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Abstract Monitoring of non small cell lung cancer (NSCLC)
patients on afatinib after acquired resistance to 1st generation
tyrosine kinase inhibitors is important. Circulating tumor
DNA (ctDNA) offers an attractive means other than conven-
tional tissue biopsy to characterize real time dynamic changes
of the disease. In our study, we aim to ascertain the clinical
value for ctDNAmonitoring of NSCLC patients with acquired
resistance for afatinib treatment. 200 patients positive for the
activating epithermal growth factor receptor (EGFR) muta-
tions were recruited for the study. Baselinemolecular profiling
for L858R, Exon 19 deletion and T790M were performed.
Thereafter, serial blood samples were taken and patients were
assessed by overall survival (OS) to determine the usefulness
of ctDNAmonitoring. At baseline, matched tumor biopsy and
ctDNA analysis had a concordance agreement of 93.5% for
L858R and exon 19 deletion. We also determined that a large
proportion of patients had the drug resistance mutation
T790M prior to starting afatinib and these patients were linked
to a worse survival outcome. For patients that registered a
drop in ctDNA levels after afatinib was administered, we ob-
served that their survival outcome was more favorable (hazard
ratio 1.56, (95% CI 1.04 to 2.43). ctDNA levels were mostly

elevated after the 3rd sampling cycle. Our results suggest that
ctDNA can be used to predict the clinical benefits of afatinib
treatment. Pre and post blood sampling aids to identify patient
groups that may benefit most from the treatment and ctDNA is
relatively sensitive to address the dynamic changes of the
disease at the molecular level.
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Introduction

Tyrosine kinase inhibitors (TKIs) are the recommended first
line treatments for non small cell lung cancer (NSCLC) pa-
tients with sensitizing EGFR mutations. These mutations are
generally found in exons 18 to 21 of the TK domain [1, 2] and
increase the kinase activity of the receptor. The mutations
include L858R and exon 19 deletion that accounts for more
than 90% of all activating EGFR mutations [3]. These preva-
lent EGFR mutations are well characterized, especially their
clinical responses to TKI gefitinib and erlotinib [4, 5]. The
mechanism of action involves competing with adenosine tri-
phosphate (ATP) at the active site of the EGFR kinase[6, 7].
Early clinical trials using both gefitinib and erlotinib are en-
couraging, with patients showing improvement in both pro-
gression free and overall survival outcome[8, 9]. Despite the
promising results, disease progression is inevitable for these
patients due to the development of secondary drug resistance
mechanisms [10, 11].

The second generation EGFR-TKI afatinib is an irrevers-
ible ErbB family blocker with demonstrated preclinical activ-
ity in numerous EGFR-mutant cell lines including T790M
[12, 13]. This secondary point mutation (T790M) that substi-
tutes methionine for threonine is present in more than 50% of
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patients who received an EGFR TKI [10, 14]. The recurrent
mutation T790M is attributed to patients who developed ac-
quired resistance after being treated with gefitinib or erlotinib.
In a phase II trial by Katakami et al., afatinib was shown to
possess notable drug efficacy in NSCLC patients who had
received third- or fourth-line treatment with significant im-
provement in progression free survival of 11.1 months [15].
Afatinib is important and can play a significant role in ad-
dressing the issue of drug resistance.

Our study aims to prospectively analyze the treatment ef-
fectiveness of afatinib on patients who developed drug resis-
tance using circulating tumor DNA (ctDNA) from peripheral
blood. Analysis of ctDNA is informative as it can provide
details on specific mutant genotypes similar to a traditional
biopsy but in a relatively less invasive way [16]. More impor-
tantly, it is also correlative to the total tumor burden [17],
which can be used quantitatively to measure drug efficacy.
The primary objective is to establish the predictive value of
ctDNA in monitoring patients on afatinib who have
progressed on currently available EGFR TKIs gefitinib or er-
lotinib. Our results clearly showed that variations in ctDNA
quantities are directly related to drug response in our patient
cohort. This lays the foundation for using ctDNA for clinical
monitoring as well as treatment intervention.

Methods and Materials

Study Design and patient characteristics

All patients provided written informed consent to participate
in the study. The institutional review board approved all pro-
cedures for patient recruitment and sample extraction. This is
a single-arm trial to determine the potential usefulness of
ctDNA as a biomarker for patients after initial treatment with
1st generation EGFR-TKIs (erlotinib and gefitinib). The pri-
mary end point is overall survival (OS). Patients enrolled in
the trial had either one or more of the activating EGFR muta-
tions (L858R or exon 19 deletion) as determined by the mo-
lecular profiling of primary tissue samples. Patients with de
novo T790M mutations are excluded from the study.
Peripheral blood of 3 mL was extracted at specific time points
from each patient for ctDNA analysis during the afatinib treat-
ment process.

Treatment

Patients received a single oral starting dose of afatinib at
40 mg daily after acquiring resistance to 1st generation
EGFR TKI erlotinib and/or gefitinib. Acquired resistance
was defined using the Jackman’s clinical criteria [18], which
is having previous treatment with either erlotinib or gefitinib;
having positive EGFR mutations; having systemic

progression of disease while on erlotinib or gefitinib for the
last 30 days; and having no intervening systemic therapy.
Treatment continued until progressive disease (PD) or no lon-
ger tolerated by patient due to adverse events. The drug is
administered at least 1 hour before or 2 hours after a meal.

Blood sample processing and detection of mutant EGFR

ctDNA was recovered from peripheral blood of patients dur-
ing patient follow up visits. 3 mL of blood was drawn in
EDTA vacutainers and processed immediately. Briefly, blood
samples was centrifuged at 2000 g for 10 minutes at 4 °C.
Subsequently, the supernatant was removed and spun down
again using the same conditions to remove any traces of cells
in the plasma. Cell free DNAwas extracted using the Qiagen’s
QIAmp Circulating Nuclei Acid kit (Qiagen Inc., USA) fol-
lowingmanufacturer’s instructions. The samples was stored at
-20 °C before molecular profiling.

Validation runs on ddPCR of EGFR mutations

Detection of mutant EGFRwas done using the QX200 droplet
digital PCR (ddPCR) system (Bio-Rad Laboratories Inc.,
USA). Every sample was tested for L858R, exon 19 deletion
and T790M. The procedures for processing and primers de-
sign were adopted from Oxnard et al [19]. Briefly, TaqMan
PCR reactions were prepared from the 2× mastermix and cus-
tom TaqMan probes/primers made specific for each mutation
in a 25 ul reaction. After droplet generation, samples were
transferred to a PCR plate and amplified. After PCR, the plate
was read on the droplet reader and data analyzed using the
QuantaSoft software (Bio-Rad Laboratories Inc., USA).
Standard curves of each mutation were prepared using
L858R plasmids, PC-9 genomic DNA, T790M plasmids and
wildtype EGFR plasmids. Spiked conditions varied in the
range of 10 to 1 000 mutant copies, which simulates a low
DNA template input. Addition validations were done with
spiked mutant DNA of 100 copies in 1000 equivalent genome
background. Each data point of the validation experiments
was independently performed 5 times.

Statistical Analyses

The primary purpose of the study is to examine the relation-
ship between plasma EGFR mutation status and the clinical
effectiveness of afatinib treatment. Baseline concordance rate
was calculated as the number of samples with matching results
in both the primary tissue and initial plasma samples. The
comparison analysis after administering afatinib to each pa-
tient was performed with the Student’s t test. OS calculations
were done using the Kaplan-Meier methods and the hazard
ratio between different patient groups were compared using
the log-rank test. The categorical variables were presented as
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mean ± standard deviation unless otherwise defined. All sta-
tistical analysis was performed with the Prism Software
(GraphPad, USA).

Results

Patient characteristics

A total of 200 patients with advanced NSCLC were enrolled
in the study. The patient demographics and mutational profiles
are provided in Table 1. EGFR mutational profiling was per-
formed during routine clinical testing on tissue biopsies. The
pathological specimens were retrieved using either fine needle
aspiration or core needle biopsy. Only patients with positive
EGFR mutations were selected for the study. Majority of pa-
tients had at least one positive activating EGFR mutation and
the most prevalent were exon 19 deletion and L858R point
mutation. Patients with de novo T790M mutations were ex-
cluded from the study.

The baseline blood sample for each patient was ex-
tracted prior to treatment with EGFR-TKIs. Majority of
the patients received gefitinib (70%), 13% had erlotinib
and the rest received both. Figure 1A shows the flow-
chart of the study design and the blood sampling fre-
quency. 168 patients (84%) had acquired TKI resistance
according to Jackman’s clinical criteria [18] and most of
them were subsequently monitored to detect ctDNA var-
iations. The first blood sampling was performed before
administering afatinib. Serial blood samplings were then

taken whenever possible at regular intervals of 2 months
during each patient follow up visits until treatment
ceased. A total of 720 plasma samples were analyzed
from the entire patient cohort of 200 individuals. A
subset of 128 patients consented to be subsequently
monitored for changes to the EGFR mutation profiles
during afatinib treatment.

Detection of ctDNA for EGFR mutations at baseline

The study utilized ddPCR to detect ctDNA within total cell
free DNA as the assay has good sensitivity compared with
other methods [20]. This is important as the expected quantity
of ctDNA is low and accompanying wildtype DNA can be
overwhelming [21]. In order to validate the assay, spiked sam-
ples of mutant DNA in increasing quantities were tested. The
results showed good linearity of spiked input conditions for all
EGFR mutations. Using linear regression, the r2 values for
L858R, exon19 deletion and T790M were 0.985, 0.995 and
0.973 respectively (Supplementary Figure 1). This demon-
strated excellent correlation and sensitivity to accurately de-
tect the amounts of spiked input materials. Additionally, it was
determined that in a 1000 equivalence genome background,
100 mutant copies can be reliably detected (Supplementary
Fig. 2).

With the assay validated, we embarked on the molecular
testing of clinical specimens. The baseline results compared
the initial tissue molecular analysis of tumor biopsy with
ctDNA from blood plasma. Overall concordance rate for
EGFR mutations between the different types of samples was
93.5% as noted in Table 2. The result demonstrated the plasma
samples were a good representation of the genotype. Each
data point was deemed positive if the patients had the same
L858R mutation or exon 19 deletion detected from tissue
analysis. Individual concordance rate was 96.2% and 91.7%
for L858R and exon 19 deletion respectively. Of the tissue and
plasma analysis, there were 13 false negative results out of a
total of 200 samples. Mutation specific concordance for
T790M for both tissue and plasma samples was 100%.

Variations in ctDNA among patients at baseline are shown
in Fig. 1b. We observed a fairly large spread of data points for
the EGFR mutations. For the patient group harboring L858R,
the concentration of mutant DNA ranges from 0 to more than
3000 copies/mL and average detected quantity among these
79 patients was 1422 ± 766 copies/mL. For exon 19 deletion,
the detected concentration within the group of 121 patients
ranges from 0 to more than 5000 copies/mL. The mean de-
tected quantity was 2000 ± 1229 copies/mL. In addition, we
observed good concordance of the tissue and blood plasma
analysis for T790M profiles. All samples tested negative for
T790M mutations using blood plasma, which was fully con-
cordant with the tissue analysis.

Table 1 Patient baseline characteristics

N=200

Sex Male 146 (73%)

Female 54 (27%)

Median Age (years) 55

ECOG performance status 0 50 (25%)

1 132 (66%)

2 18 (9%)

Smoker Current 129 (64.5%)

Former 59 (29.5%)

Never 12 (6%)

Disease stage IIIB 44 (22%)

IV 156 (78%)

Histology Adenocarcinoma 200 (100%)

EGFR genotype Exon19del 69 (34.5%)

Exon19del + others 10 (5%)

L858R 116 (58%)

L858R + others 5 (2.5%)

T790M 0 (0%)
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Dynamic changes of EGFR mutation profile prior
to afatinib treatment.

128 patients from the initial cohort who met the drug resis-
tance criteria and consented to further participate in the study
had their blood taken prior to afatinib treatment. We observed
a substantial change in mutant DNA profile using plasma
ctDNA within this patient cohort as depicted in Fig. 1c. The
most striking observation was the emergence of T790M pos-
itivity among these patients. 47% of the study population was
tested positive for T790M ctDNA at this sampling time point.
The mutant ctDNA concentration among this subpopulation
ranges from approximately 100 to more than 1 000 copies/mL
and average detected amount was 660 ± 311 copies/mL as
shown in Fig. 2a.

Furthermore, we observed a statistically significant in-
crease of mutant DNA concentrations detected within these
participants (Fig. 2a). For the patient group that harbored
L858R, the average increase was more than 30% and for exon
19 deletions, the surge was more than 40%. Interestingly, we

noticed the variations were strongly associated with the pres-
ence of T790M mutation. As shown in Fig. 2b, the average
increases were 54% and 89% for L859R and exon 19 deletion
respectively for T790M positive patients.

Monitoring of response to afatinib shows clinical
correlation

The first blood sampling for each patient was two to four
weeks after starting treatment on afatinib. Thereafter, serial
extraction of peripheral blood was done every 2 months inter-
val. Among the patients that had their plasma results serially
monitored, we observed a drop in mutant DNA concentration
for 46% of the cohort immediately after treatment as shown in
Fig. 3a. The L858R positive group had 38% of patients show-
ing a decline while the exon 19 deletion group had 53%. The
decline in ctDNA concentration was significant and ranges
from 26 to 524 copies/mL. Of note, patients positively identi-
fied for T790M before the 2nd line treatment of afatinib had
consistently detectable mutant signature. Mean mutant DNA
concentration remained close to the reference analysis prior to
afatinib and paired Student’s t test showed no significant dif-
ference within this group (Fig. 3b). No new cases of T790M
positive patients emerged during the first plasma sampling
after starting on afatinib but 3 more cases were found during
subsequent serial monitoring.

We tabulated the survival outcome for different groups of
patients as the endpoint measure of this study. Median OSwas
29.5 months for the entire cohort of 128 patients who
underwent plasma monitoring as shown in Fig. 4a. We per-
formed a series of subgroup analysis comparing patients with

Fig. 1 Blood sampling workflow
and EFGR ctDNA characteristics
prior to Afatinib treatment. a
Study design and sample
availability for ctDNA mutational
analysis.b Baseline ctDNA
measurements of the patient
cohort. c Shift in molecular
profiles showing a large
proportion of T790M positive
patients prior to afatinib initiation

Table 2 Concordance measurements of ctDNAwith tissue analysis at
baseline

L858R Exon 19
del

Positive
EGFR

Negative
EGFR

T790M

Primary tissue
biopsy

79 121 200 0 0

Baseline ctDNA
analysis

76 111 187 13 0

Concordance (%) 96.2 91.7 93.5 - 100

310 He J. et al.



different profiles. Specifically, we analyzed the EGFR muta-
tion type of patients who initially had L858R mutation with
exon 19 deletions; the patient group who developed T790M
resistance prior to afatinib; and patients who had registered a
drop of 10% or more in ctDNA concentrations within the first
2 measured time points after administering afatinib.

The median OS for patients who were initially L858R pos-
itive was 29 months as compared with 30 months for patients
who had exon 19 deletion at baseline. Hazard ratio was deter-
mined to be 1.06 (95%CI 0.69 to 1.63), with the p value 0.80,
using a log rank test as depicted in Fig. 4b. For the patient
group who were found to harbor T790M prior to 2nd line
treatment, the median overall survival was 27 months, com-
pared with 35 months for the cohort without the TKI resis-
tance mutation. Hazard ratio was calculated to be 1.79 (95%
CI 1.23 to 2.89) and the p value 0.005 (Fig. 4c). For the last

group comparison of patients who saw a drop in ctDNA con-
centrations, the median OS was 34 months whereas the re-
maining patient group had median OS of 27 months. The
calculated hazard ratio for this group was 1.59 (95% CI
1.029 to 2.456) with the p value 0.037 (Fig. 4d).

Discussion

The need for active clinical monitoring of cancer treatment to
address the dynamic changes of EGFRmutations is crucial for
measuring treatment efficacy and clinical intervention. Our
study aims to show that ctDNA measurements is an effective
means that correlates with 2nd line treatment using afatinib for
NSCLC patients.

Fig. 2 Quantitative
measurements of ctDNA using
ddPCR prior to afatinib treatment.
a Molecular profile of patients
with L858R, Exon 19 deletion
and T790M before treatment. b
Sub-analysis of ctDNA quantities
between T790M positive and
negative cohorts. T790M positive
patients are likely to have higher
concentration of corresponding
L858R or Exon 19 deletion
mutant DNA

Fig. 3 Profiling of patients after
afatinib treatment. a
Measurement of L858R and Exon
19 deletion mutant DNA
increment immediately (1st time
point) after afatinib initiation. The
data highlighted a significant
number of patients having a
decline in ctDNA levels after
treatment. b Quantitative measure
of ctDNA levels at different serial
time points. c Quantification of
T790M mutant DNA from
T790M positive patients
discovered prior to treatment
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In our baseline concordance measurements of EGFR mu-
tations via tissue biopsies and plasma DNA, we had demon-
strated a significantly high concordance rate of 93.5% for
L858R and deletions in exon 19. We had also achieved
100% concordance for baseline samples on T790M, a muta-
tion that confers TKI resistance. This is highly suggestive that
ctDNA is representative of the primary tumor and can be
exploited for detection and monitoring as it is easily accessible
via peripheral blood collection. Our results are also consistent
with numerous other studies on NSCLC who saw a high con-
cordance rate comparing plasma DNAwith the matched tissue
biopsy molecular profiling [22–25]. For instance, Kimura
et al. demonstrated that plasma DNA achieved a 92.9% con-
cordance rate with the primary tissue on a small sample size
using the Scorpion Amplification Refractory Mutation
System (ARMS) technology. Although the detection method
is different, we have shown on a larger sample group that our
concordance rate is similar. Multiple platforms have been
demonstrated to reliably detect ctDNA from NSCLC [26],
and our choice of using ddPCR is attributed to its low sample
detection limit [19] that is crucial for detecting minute
amounts of ctDNA [27]. We had determined in our validation
trials on spiked sample controls that the assay readily detected
mutant DNA of 100 copies within 1000 genome equivalent
background. This demonstrated the excellent sensitivity of the
assay to pick out low frequency mutations within each clinical
specimen.

Our study further extends to understand how varia-
tions in ctDNA of the most commonly found EGFR

mutations are affected by afatinib treatment. Afatinib
has been revealed in a number of phase II trials to
benefit NSCLC patients who acquired EGFR TKI resis-
tance [15, 28–30]. We have demonstrated that serial
monitoring of plasma samples can capture the dynamic
changes during treatment that is crucial for clinical in-
tervention. Of the 128 patients that were examined, we
detected a significant number of individuals emerging
with T790M positive secondary mutation. This
highlighted a major change within the molecular profiles
of these patients that was distinctly different from their
baseline analysis. The initial absence of T790M from
both the primary tissue and plasma cell free DNA sug-
gested that the event was likely an acquired phenomena.
Indeed, this is coherent with prior studies by Zhang
et al [31] who showed that PC9 cells (lung adenocarci-
noma cell line) acquired T790M after chronic exposures
to increasing doses of gefitinib. In our cohort, we hy-
pothesize the mechanism of the secondary resistance
mutation (T790M) emergence is likely a result of the
exposure to TKI therapy.

There were also fluctuations to the quantities of their initial
EGFR mutations (Fig. 3b and Supplementary Figure 3),
which can be representative of treatment efficacy.
Specifically, we observed a strong correlation with T790M
mutations, with patients who acquired the secondary EGFR
mutation having the largest increase in mutant DNA levels.
The results are highly suggestive of the reduced effectiveness
of the 1st generation TKIs in managing the disease and the

Fig. 4 Overall survival of
patients receiving afatinib
treatment in our study. a
Collective results of all patients
who were serially monitored
using plasma ctDNA. b Sub-
analysis of patient groups initially
with activating EGFR mutations
for L858R or Exon 19 deletions. c
Sub-analysis of patient groups
with T790M signature
determined by ctDNA analysis
prior to afatinib treatment. d Sub-
analysis of patient groups with
decrease in their ctDNA levels
immediately after treatment show
better survival outcome
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need for intervention such as switching to 2nd generation TKIs
earlier.

Most patients who were subsequently placed on afatinib
were given a dosage of 40mg daily. Patients who experienced
adverse events/reactions had their dose reduced by 10mg. The
most common adverse effects include diarrhea and skin
rashes. Our parallel measurements of ctDNA during the treat-
ment process yielded several interesting observations. 46% of
the patient cohort registered a drop in ctDNA quantities and
the corresponding OS measurements were favorable for these
patients. Median OS was higher by 7 months as shown in
Fig. 4d. Patients in this favorable group saw their ctDNA
levels fall within 4 months after starting their 2nd line therapy.
This is coherent with the LUX-Lung 4 study [15] that showed
patients who responded on afatinib had a median progression
free survival (PFS) of 4.4 months and responses by tumor
imaging were seen within 8 weeks of afatinib initiation. In
our study, our measured ctDNA quantities reduced by an av-
erage of 14% for the favorable patient group within 4 months
(Supplementary Fig. 3). All patients within this favorable
group registered a drop in ctDNA concentrations after afatinib
initiation, albeit at differing amounts in the first plasma sam-
pling cycle after afatinib treatment. For some patients, the
declines in ctDNA levels were more pronounced at the 2nd

plasma analysis. By the third sampling cycle, all patients had
higher ctDNA counts than before afatinib treatment.

T790M remains the most crucial parameter that dictates
treatment efficacy as shown in Fig. 4. Variations in T790M
ctDNA quantity immediately after initiation of afatinib
remained fairly stable (Fig. 3c) and could be consistently de-
tected. Patients found to be T790M positive prior to afatinib
treatment had median OS much lesser than the patient group
without the secondary EGFR mutation. Similar to other stud-
ies [23, 32], we observed worse prognosis for the T790M
positive patient group detected via ctDNA analysis.
Maheswaran et al for instance observed that the presence of
T790M prior to treatment using 1st generation TKI gefitinib
and erlotinib was 7.7 months versus 16.5 months for TKI
naïve patients [32]. Taken together, our results also suggest
that T790M profiling before treatment can be a useful pretreat-
ment marker. This is to classify patients who are not likely to
achieve durable clinical response even to 2nd generation TKIs.
In the current study, we advocate the use of ctDNA in the
treatment monitoring of NSCLC patients undergoing 2nd line
therapy for its relatively less invasive approach to tumor tissue
extraction. Using ctDNA, multiple blood samplings through-
out the treatment cycle can be performed to complement cur-
rent monitoring regimes such as radiologic imaging.

One limitation of the current study is the lack of
matched tissue biopsies at different blood sampling time
points. A series of real time repeat biopsies would aid to
confirm the dynamic changes that were observed in
ctDNA analysis. However, this was technically difficult

as the conditions of most of our patients at this stage were
too weak and unsuitable for further repeat biopsy. Most
patients were also reluctant for further surgical procedures.
This concurs with the observations from other studies [33,
34] where getting access to repeat biopsy are challenging.
ctDNA thus could complement this limitation in disease
management by providing a less invasive procedure for
disease profiling. Another interesting trial would be to
vary the blood sampling frequency. This is to ascertain
the optimal interval to capture significant events like the
emergence of T790M that might lead to faster clinical
intervention.

Our study nonetheless addressed a critical phase of NSCLC
treatment using afatinib as the 2nd line therapy for patients
who had acquired resistance to gefitinib or erlotinib. CtDNA
is clearly an attractivemeans to actively probe the dynamics of
the disease. This presents a complementary treatment analysis
tool and can be applied to patients whose conditions do not
allow for a biopsy.

Conclusion

In summary, our results clearly show that ctDNA is highly
representative of the characteristics of key activating EGFR
mutations at baseline, which confers their close connection to
the primary tumor. The active monitoring of ctDNA profiles
for each patient receiving therapy will aid to determine treat-
ment efficacy and allow for quicker clinical intervention. In
measuring the treatment efficiency of afatinib, the decrease in
ctDNA levels was evidently linked to better OS outcome. Our
analysis also showed that the patient group with the secondary
EGFR T790M mutation prior to afatinib treatment had worse
survival outcome. These results demonstrate that ctDNA is
effective to guide TKI treatment for EGFR positive patients
and future studies using this approach can be validated for a
prospective clinical interventional study to determine the use-
fulness as a prognostic biomarker.
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