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Background. Circulating tumor DNA (ctDNA) derived from tumors is a promising biomarker for monitoring tumor status and
evaluating therapeutic effects and prognosis. We studied the plasma human epidermal growth factor receptor 2 (HER2)
amplification in gastric cancer (GC) patients by droplet digital PCR (ddPCR) during therapy with trastuzumab. Methods. A total
of 12 patients were recruited after surgery. All patients received FOLFOX chemotherapy combined with trastuzumab as a
treatment regimen. During the 12 months of the follow-up period, using elongation factor Tu GTP binding domain containing
2 (EFTUD2) as a reference gene, plasma HER2 to EFTUD2 ratios (the HER2 ratio) were determined for each patient every 2
months by ddPCR. Results. The concordance rate of HER2 amplification examined in plasma and formalin-fixed
paraffin-embedded (FFPE) samples with ddPCR was 81.4%, with a sensitivity of 76.5% and a specificity of 83.8%. Plasma HER2
ratios were correlated with the primary tumor size (p < 0 01). A significant decrease in the plasma HER2 ratio was found after
two months of treatment (p < 0 0001). Nine patients experienced partial response, and three patients had stable disease. Seven
patients had progressive disease (PD) during follow-up, and four of them had died. The median progression-free survival (PFS)
was 9.8 months. For each patient who developed PD, the plasma HER2 ratio was approximately 2.3-4.1 times higher than the
cut-off value at the time of PD, which was the highest during the whole follow-up period. Conclusion. Longitudinal monitoring
for the plasma HER2 ratio by ddPCR in the clinical courses of GC patients holds great promise for use as an indicator of tumor
progression and treatment efficacy.

1. Introduction

According to the latest cancer statistics, gastric cancer (GC)
is the second most common cancer in terms of incidence
and mortality in China [1]. Except for the surgery and radio-
therapy, a combination of systemic chemotherapy and
platinum-containing regimens represents the gold standard

of first-line treatment for advanced GC [2–4], which could
significantly improve the overall survival (OS) and quality
of life. However, its potential benefit has reached a plateau.
Recently, accumulating evidences regarding the efficacy of
novel targeted therapies in the treatment of GC have been
reported [5–9], such as human epidermal growth factor
receptor 2 (HER2), epidermal growth factor receptor
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(EGFR), and vascular endothelial factor and its receptor
(VEGF/VEGFR) based on the targets. Although the results
were mostly not promising, two meta-analyses of random-
ized trials revealed that HER2 was the most effective of tar-
geted drugs for its outstanding improvement of OS and
progression-free survival (PFS) [10, 11].

To date, trastuzumab has been recommended by the
European Medicines Agency and the United States Food
and Drug Administration (FDA) as a new treatment option
for patients with HER2-positive GC [12]. It was reported that
HER2 overexpression occurs in 7–42% of tumor tissues in
GC patients [13]. The detection of HER2 was routinely per-
formed in resected tumors using immunohistochemistry
(IHC) and fluorescence in situ hybridization (FISH). How-
ever, the distribution of HER2-expressing cells is known to
be heterogeneous in GC [14]. And a regular monitoring of
the HER2 status to evaluate the prognosis and reconsider
treatment strategies was potentially required, but clinical
monitoring of molecular mutations or changes in expression
through repeated biopsy of tumor tissues would be difficult,
because of its invasive nature, high incidence of inducing
tumor metastasize, and so on. Hence, it is critical to find
alternative methods to determine the issue, by using other
nonbiopsy specimens which can be acquired easily and
dynamically, such as plasma, serum, or urine.

Circulating tumor DNA (ctDNA) derived from tumors
and released into the bloodstream is a promising biomarker
for cancer screening andprognosis and formonitoring the sta-
tus of tumors and the efficacy of anticancer therapies [15–17].
These molecular alterations could be analyzed by various
methods, including quantitative real-time PCR (Q-PCR),
next-generation sequencing (NGS), or droplet digital PCR
(ddPCR). Among these techniques, ddPCR was proven to be
more precise, sensitive, and less affected by PCR inhibitors
and did not need internal/external normalization when com-
pared with others [18, 19]. Some studies have demonstrated
the superior accuracy of ddPCR for measuring copy number
variation (CNV) [20, 21]. And it has also been proven that
the detection of HER2 in ctDNA in GC by ddPCR could pre-
cisely estimate the HER2 status of tumors [22, 23].

In this study, we recruited GC patients who received
treatment with FOLFOX chemotherapy (oxaliplatin
(L-OHP)+calcium folinate (CF)+5-fluorouracil (5-Fu)) and
trastuzumab and detected the HER2 copy number status
by ddPCR in plasma samples every 2 months during the
12 months of follow-up, to evaluate its potential clinical
use as a biomarker for monitoring the tumor status and
treatment responses during the treatment period.

2. Materials and Methods

2.1. Patients and Blood Samples. A total of 133 patients diag-
nosed with gastric cancer (GC) from Sichuan Provincial Peo-
ple’s Hospital between May 2015 and January 2016 were
considered for recruitment in the present study. Enrollment
criteria included the following: (1) patients were categorized
as stage III or IV according to TNM stage classification, (2)
patients received treatment with trastuzumab, (3) patients’
tumor biopsies and blood samples were HER2 positive as

detected by ddPCR, and (4) by a signed agreement, patients
agreed to provide additional blood samples and received clin-
ical examination including computed tomography (CT) imag-
ing every 2months during the 12months of follow-up. Finally,
there were 111 patients excluded as described in Figure 1. The
present study was approved by the ethics committee of
Sichuan Provincial People’s Hospital. All patients provided a
written informed consent form to approve the use of their
blood samples and clinical data for research purposes.

For plasma, 10mL peripheral blood was collected in
Streck Cell-Free DNA BCT tubes (Streck, Omaha, NE),
which enabled the stability of circulating DNA in whole
blood for at least 7 days at room temperature [24]. Within
8 hours, plasma was separated by centrifugation at 2000× g
for 10 minutes; the supernatant was followed by a second
centrifugation at 12000× g for 20 minutes. Then, the plasma
was stored at −80°C until use.

2.2. DNA Extraction. Circulating cell-free DNA (cfDNA) was
isolated from 4mL of plasma using the QIAamp Circulating
Nucleic Acid Kit (Qiagen, Germany) according to the manu-
facturer’s instructions. cfDNA was eluted from spin columns
in 40μL elution buffer as provided with the kit; the concentra-
tion was approximately 10-30 ng/μL. And then cfDNA was
used in ddPCR analysis without storage at −80°C.

2.3. ddPCR Workflow. For each ddPCR assay, 5μL cfDNA
sample, 10μL 2× ddPCR supermix for probes (Bio-Rad),
1μL primer/probe mix, and 4μL RNase-free water were
added in a 20μL reaction mixture. The primer/probe
mix for HER2 and elongation factor Tu GTP binding
domain containing 2 (EFTUD2) were designed based on
Kinugasa et al. [22] and custom made by Thermo Fisher
Scientific Inc. For HER2 assay, primer sequences are as
follows: forward, 5′-ACAACCAAGTGAGGCAGGTC-3′,
and reverse, 5′-GTATTGTTCAGCGGGTCTCC-3′; probe
sequences are as follows: 5′-FAM-CCCAGCTCTTTGAG
GACAAC-MGB-NFQ-3′. For the EFTUD2 assay, primer
sequences are as follows: forward, 5′-GGTCTTGCCAG
ACACCAAAG-3′, and reverse, 5′-TGAGAGGACACACG
CAAAAC-3′; probe sequences are as follows: 5′-VIC-GG
ACATCCTTTGGCTTTTGA-MGB-NFQ-3′. Then, the
20μL mixture and 70μL droplet generation oil for probes
(Bio-Rad) were respectively loaded into the sample wells and
oil wells of a disposable droplet generator cartridge (Bio-Rad).
After that, droplets were generated by a QX200 droplet
generator device (Bio-Rad) and carefully transferred to a
96-well PCR plate (Eppendorf). The cycling conditions
were 95°C for 10 minutes, 40 cycles of 95°C for 15 seconds
and 58°C for 1 minute, and a final step at 98°C for 10
minutes. At the end of the PCR reaction, droplets were
read in the QX200 droplet reader and analyzed using the
QuantaSoft™ version 1.7.4 software (Bio-Rad). In addition,
a no template control (NTC) was included in every assay.

2.4. Statistical Analysis. The statistical analyses were per-
formed using the SPSS version 19.0 software. The
Mann-Whitney U test was used to compare significant
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differences in HER2 ratios of different blood samples. Con-
tinuous data are presented as means± standard deviation.
Correlation coefficients were calculated using the Spearman
or Pearson method. A p value of less than 0.05 was consid-
ered to be significant.

3. Results

3.1. Patient Characteristics. A total of 12 patients with
advanced GC were enrolled in the present study, comprised
of 7 males and 5 females. All patients agreed to receive the
treatment regimen of FOLFOX chemotherapy combined
with trastuzumab. All patients were categorized as TNM
stage IV and had small or extensive lymph node metastasis,
eight patients had liver metastasis, and four patients had
peritoneum seeding metastasis; the pathologic differentia-
tion grade was either moderate or poor (Table 1). The
median age was 63.4 years (range, 36-79 years). The tumor
location of GC includes the antrum, cardia, and body. The
median tumor size was 4.6 cm (range, 4-6.5 cm) (Table 1).
For each patient, GC paraffin-embedded tissue samples were
obtained after surgical resection, and one blood sample was
collected 3 days before surgery. Additional blood samples
were collected as per the signed agreement, unless the
patient died during follow-up. At the same time, CT imaging
was performed to evaluate treatment responses according to
the Response Evaluation Criteria in Solid Tumors (RECIST),
version 1.1 [25]. The details regarding progressive disease
(PD) and subsequent management were recorded. More-
over, the clinicopathological classification and staging were
determined according to the World Health Organization
pathological classification of tumors. By the end of the last
follow-up, seven patients experienced progressive disease

and four patients had died. The median progression-free
survival (PFS) was 9.8 months (Table 2).

3.2. Technical Sensitivity and Specificity of HER2 Ratio Assays
in the cfDNA. According to a previous study, EFTUD2,
which had a highly stable copy number ratio with the ERBB2
locus and located in the same region with HER2 on chromo-
some 17, was used as a reference for the ddPCR assay [26]. A
cut-off value for plasma and tissue HER2 to EFTUD2 ratios
(the HER2 ratio) was set at 1.2 based on studies by Kinugasa
et al. and Gevensleben et al. [22, 26].

The HER2 status in formalin-fixed paraffin-embedded
(FFPE) samples was determined by routine IHC and FISH
methods according to the published criteria [27]. The sen-
sitivity and specificity of the ddPCR assays in measuring
HER2 ratios in plasma and FFPE samples were deter-
mined from 102 GC patients (Figure 1). When the droplet
number is less than 10000, the data would be considered
invalid and a repeat detection would be performed. Over-
all, 39 and 63 patients were HER2-postive and HER2-ne-
gative, respectively, by IHC/FISH. Similar results were
obtained by ddPCR; 37 patients were determined as
HER2-postive when a HER2 ratio was higher than the
cut-off value (1.2). The sensitivity and specificity were
87.1% (34/39) and 95.2% (60/63), respectively (Table 3).
The concordance rate was 92.2% (94/102). Compared with
tumor tissue samples, the sensitivity and specificity of
ddPCR for HER2 status in plasma were 76.5% (26/34)
and 83.8% (57/68), respectively (Table 3). The concor-
dance rate of HER2 amplification examined in plasma
and FFPE samples with ddPCR was 81.4% (83/102). These
results demonstrated that analysis of cfDNA with ddPCR
has good accuracy screening for the acquisition of HER2
amplification in GC cancer.

3.3. Association with Tumor Characteristics. The HER2 ratio
in plasma samples of GC patients before receiving treatment
was 4.74± 1.60 (range, 2.84-8.19). As shown in Figure 2, the
correlation analysis was performed between HER2 status
before receiving treatment and some clinicopathological
characteristics including tumor size, differentiation, lymph
node metastasis, and distant metastasis. After being analyzed
separately, only tumor sizes were found to be positively cor-
related with HER2 ratios (Pearson r = 0 6056, p = 0 0369).
No correlation was found between HER2 ratios before receiv-
ing treatment and tumor differentiation, lymphnodemetasta-
sis (N1 or Nx), or distant metastasis (the liver or peritoneum)
(Spearman r = −0 2414, p = 0 4848; r = −0 2048, p = 0 5697;
and r = −0 4609, p = 0 1535, respectively). Moreover, a sig-
nificant decrease in the HER2 ratio (1.81± 0.57, range,
1.18-2.91) was found in the plasma of GC patients after 2
months of FOLFOX chemotherapy combined with trastuzu-
mab (p < 0 0001). These results suggested that HER2 ratios
may be used as additional indicators for evaluating the effect
of tumor therapy or tumor size in patients with
HER2-positive GC.

3.4. Longitudinal Monitoring for HER2 Status in the Plasma
of GC Patients Treated with Trastuzumab. To investigate

Eligible for study
(n = 102) 

 

Eligible for study
(n = 26) 

Eligible for study
(n = 13) 

Recruited for study
(n = 12)

GC patients identified
(n = 133)

Excluded patients (n = 31)
(i) TNM stage I or II

Excluded patients (n = 76)
HER2 negative in tumor
biopsies or plasma

(i)

Excluded patients (n = 13)
(i)

(ii)
Resectable tumors
Do not use trastuzumab

Excluded patients (n = 1)
Refused to sign agreement(i)

Figure 1: Enrollment of gastric cancer patients. Flow chart of
patients in the study. GC: gastric cancer; HER2: human epidermal
growth factor receptor 2.
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whether HER2 ratios in cfDNA can be used to monitor
the treatment response or tumor progression longitudi-
nally, plasma samples were analyzed at specified time
points during the course of their treatment, together
with CT imaging. During the 12 months of follow-up,
three patients had a best response of stable disease
and 9 patients had a partial response (PR) (Table 2).

Seven patients were found to have progressive disease
at 6 months, 8 months, or 10 months posttreatment.
Four of them had died before 10 months or 12 months
during follow-up.

For patients who had a best response of SD or PR,
the HER2 ratio in plasma before receiving treatment
was 3.01± 0.41 (range, 2.72-3.48) and 5.32± 1.40 (range,

Table 1: Clinicopathological characteristics of all patients.

Patient
ID

Age Gender
Tumor
location

Tumor size
(cm)

Differentiation
Lymph node
metastasis

Distant
metastasis

Stage TNM Treatment

1 53 Female Antrum 4 Poor Positive Liver IV T4aNxM1
FOLFOX

+trastuzumab

2 36 Male Antrum 4.5 Poor Positive Peritoneum IV T4N1M1
FOLFOX

+trastuzumab

3 64 Female Cardia 4 Moderate Positive Liver IV T4NxM1
FOLFOX

+trastuzumab

4 70 Female Cardia 5 Poor Positive Liver IV T4bNxM1
FOLFOX

+trastuzumab

5 71 Male Body 6.5 Poor Positive Liver IV T4N1M1
FOLFOX

+trastuzumab

6 65 Male Body 5.5 Moderate Positive Peritoneum IV T4bN1M1
FOLFOX

+trastuzumab

7 79 Male Antrum 4 Moderate Positive Liver IV T4N1M1
FOLFOX

+trastuzumab

8 72 Male Antrum 5 Poor Positive Liver IV T4N1M1
FOLFOX

+trastuzumab

9 56 Male Cardia 4 Moderate Positive Peritoneum IV T4bN1M1
FOLFOX

+trastuzumab

10 59 Female Cardia 5 Moderate Positive Liver IV T4aNxM1
FOLFOX

+trastuzumab

11 64 Female Body 4 Poor Positive Peritoneum IV T4N1M1
FOLFOX

+trastuzumab

12 72 Male Antrum 4.5 Moderate Positive Liver IV T4N1M1
FOLFOX

+trastuzumab

FOLFOX= oxaliplatin (L-OHP)+calcium folinate (CF)+5-fluorouracil (5-Fu).

Table 2: Dynamics of plasma HER2 ratios in GC patients by ddPCR during the follow-up period.

Patient ID
HER2 ratios

Best response PFS (months)
0 months 2 months 4 months 6 months 8 months 10 months 12 months

1 4.59 2.44 2.23 0.89 0.71 1.58 1.04 PR 12

2 2.84 1.55 1.34 2.74∗ 3.56 — — SD 6

3 5.95 2.14 1.74 2.29 1.84 3.46∗ 3.28 PR 10

4 6.25 1.61 1.12 1.52 1.05 0.78 1.28 PR 12

5 8.19 2.91 1.54 1.06 2.12 4.88∗ 4.64 PR 10

6 5.34 1.18 2.06 3.13 4.02∗ 6.14 — PR 8

7 4.79 2.53 1.02 1.54 2.4 3.64∗ 3.88 PR 10

8 5.17 1.52 1.44 0.73 1.03 1.13 0.86 PR 12

9 2.72 1.31 2.29 3.54∗ 4.22 — — SD 6

10 3.17 1.24 0.89 1.06 1.45 1.06 1.11 PR 12

11 4.44 1.88 1.59 2.04 3.15∗ 5.28 — PR 8

12 3.48 1.42 1.89 1.04 0.94 1.22 1.08 SD 12

SD: stable disease; PR: partial response; PFS: progress free survival; ∗ means time to progressive disease.
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3.17-8.19), respectively. Significant difference was found
between these groups (p = 0 0182). Moreover, after 2
months of treatment, the decrease in the HER2 ratio
in patients who had a PR was more significant (3.38
± 1.20; range, 1.93-5.28) when compared with patients
who had a SD (1.58± 0.41; range, 1.29-2.06). The
median survival time for patients who had a SD or
PR was 8 months and >11.6 months, respectively.
These results suggested that a high level of HER2 gene
amplification was associated with better response and
longer survival time in HER2-positive advanced GC
treated with trastuzumab. Seven patients showed a high
plasma HER2 ratio at the time of progressive disease
during the follow-up period, which was approximately
2.3-4.1 times higher than the cut-off value (Table 2
and Figure 3). It was supposed that these might be
induced by the proliferation of tumor cells with HER2
amplification or acquisition of HER2 amplification in
tumor cells. Furthermore, except for the case 2 and case
3, five cases (case 5, case 6, case 7, case 9, and case 11)
showed an obvious increasing trend of plasma HER2
ratio at least 2 months before the time of tumor pro-
gression, which was approximately 1.7-2 times higher
than the cut-off value (Table 2 and Figure 3). In com-
parison with that, five patients (case 1, case 4, case 8,
case 10, and case 12) did not develop progressive dis-
ease; a remarkable and continuous decrease in the
plasma HER2 ratio was found after prompt treatment
with FOLFOX chemotherapy plus trastuzumab during
follow-up (Table 2 and Figure 3). Taken together, these
results suggest that trastuzumab is an effective reagent
for the treatment of HER2-positive GC, and the plasma
HER2 ratio determined by ddPCR may serve as a bio-
marker for tumor progression in GC patients who
received treatment with trastuzumab.

4. Discussion

In the past few years, the activity of several driver muta-
tions has been demonstrated in approximately 40% of
GC patients [27, 28]. A number of randomized phase
III trials testing target therapies in the treatment of
advanced GC patients have been performed in clinics,
including anti-HER2 targeted agents, angiogenesis

inhibitors, EGFR inhibitors, and mTOR inhibitors [5–7,
9]. However, only the use of trastuzumab had shown
significant benefits in HER2-positive tumors. To date,
trastuzumab is the only targeted agent to have obtained
US FDA and European Medicines Agency (EMA)
approval for the treatment of HER2-overexpressing
advanced GC [12]. As expected, in the present study,
through a regular follow-up and treatment with FOL-
FOX chemotherapy plus trastuzumab, most patients
(9/12) achieved a PR, and the median progress-free sur-
vival was 9.8 months at the last follow-up.

HER2 positivity in GC widely ranges from 7% to 42%,
because of the heterogeneity in HER2 amplification in
tumors [13]. A previous study has demonstrated that the
level of HER2 gene amplification could predict the out-
come in GC patients treated with trastuzumab; the opti-
mal cut-off value of the HER2/CEP17 ratio in tumor
tissues for predicting survival longer than 12 months was
4.45 [29]. In the present study, we also found that GC
patients who had a HER2/EFTUD2 ratio> 3 in plasma
were more likely to have a better response and survive
longer during follow-up. However, it is also important to
monitor the expression status of HER2 for making a
proper adjustment of treatment strategies, since the
HER2 expressions in tumors are frequently changed dur-
ing the treatment in the clinic because of genetic differen-
tiation [14, 30]. The routinely used methods of IHC/FISH
are not suitable for monitoring HER2 status during the
clinical course, because it is difficult to regularly obtain
biopsy samples. In that case, ctDNA in the blood was con-
sidered to hold great promise for solving this issue.
Indeed, a number of studies have proven that the presence
of certain ctDNA markers could be used as an indicator
and predictor of tumor progression or drug resistance, in
non-small-cell lung cancer, colon cancer, breast cancer,
and gastric cancer [30, 31].

The ddPCR technique was considered to be or would
be the gold standard in the application of liquid biopsy,
because it has shown superior precision and sensitivity
while detecting low concentration of target nucleic acid
molecules [18, 19]. Kinugasa et al. have made a first step
to use ddPCR to evaluate HER2 amplification in serum
of GC patients [22]. In the present study, we identified
that 37 out of 133 patients (27.8%) were HER2-positive
by IHC/FISH. And our results have shown outstanding
sensitivity and specificity, with a concordance rate of
81.4% for determining HER2 status by ddPCR between
FFPE and plasma samples, which was higher than a con-
cordance rate of 62.5% reported by Kinugasa et al. [22].
We suppose that the use of Streck Cell-Free DNA BCT
tubes for sample collection and bigger sample volume for
ctDNA extraction leads to these different results. Since
the concentration of ctDNA in plasma is low and the
half-life of cfDNA is less than 1.5 h, the use of common
EDTA tubes and insufficient sample volume might con-
found the results. Thus, our results suggest that the
dynamic monitoring of HER2 amplification by ddPCR is
technically feasible, and it might become a standard
method for analyzing ctDNA in GC.

Table 3: Concordance of plasma and tumor tissue sample results
for HER2 status from GC patients by ddPCR or IHC/FISH.

HER2 in FFPE
with ddPCR Total Sensitivity Specificity

Positive Negative

HER2 in FFPE with IHC/FISH

Positive 34 5 39
87.2% 95.2%

Negative 3 60 63

HER2 in ctDNA with ddPCR

Positive 26 8 34
76.5% 83.8%

Negative 11 57 68
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A previous study reported by Shoda et al. has
explored the effectiveness of monitoring HER2 amplifica-
tion in plasma of GC patients by ddPCR. It demon-
strated that the plasma HER2 status might be a useful
marker for monitoring tumor status. However, most
patients did not have blood samples after surgery, and
only 6 cases have repeated measurements of the HER2
ratios in plasma which are collected discontinuously dur-
ing the follow-up period [23]. In the present study, we
had a regular blood collection and medical examination
for all patients every 2 months during the treatment
with FOLFOX chemotherapy plus trastuzumab. Our
results showed that plasma HER2 ratios were signifi-
cantly decreased after treatment in most patients. During
the 12 months of the follow-up period, a significant
increase in plasma HER2 ratios was found to be associ-
ated with tumor progression. Similar to the study by
Shoda et al., it also could suggest that the monitoring
of HER2 status by ddPCR could offer an insight to pre-
dict tumor progression and evaluate treatment efficacy in
the clinical courses of GC patients.

Although the present study is a prospective study, it
has quite a few limitations. First of all, the number of
recruited patients was small and had little or no heteroge-
neity in TNM stage, tumor size, differentiation, lymph
node, and distant metastasis. Secondly, it was an observa-
tional study without a proper control group, and we did
not give additional treatment or adjust medications
according to the frequently changed HER2 status in
plasma. Thus, we still do not even know how to make a
proper adjustment and do not have any direct evidence
to demonstrate that the proper adjustments of treatment
strategies according to HER2 status would have benefits
for the outcomes of GC patients. Thirdly, most patients
had frequent changes of plasma HER2 status during the
follow-up, such as increasing from HER2-negative to
HER2-positive or decreasing from HER2-positive to
HER2-negative. We could not confirm what factors
affected the results, such as the proliferation of
HER2-positive tumor cells, the acquisition of HER2
amplification in tumor cells, or the set of cut-off values.
And we also do not know whether these results could
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reflect the real status of tumor progression if without
the related biopsy samples. Thus, any final conclusions
regarding the effectiveness of monitoring HER2 status
by ddPCR in GC patients still could not be drawn. Fur-
ther studies are required.

5. Conclusion

In conclusion, longitudinal monitoring for the plasma HER2
ratio by ddPCR in the clinical courses of GC patients holds
great promise for use as an indicator of tumor progression
and treatment efficacy.
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