6%, TET2 mutation, and TP53 mutation to be 
significant predictors of OS and EFS (all, p < 0.05). Multi-
variate Cox regression analysis revealed ∆VAF ≥ 58.6% (OS  
[p = 0.047; HR, 0.46; 95% CI, 0.21 to 0.99], EFS [p = 0.019; 
HR, 0.39; 95% CI, 0.17 to 0.86]), TET2 (OS [p = 0.020; HR, 
4.54; 95% CI, 1.27 to 16.25], and EFS [p = 0.019; HR, 4.67; 
95% CI, 1.29 to 16.85]) to be independent predictors of OS 
and EFS (Table 4).

Discussion

This study aimed to identify the prognostic significance of 
VAF reductions in elderly AML patients after decitabine 
treatment. The group with reduced VAF (∆VAF ≥ 58.6%) 
had significantly longer OS and EFS than the group with-
out ∆VAF ≥ 58.6%. Additionally, responders with ∆VAF  
≥ 58.6% had significantly longer OS and EFS. For elderly 
AML patients after decitabine treatment, long-term re-
sponses can be more accurately predicted when the ∆VAF 
≥ 58.6%, with additional evidence from morphologic and 
hematologic HMA treatment responses.

MRD assessments are widely studied as prognostic fac-
tors after induction chemotherapy and after transplantation 

[13,14,23]. However, NGS-based MRD assessment in pa-
tients receiving low-intensity treatment has not been fully 
evaluated. The goal of intensive treatment is to achieve CR, 
and MRD clearance is an important predictable molecular 
marker of relapse. Recently, Boddu et al. [24] demonstrat-
ed the clinical relevance of MRD negativity in older patients 
with AML treated with HMAs. Using multicolor flow cytom-
etry, they showed a significant advantage of MRD nega-
tivity in terms of the cumulative incidence of relapse [24]. 
However, this result did not translate to improved survival 
[24]. In that study, 13 patients were MRD-negative among 
24 patients in the reduced-VAF group. The expectation of 
molecular clearance with only HMA treatment in older AML 
patients is questionable because somatic mutations with rel-
atively high VAF remain after HMA administration [25,26]. 
Therefore, MRD negativity is not a conclusive prognostic 
marker for elderly AML patients treated with HMAs. In our 
study, reduced VAF (∆VAF ≥ 58.6%) was shown to be a 
feasible prognostic marker for predicting OS and EFS for el-
derly patients. These results emphasize the importance of 
VAF reduction, along with MRD negativity, in elderly AML 
patients treated with HMAs. The goal of HMA treatment 
in this patient population is to prolong survival rather than 
achieve cure.

Our study demonstrated that decitabine-treated elderly 
AML patients who achieved CR/CRi or PR had prolonged 
survival. Similar to our study, Molica et al. [27] found that the 
achievement of CR or PR after HMA treatment was signifi-
cantly associated with better outcomes; they also observed 
no differences between CR and PR in elderly AML patients. 
However, that study did not clearly define MLFS. Our study 
found that such favorable outcomes were not associated 
with an MLFS in elderly AML patients. One of the reasons 
for the non-survival benefit in the MLFS group could be the 
accompanying infection and bleeding due to the cytopenia 
associated with an MLFS. Although limited in number, four 
out of six patients died from complications of cytopenia in 
our cohort. The other reason might be that an MLFS may 
make it difficult to predict a morphologic response due to 
the associated BM aplastic state. In our study, the MLFS pa-
tients had relatively stable VAFs compared with other re-
sponders (CR/CRi or PR)—the median ∆VAFs were 11.5% 
vs. 88.0%, respectively. The MLFS can be interpreted as a 
depletion of leukemic cells but not a true decrease in leuk-
emic burden compared with normal hematopoietic cells. 
Our study findings suggested that combining the MLFS 
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evidence with ∆VAF ≥ 58.6% may address the limitations 
associated with the aplastic state in the MLFS.

Our data also demonstrate the prognostic significance 
of genetic mutations in the diagnosis of elderly AML pa-
tients receiving decitabine treatment. Metzeler et al. [28] 
found that the mutation spectrum of elderly AML patients 
differed from that of younger patients. The high rates of 
SRSF2, DNMT3A, TET2, and TP53 mutations in our elder-
ly AML patients were concordant with other study findings 
[28,29]. These genes are age-associated and mediate clonal 
hematopoiesis. They are frequently mutated in elderly pa-
tients, and these results represent biological differences in 
the AML afflicting younger and elderly patients [30,31]. Un-
like other studies, in our study, DNMT3A and RUNX1 muta-
tions at diagnosis were not associated with inferior survival 
outcomes [32,33]. Differences in treatment modalities (in-
tensive vs. non-intensive treatment) between studies could 
partially explain these conflicting findings. Since our study 
focused on the group receiving decitabine monotherapy, 
it was meaningful in that it demonstrated the significance 
of the genetic mutations in the HMA-treated group. Con-
sistent with previous studies, we identified that TET2 and 
TP53 mutations at diagnosis were genetic risk predictors of 
poor survival [32,33]. It can be concluded that it is difficult 
to improve the survival of elderly AML patients with TP53 
or TET2 mutations using HMA monotherapy. Elderly AML 
patients who carry these mutations could be recommended 
to register for clinical trials for early access to novel treat-
ments. In our study, IDH1/IDH2 mutations were potentially 
associated with shorter survival in this patient population. A 
recent study found that patients with IDH1/IDH2-mutated 
AML had favorable outcomes when treated with HMAs and 
venetoclax [34]. Our data may provide additional evidence 
to recommend HMAs combined with venetoclax or IDH1/
IDH2 inhibitors because it is difficult to expect improved sur-
vival with HMAs alone in elderly AML patients with IDH1/
IDH2 mutations [35,36].

There were several limitations to our study. First, the use 
of ∆VAF is associated with selection bias because only pa-
tients who received at least four cycles of decitabine were 
included in the ∆VAF groups. For this reason, it is difficult to 
predict early mortality or early treatment failure at diagnosis. 
Second, this retrospective cohort included a small number 
of patients. However, our study provides appropriate evi-
dence for applying NGS-based disease monitoring to elderly 
AML patients treated with HMAs. This study also suggests 

that a different approach to MRD monitoring is required for 
elderly AML patients.

Recently, HMAs with venetoclax has become a new stan-
dard treatment for older patients with AML [9,35,37]. How-
ever, the estimated median OS for patients with reduced 
VAF (∆VAF ≥ 58.6%) was 20.5 months, which was higher 
than that associated with the combination of HMA therapy 
and venetoclax (17.5 months) [38]. Some elderly AML pa-
tients are not suitable candidates for venetoclax plus HMAs 
because of treatment-related myelosuppression, comor-
bidities, and economic issues. ∆VAF is an early predictor of 
long-term survival associated with decitabine monotherapy, 
and such prediction can help determine whether to con-
tinue treatment or consider other treatments at an early 
stage before the loss of the treatment response. Based on 
our data, VAF clearance could be an additional prognos-
tic indicator of survival outcomes for elderly AML patients, 
particularly those who achieved PR or better responses af-
ter HMA treatment. Despite achieving overall responses to 
HMAs, patients with stable VAF may be unlikely to achieve 
long-term survival, and an early regimen change should be 
considered.

This study investigated the clinical significance of genetic 
mutations at the time of diagnosis in elderly AML patients 
receiving HMAs. Moreover, VAF clearance could provide ad-
ditional information for predicting long-term survival in el-
derly AML patients responding to decitabine. ∆VAF ≥ 58.6% 
combined with evidence from morphologic and hematolog-
ic treatment responses could be proposed as a marker for 
determining whether to maintain decitabine treatment or 
combine novel agents to improve survival prognosis.

KEY MESSAGE
1.	 Variant allele frequency (VAF) clearance could 

provide additional information for predicting long-
term survival in elderly acute myeloid leukemia 
patients responding to decitabine

2.	VAF clearance with morphologic and hematologic 
responses could be proposed as a marker for de-
termining whether to maintain decitabine treat-
ment or combine novel agents to improve survival 
prognosis.
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SUPPLEMENTARY MATERIALS

Sample preparation and next-generation  
sequencing
One hundred and twenty-three samples taken at initial diag-
nosis and follow-up samples from bone marrow after treat-
ment (n = 49) were sequenced. Deep-sequencing was per-
formed by targeting the coding regions of 51 genes known 
to have recurrent driver mutations, as observed in large 
cohort studies of acute myeloid leukemia (AML) and oth-
er myeloid malignancies [1,2]. Genomic DNA was extract-
ed using QIAamp DNA blood mini-kits (Qiagen, Valencia, 
CA, USA) according to the manufacturer’s protocol. After 
library preparation, all samples were subjected to targeted 
sequencing per the manufacturer’s instructions. Using the 
Agilent (SureSelect Target Enrichment, CITY, STATE, COUN-
TRY) custom probe set targeting the coding region of 51 
genes (COMPANY, Santa Clara, CA, USA), all samples were 
sequenced using an Illumina Hiseq 2500 (COMPANY, San 
Diego, CA, USA) with a 101-bp pair-end mode.

Next-generation sequencing read processing 
and procedure for variant calling
The read processing and variant calling procedure were fol-
lowed as in our previous studies [3,4]. For samples without 
corresponding T-cell samples, the same read processing was 
used. For variant calling of those samples, we also searched 
for variants from samples with corresponding T-cell samples 
in addition to variants in the list compiled from two other 
AML and MDS studies [1,2], and ran the DeepSNV R pack-
age, which implements the Shearwater algorithm using its 
default parameters [5]. Once lists of candidate somatic mu-

tations were compiled, we filtered out germline mutations 
and rare SNPs as in our previous studies [3,4] and based on 
population frequency (over 0.1% according to NHLBI GO 
Exome Sequencing Project [ESP]) [6,7].

All sequencing data have been deposited at the European 
Nucleotide Archive (Accession number: PRJEB48636).
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Supplementary Table 1. Gene list

ABL1

ASXL1

ATM

BCOR

BRAF

CALR

CBL

CDKN2A

CEBPA

CREBBP

CSF3R

DDX41

DNMT3A

ETV6

EZH2

FBXW7

FLT3

GATA2

IDH1

IDH2

IKZF1

JAK1

JAK2

JAK3

KDM6A

KIT

KMT2A

KRAS

MECOM

MPL

MYD88

NF1

NOTCH1

NPM1

NRAS

PDGFRA

PDGFRB

PHF6

PTPN11

RB1

RUNX1

SETBP1

SF3B1

SMC1A

SRSF2

STAG2

TET2

TP53

U2AF1

WT1

ZRSR2

Supplementary Table 1. Continued
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Supplementary Figure 1. Case distribution of genetic mutations assessed by next-generation sequencing (NGS) analysis. AML, acute 
myeloid leukemia; BM, bone marrow.

153 Newly diagnosed AML patients who received decitabine treatment at single institution between 2013–2020 

123 Patients were assessed by targeted NGS analysis from initial BM biopsy samples

49 Patients who underwent targeted NGS test using follow-up BM samples

n = 57

30 Exclusion
Patients who were not initialy assesed by targeted NGS

59 Death before fourth cyles of decitabine
31 Infection
18 Disease progression
3 Bleeding
1 Combined other malignany
1 Acute myocardial infarction
1 Treatment refusal
4 Follow-up loss

9 Patients who did not undergo BM biopsy
2 Death due to infection
4 Disease progression
3 Poor general condition

8 Patients for whom targeted NGS samples from follow-up
BM biopsy were not available

64 Patients who received fourth or more cycles  
of decitabine chemotherapy

2 Patients who underwent BM biopsy before fourth cycle
of decitabine due to disease progression

55 Patients who underwent BM biopsy after fourth cycle of decitabine
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Supplementary Figure 2. Recursive partitioning for defining significant clearance rate (∆) of variant allele frequency (VAF).
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Supplementary Figure 3. (A) Overall survival (OS) curve of the entire cohort, (B) event-free survival (EFS) curves of the entire cohort, (C) 
OS and (D) EFS according to response and non-response, (E) OS and (F) EFS according to treatment response. CR, complete remission; CRi, 
CR with incomplete hematologic recovery; PR, partial remission; MLFS, morphologic leukemia-free state.
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Supplementary Figure 4. Genetic mutations in elderly AML patients (n = 123) treated with decitabine. (A) Number of mutations de-
tected in elderly AML patients at diagnosis. (B) Heat map clustered by functional gene pathway, cytogenetics, ELN stratification, VAF 
clearance rate, and overall response. (C) Frequency of mutations by functional gene pathway. NPM1, nucleophosmin 1; VAF, variant allele 
frequency; AML, acute myeloid leukemia; ELN, European LeukemiaNet.

A

B

Categories of related genes
Activated signaling genes
DNA-methylation-related genes
NPM1
Transcription-factor fusion genes
Chromatin-modifying genes
Cohesine-complex genes
Tumor-suppressor genes
Splisome-complex genes

Cytogenetics
Normal karyotype
Complex karyotype

ELN risk stratification
Favorable risk
Intermediate risk
Adverse risk

VAF clearance rate
Reduced VAF
Stable VAF
No mutation
Not avilable of NGS follow up

Overall response
Responders
Non-responders

N
um

be
r o

f m
ut

at
io

n(
s)

30

25

20

15

10

5

C Activated signaling genes DNA-methylation
-related genes Transcription-factor fusion genes

Tumor-
suppressor

genes

Splisome-
complex
genes

Cohesine
complex
genes

Chromatin-
modifying

genes

FL
T3

-I
TD

 lo
w

FL
T3

-I
TD

 h
ig

h

FL
T3

-T
KD KI

T

N
RA

S 
or

 K
RA

S

PT
PN

11

CB
L

JA
K2 N
F1

CS
F3

R

DN
M

T3
A

TE
T2

ID
H

1 
or

 ID
H

2

KM
TZ

A

AS
XL

1

EZ
H

2

N
PM

1

RU
N

X1

CE
BP

A

G
AT

A2

ET
V6

BC
O

R

SE
TB

P1

CR
EB

BP

IK
ZF

1

W
T1

TP
53

PH
F6

SR
SF

2

SF
3B

1

U
2A

F1

ST
AG

2

SM
C1

A

N
um

be
r o

f m
ut

at
io

n(
s)

6
5
4
3
2
1
0

www.kjim.org


Kim M, et al. VAF reduction in elderly AML treated HMA

www.kjim.orghttps://doi.org/10.3904/kjim.2022.396

Supplementary Figure 5. Forest plot for overall survival (OS) by (A) cytogenetic abnormality and (B) gene mutations at diagnosis. Forest 
plot shows the hazard ratios (HRs, the solid squares) with 95% confidence intervals (Cis) for OS in elderly acute myeloid leukemia patients. 
ELN, European LeukemiaNet.

Gene mutation Event Total HR HR 95% CI p value

FLT3-ITD low 12 14 1.31 [0.72–2.39] 0.382
FLT3-ITD high 9 10 1.40 [0.69–2.84] 0.347
FLT3-TKD 8 10 0.93 [0.45–1.91] 0.837
KIT 3 3 3.16   [0.77–13.02] 0.112
RAS 18 18 1.19 [0.71–1.97] 0.513
PTPN1 5 6 0.73 [0.30–1.80] 0.498
JAK2 3 4 0.77 [0.24–2.42] 0.650
NF1 3 3 1.71 [0.54–5.41] 0.364
CSF3R 2 2 0.64 [0.16–2.61] 0.530
DNMT3A 16 18 1.08 [0.64–1.85] 0.768
TET2 14 14 2.05 [1.15–3.63] 0.014
IDH1 or IDH2 24 31 0.86 [0.54–1.35] 0.508
KMT2A 1 1 0.78 [0.11–5.57] 0.800
ASXL1 4 4 1.98 [0.73–5.42] 0.182
EZH2 5 6 1.69 [0.68–4.16] 0.257
RUNX1 6 8 0.82 [0.36–1.88] 0.642
CEBPA 1 1 0.39 [0.05–2.81] 0.347
GATA2 2 2 0.48 [0.12–1.96] 0.306
BCOR 1 1 0.49 [0.07–3.50] 0.473
SETBP1 7 7 1.12 [0.52–2.41] 0.779
CREBBP 2 2 1.07 [0.24–4.84] 0.929
WT1 1 1 0.98 [0.09–4.86] 0.969
TP53 15 15 1.64 [0.95–2.86] 0.077
PHF6 3 3 1.94 [0.61–6.19] 0.260
NPM1 22 26 1.01 [0.63–1.62] 0.958

Activated signaling genes 53 58 1.31 [0.90–1.91] 0.160
DNA-methylation-related genes 47 55 1.14 [0.78–1.67] 0.495
Chromatin-modifying genes 9 10 1.49 [0.75–2.96] 0.259
Transcription-factor fusion genes 19 21 0.71 [0.43–1.18] 0.186
Tumor-suppressor genes 18 18 1.54 [0.92–2.56] 0.097
Splisome-complex genes 24 26 1.24 [0.79–1.96] 0.356
Cohesion-complex genes 4 4 0.92 [0.34–2.53] 0.877

Activated
signaling genes

Cytogenetics Event Total HR HR 95% CI p value
Favorable risk 19 22 1.25 [0.77–2.04] 0.375
Intermediate risk 53 62 0.77 [0.52–1.12] 0.169
Adverse risk 37 39 1.27 [0.85–1.88] 0.241
Normal karyotype 60 71 0.88 [0.60–1.29] 0.500
Complex karyotype 20 20 1.52 [0.93–2.48] 0.095

ELN risk
stratification
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Supplementary Figure 6. Overall response in entire cohort (n = 123), (A) pie graph of overall response rates. (B) Gene mutations at 
diagnosis in elderly AML patients. Forest plots show the odds ratios (ORs, the solid squaress) of overall response with 95% confidence in-
tervals (CIs) for each gene mutation. BM, bone marrow; PD, progressive disease; SD, stable disease; PR, partial remission; MLFS, morpho-
logical leukemia-free state; CR, complete remission; CRi, CR with incomplete hematologic recovery.

Mutation group Control
Responder Total Responder Total OR OR 95% CI

FLT3-ITD high 3 10 39 113 0.81 [0.20; 3.32]
FLT3-ITD low 4 14 38 109 0.75 [0.22; 2.54]
FLT3-TKD 4 10 38 113 1.32 [0.35; 4.95]
KIT 0 2 42 121 0.37 [0.02; 7.97]
RAS 5 18 37 105 0.71 [0.23; 2.14]
PTPN1 2 6 40 117 0.96 [0.17; 5.48]
CBL 0 3 42 120 0.26 [0.01; 5.23]
JAK2 1 4 41 119 0.63 [0.06; 6.29]
NF1 1 3 41 120 0.96 [0.08; 10.94]
CSF3R 0 2 42 121 0.37 [0.02; 7.97]
DNMT3A 6 18 36 105 0.96 [0.33; 2.76]
TET2 1 14 41 109 0.13 [0.02; 1.01]
IDH1 or IDH2 11 31 31 92 1.08 [0.46; 2.54]
KMT2A 0 1 42 122 0.63 [0.03; 15.84]
ASXL1 0 4 42 119 0.20 [0.01; 3.85]
EZH2 2 6 40 117 0.96 [0.17; 5.48]
RUNX1 2 8 40 115 0.62 [0.12; 3.24]
CEBPA 0 1 42 112 0.55 [0.02; 13.88]
GATA2 1 2 41 121 1.95 [0.12; 32.00]
ETV6 0 1 42 122 0.63 [0.03; 15.84]
BCOR 1 1 41 112 5.17 [0.21; 129.80]
SETBP1 3 7 39 116 1.48 [0.32; 6.95]
CREBBP 1 2 41 121 1.95 [0.12; 32.00]
WT1 0 1 42 122 0.63 [0.03; 15.84]
TP53 5 15 37 108 0.96 [0.31; 3.01]
PHF6 0 3 42 120 0.26 [0.01; 5.23]
NPM1 8 26 34 97 0.82 [0.32; 2.09]

Activated signaling genes 17 58 25 65 0.66 [0.31; 1.41]
DNA-methylation-related genes 15 55 27 68 0.57 [0.26; 1.23]
Chromatin-modifying genes 2 10 40 113 0.46 [0.09; 2.25]
Transcription-factor fusion genes 8 21 34 102 1.23 [0.47; 3.25]
Tumor-suppressor genes 5 18 37 105 0.71 [0.23; 2.14]
Splisome-complex genes 5 26 37 97 0.39 [0.13; 1.11]
Cohesion-complex genes 1 4 41 119 0.63 [0.06; 6.29]
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