
Clonal dynamics using droplet digital polymerase chain 
reaction in peripheral blood predicts treatment responses 
in myelodysplastic syndrome

Treatment response evaluation in myelodysplastic syn-
drome (MDS) and chronic myelomonocytic leukemia 
(CMML) currently relies on serial assessment of periph-
eral blood (PB) counts, bone marrow (BM) morphology, 
and cytogenetics.1 Acquired genetic alterations are as-
sociated with treatment outcomes in MDS2 and serial 
assessment of clonal dynamics during therapy could 
help predict response, refractoriness or progression to 
acute myeloid leukemia (AML).3 Most MDS and CMML 
patients carry somatic driver mutations2 which can 
usually be detected in both BM and PB. A good correla-
tion between PB and BM variant allele frequencies (VAF) 
has been detected in hematological neoplasms.4,5 Com-
pared to BM sampling, the non-invasiveness of PB as 
sample source enables more frequent molecular follow-
up during treatments, which might be beneficial in sev-
eral clinical situations, such as in analyzing the role of 
treatment-induced BM hypoplasia versus disease pro-
gression as cause of cytopenia during treatment and 
earlier detection of refractoriness and need for sub-
sequent therapies. Therefore, serial clone size measure-
ment in PB might provide a non-invasive alternative for 
monitoring treatment responses, including patients 
whose BM aspirates show hemodilution, dry tap, or 
those who decline repeat BM sampling.  
High sensitivity mutation-specific droplet digital 
polymerase chain reaction (ddPCR) has been evaluated 
in AML,6 but to our knowledge not in MDS patients ser-
ially from PB mononuclear cells. As a proof of concept, 
we evaluated the association between changes in mu-
tational allele burden and treatment outcomes in MDS 
and CMML using ddPCR of serial PB samples.  
Patients who started disease-modifying treatment be-
tween January 2016 and October 2018 at Helsinki Uni-
versity Hospital were recruited and those with at least 
one pathogenic mutation in pretreatment next-gener-
ation sequencing (NGS) chosen for follow-up sample 
collection (17 MDS and 2 CMML patients). Written in-
formed consent was obtained from all patients in ac-
cordance with the Declaration of Helsinki. The study was 
approved by the hospital ethics committee. Serial PB 
samples were collected before treatment and during 
routine laboratory visits, and mononuclear cell pellets 
were frozen for retrospective analysis. Pretreatment BM 
samples were screened at one time point for myeloid 
driver mutations as part of the routine clinical workup 

using an in-house NGS panel of 44 myeloid genes (On-
line Supplementary Table S1). Variants which occurred in 
the gnomAD database with a frequency of more than 1% 
were interpreted as normal variation. A variant was in-
terpreted as pathogenic if it was described in the COS-
MIC database or the variant was a truncating mutation 
and described in the literature. Targeted mutation-spe-
cific wild-type and mutant ddPCR probes were designed 
and prevalidated by Bio-Rad (www.biorad.com). The 
QX200 Droplet Generator partitioned the DNA samples 
(100 ng into 20,000 droplets) for PCR amplification. Fol-
lowing amplification, droplets were divided into negative 
and positive droplets by setting thresholds on the QX200 
Droplet Reader. A mutation was interpreted as positive 
if at least two positive droplets were detected in each 
duplicate. Absolute quantification of the target DNA was 
done by the QuantaSoft Analysis Pro Software (v.1.0, Bio-
Rad, Hercules, CA, USA). VAF of 0,1% was used as the 
lower limit of detection.  
One probe each was screened for 11 patients, two 
probes each for seven patients, and three probes for one 
patient. The on-treatment PB samples, collected at a 
median of six time points (range, 4-16) per patient, were 
tested for altogether 28 patient-specific mutation 
markers. Statistical analyses were performed using 
Excel Microsoft 365 and IBM SPSS Statistics 25. 
Pretreatment patient characteristics are presented in 
Table 1 and in the Online Supplementary Table S2. The 
median follow-up between treatment initiation and last 
ddPCR evaluation was 9.6 months (range, 3.7-39.3 
months). Therapy responses were evaluated according 
to IWG-2006.1 Eighteen patients were treated with hy-
pomethylating agents (HMA), one with lenalidomide. One 
patient received venetoclax combined with azacitidine 
(AZA) in second line. The two CMML patients were 
treated with hydroxyurea (HU) prior to AZA. Six patients 
proceeded to allogeneic stem cell transplantation after 
AZA treatment. The 3-year overall survival (OS) from 
start of treatment was 42.1% and the median OS was 41 
months. 
The clonal dynamics in all MDS patients during up to 17 
months from start of treatment are shown in Figure 1A, 
B. The VAF dynamics was associated with the clinical 
course, both before response and preceding progres-
sion. Clinical response (complete remission [CR], marrow 
CR, or hematologic improvement [HI]) was preceded by 
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Patient
Age in 

years/Sex
WHO 

diagnosis
IPSS-R/ 

CPSS
Karyotype Treatment

Best 
response*

Progression
NGS 

mutations 
at diagnosis

Clonal  
evolution at 
progression

1 48/M MDS-EB2 High t(1;7) AZA mCR
DNMT3A, 

EZH2

2 61/F MDS-EB2 Intermed
Monosomy  

7
AZA mCR

DNMT3A, 
IDH2

3 64/M MDS-EB2 Very high t(3;3) AZA SD PD SF3B1
NGS and  
karyotype  

unchanged

4 71/F MDS-EB2 High del(5q) AZA HI AML TP53

NGS  
unchanged, 
new chrom  

22 loss

5 84/F MDS-EB2 High t(1;3) AZA CR Relapse SF3B1
New CREBBP 
Karyotype nd

6 73/F tMDS-EB2 Very high del(5q) AZA CR AML TP53
NGS and  
karyotype  

unchanged

7 68/M
MDS-RS-

MLD
Low Normal AZA SD SF3B1

8 39/M
MDS-RS-

MLD
Intermed Normal AZA SD

U2AF1, 
SRSF2

9 77/F tMDS-EB2 High del(12q) AZA mCR AML RUNX1
New FLT3  

Karyotype nd

10 68/F MDS-del5q Very low del(5q) LEN HI
SF3B1,  
EZH2

11 71/M CMML-1
CPSS:  

Intermed
Normal HU+AZA

HU: SD, 
 AZA: HI

PD
NRAS, 
U2AF1

NGS and  
karyotype  

unchanged

12 66/M CMML-2
CPSS:  

Intermed
Normal HU+AZA mCR

NRAS,  
IDH2,  
SRSF2

13 52/M MDS-EB2 Intermed Normal AZA SD
TET2 X 2, 
SRSF2

14 77/F MDS-EB1 Intermed Normal AZA SD TET2

15 73/M tMDS-EB2 Very high del(7q) AZA SD PD TET2
New PHF6  

Karyotype nd

16 67/F tMDS-EB2 High del(7q) AZA+VEN mCR AML
WT1,  

NRAS,  
IDH1

New NRAS  
and IDH2  

Karyotype nd

17 63/F
MDS/ 

MPN-U
Very high Complex DEC CR Relapse TP53

New TP53  
Karyotype nd

18 82/M MDS-EB1 Intermed Complex AZA mCR TP53

19 69/F tMDS-EB2 High Normal AZA+DEC mCR
TP53, 

DNMT3A

Table 1. Patients’ characteristics. 

*International Working Group-2006 response criteri; bold: no droplet digital polymerase chain reaction (ddPCR) primer. F: female; M: male; 
WHO: World Health Organization; MDS: myelodysplastic syndrome; MLD: multilineage dysplasia; MPN: myeloproliferative neoplasms; EB: 
excess blasts; CMML: chronic myelomonocytic leukemia; AML: acute myeloid leukemia; IPSS-R: revised international prognostic scoring sys-
tem; CPSS: CMML-specific prognostic scoring; mCR: marrow complete remission; NGS: next-generation sequencing; SD: stable disease; in-
termed: intermediate; del: deletion; CR: complete remission; HI: hematologic improvement; AZA: azacitidine; DEC: decitabine; HU: hydroxyurea; 
LEN: lenalidomide; PD: progressive disease; VEN: venetoclax; nd: not determined. 
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Figure 1. Clonal dynamics during disease-modifying therapies 
in myelodysplastic syndrome. The non-DNMT3A mutation or 
the dominant clone was chosen for the figures; i.e., 1 mutation 
shown per patient. (A, B) Variant allele frequencies (VAF) for 
the same patients are shown in both figures, up to 17 months 
from start of treatment. Green dot: VAF from bone marrow 
sample. Yellow triangle: progression. (A) Red line: TP53 muta-
tions, black line: non-TP53 mutations. (B) Blue line: VAF for pa-
tients with stable disease, black line: VAF for patients with 
complete remission/maintained complete remission/HI: hema-
tologic improvement (CR/mCR/HI) response (International 
Working Group-2006). (C) Change in VAF prior to disease pro-
gression in myelodysplastic syn drome. 

A B

C

decrease in VAF in 91% (10/11) of MDS patients and in 14 
of their 15 mutations (median relative decrease in VAF, 
76%; range, 35-98%). In patients 1, 2 and 19 the non-
DNMT3A mutation was chosen for this evaluation.7 The 
decrease was observed 33 days (median; range, 0-480 
days) prior to the detection of the IWG-2006 response. 
In particular, we saw a rapid decline in VAF of TP53 mu-
tations upon AZA treatment initiation in four of five 
TP53-mutated patients (Figure 1A), in accordance with 
published data.8 
In 71% (5/7) patients with stable disease (SD), the VAF 
either decreased slightly or were stable (Figure 1B). Two 
patients (29 %) had a modest increase in VAF at SD re-
sponse. These two were the only MDS patients with pro-
gression after SD response. 
At disease progression after first line treatment (n=9), the 
VAF of the assumed driver mutations increased in all pa-
tients (Figure 1C) although also new clonal findings, in 
either NGS or karyotype, were detected in six patients at 
progression (Table 1). The median relative increase in VAF 
for the initially responded patients (CR, marrow CR or HI) 
was 293% (range, 42-934%) from maintained response to 

progression. The VAF increased median 45 days (range, 16-
327 days) prior to the clinically verified progression. 
Evaluation of subclonal hierarchies using ddPCR was 
possible in patients with multiple driver mutations. All 
MDS patients with more than one mutation available for 
ddPCR monitoring are individually shown in Figure 2. De-
spite marrow CR response in all three patients with 
DNMT3A mutations, only one patient (patient 1; Figure 
2A) had a rapid decrease in DNMT3A VAF, whereas the 
other two patients had only modest decreases in VAF 
(Figure 2B, C). Serial assessment of the other mutations 
(EZH2, IDH2, TP53, respectively) more closely followed 
treatment responses in these patients (Figure 2A-C); 
these results are in line with prior studies showing li-
mited utility of DNMT3A/TET2/ASXL1 mutations in pre-
dicting clonal evolution in AML.9  
In CMML the response to HMA has been found to be as-
sociated with changes in DNA methylation and gene ex-
pression, without any decrease in the mutation allele 
burden, arguing for a predominantly epigenetic effect 
rather than cytotoxic effect of HMA.10 In one CMML pa-
tient, the VAF followed this pattern (patient 12; Online 
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Figure 2. Clonal dynamics and therapeutic responses in all myelodysplastic syndrome patients with more than one pathogenic 
mutation followed. Peripheral blood variant allele frequencies (black dot: bone marrow) from start of treatment to end of fol-
low-up. Red dots: bone marrow blasts, yellow triangles: therapy response according to International Working Group-2006 criteria. 
Pt: patient. mCR: marrow complete remission, AML: acute myeloid leukemia, SD: stable disease, HI: hematologic improvement.

A B

C D

E F

Supplementary Table S3). On the other hand, in our sec-
ond CMML patient, we saw a dramatic decrease in VAF 
of both NRAS and U2AF1 mutations during AZA (patient 
11; Online Supplementary Table S3). 
In summary, we found that the clonal dynamics pre-
dicted the clinical course at favorable treatment re-

sponse as well as at progressive disease. The changes 
in PB mutational burden were seen before the response 
evaluation with BM samplings, the timings of which were 
decided by the treating clinicians. 
TP53 mutations are associated with poor outcomes in 
MDS,11 including post-transplant outcomes.12 In line with 
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a previous study,8 we observed a rapid decline in clonal 
burden of TP53 mutations upon treatment initiation. As 
reaching minimal residual disease negativity and clear-
ance of TP53 mutations evaluated by NGS are associated 
with superior OS in MDS and sAML,13 serial monitoring 
of mutational responses in PB may guide clinical deci-
sion-making in the future, for example in designing 
bridging therapies to find the most optimal timing for 
allogeneic stem cell transplantation.   
The DTA mutations (DNMT3A, TET2 and ASXL1) are the 
most commonly mutated genes in clonal hematopoiesis 
of indeterminate potential (CHIP) and should usually be 
excluded as markers for response evaluation, as these 
mutations may not represent the disease clone.9 Even 
some non-DTA mutations in myeloid driver genes may fail 
to fully capture clonal changes in the BM, and larger 
studies are needed before implementing single mutation 
follow-up for assessment of treatment response.14 Never-
theless the European LeukemiaNet has recommended 
that if the only detectable mutations are in the DTA genes, 
these might be used in assessment of residual disease in 
AML.15 We saw a robust decrease in VAF of DNMT3A in one 
of the three DNMT3A mutated patients. In this study, the 
three TET2 mutated patients had SD during AZA treat-
ment, limiting the evaluation regarding the usefulness of 
these mutations in response evaluation. 
Limitations of this study include small cohort size, het-
erogeneity in patient characteristics and therapies re-
ceived, as well as the retrospective nature of the analyses. 
Clonal evolution during MDS progression may occur3 and 
PCR-based targeted sequencing is unable to discover new 
clonal genetic alterations emerging during treatment. 
Therefore, a new NGS screen should be considered when-
ever clonal evolution is suspected. Targeted ddPCR is a 
PCR‐based test method and only known sequences can 
be amplified. The limited number of fluorescence chan-
nels and the lack of commercial ddPCR kits limits the 
evaluation of clonal dynamics to one or, at most, a few 
mutations per patient. In addition, the short (less than 
200 base pairs) probe design is challenging for variants 
located in homopolymer regions, repeat motifs, as well as 
for large insertions and deletions.  
In conclusion, we found that detection of PB clonal dy-
namics using patient- and mutation-specific ddPCR may 
serve as a non-invasive tool for early response evalu-
ation during treatment with HMA in MDS. On the other 
hand, in CMML, where the treatment response might be 
more of a stable type, especially during hydroxyurea, 
this kind of response evaluation might not be feasible.10 
Larger patient series are warranted to evaluate the im-
pact of serial mutational assessment on clinical deci-
sion-making and to define the best balance between 
broad sequencing and more targeted approaches.  
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