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ABSTRACT

Purpose: The aim of this study was to investigate the role of circulating tumor cells 
(CTCs) in assessing and predicting tumor response to neoadjuvant chemoradiotherapy 
(CRT) for patients with locally advanced rectal cancer (LARC).

Methods: A total of 115 patients with T3-4 and/or N+ rectal cancer were enrolled. 
All patients received neoadjuvant CRT followed by radical surgery after 6-8 weeks. 
The pathological results after surgery were evaluated according to tumor regression 
grade (TRG) classification.

Results: Based on TRG score, patients were classified as responders (TRG3-4) and 
non-responders (TRG0-2). The baseline CTC counts of responders were significantly 
higher than those of non-responders (44.50±11.94 vs. 37.67±15.45, P=0.012). By 
contrast, the post-CRT CTC counts of responders were significantly lower than those 
of non-responders (3.61±2.90 vs. 12.08±7.40, P<0.001). According to ROC analysis, 
∆%CTC (percentage difference in CTC counts between baseline and post-CRT) was 
identified as the stronger predictor to discriminate responders from non-responders 
(AUC: 0.860). The results of multivariate analysis also indicated that post-CRT CTC 
counts and ∆%CTC were significantly and independently associated with tumor 
response to CRT.

Conclusions: The detection of CTCs is a powerful and promising tool for evaluating 
and predicting responses to neoadjuvant CRT in LARC patients.

INTRODUCTION

Nowadays neoadjuvant chemoradiation therapy 
(CRT) combined with radical surgery has become the 
standard strategy in patients with locally advanced rectal 
cancer (LARC) [1–5]. Nevertheless, a wide range of 
treatment responses has been shown after neoadjuvant 
CRT: some cases obtain complete disappearing of 
tumor after CRT but others have no response to therapy 
[6–7]. Previous studies demonstrated that patients with 
good responses to neoadjuvant CRT would have better 
prognosis than those without [8–9]. Accordingly, it’s very 
essential to predict accurately the responses to neoadjuvant 
CRT in order to carry out individualized therapy.

Circulating tumor cells (CTCs), which originate 
from tumor tissues, are closely associated with tumor 
invasion and metastasis [10–11]. Thus, detecting and 
analyzing these tumor cells is very helpful for investigating 
the intrinsic characteristics of tumors and performing 
individualized treatment. Nevertheless, the detection and 
identification of CTCs encounters tremendous difficulties 
because CTCs are very rare in the blood [12]. In recent 
years, many techniques with different theories have been 
performed to detect CTCs [13–17]. Immunomagnetic 
bead separation based on antibodies for tumor cell 
surface antigens(e.g. CellSearch system) is one of the 
most prevalent methods employed to detect CTCs in the 
clinical settings. The CellSearch system, approved by US 
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FDA, has been widely used in CTC detection for patients 
with metastatic colorectal, prostate and breast cancer 
[18]. By use of CellSearch system, the results of many 
studies demonstrated that the detection of CTCs could 
be well used to evaluate treatment responses and long-
term prognosis for metastatic colorectal cancer patients 
[19–20]. But for non-metastatic colorectal cancer patients, 
the positive rate of CTC detection using CellSearch 
system is too low (about 11%-25%) to further analyze the 
relationship between CTCs and patients’ characteristics 
and their treatment responses [17, 21]. The main reason 
for that is probably because this system can not capture a 
part of CTCs which do not express epithelial antigen [22]. 
So more efficient and sensitive methods should be used to 
detect CTCs for non-metastatic patients. Since the sizes of 
CTCs (15-25μm in diameter) are much larger than those 
of hematologic cells (7-10μm in diameter) [23], more and 
more methods based on the differences of cell sizes are 
used for CTC detection and their capture rates of CTCs are 
much higher than those using immunomagnetic beads such 
as CellSearch system [24–25]. In our previous study [26], 
we introduced our high-performance microfluidic device 
to detect CTCs. The theory of this device is mainly based 
on the different sizes between tumor cells and other blood 
cells. This technique possesses a very high capture rate 
of CTCs, with fully repeatability. With the high detection 
rate of our device, we could use it to further analyze and 
evaluate the potential role of CTCs in clinical settings for 
non-metastatic cancer patients.

The results of some small series of rectal cancer 
patients undergoing neoadjuvant CRT indicated that 
responders to CRT had a significantly higher CTC 
detection rate compared with non-responders and CRT 
induced a significant decrease in CTC detection rate for 
responders [27–28]. Therefore, by use of our microfluidic 
device, we designed this study to further investigate 
the role of CTCs in evaluating and predicting treatment 
responses to neoadjuvant CRT in patients with LARC. To 
our knowledge, this is the largest series of rectal cancer 
patients to assess the role of CTCs in predicting the 
responses to neoadjuvant CRT.

RESULTS

Patients’ characteristics and histopathologic 
regression

The clinical characteristics of all 115 patients were 
shown in Table 1. All patients received comprehensive 
evaluations at baseline and their clinical stages were 
evaluated as follows: For clinical T stage, 77(67%) 
and 38(33%) patients were classified as cT3 and cT4, 
respectively. For clinical N stage, 15(13%), 57(50%) 
and 43(37%) patients were classified as cN0, cN1 and 
cN2, respectively. Of all these 115 patients, 65(57%) 
had abdominal perineal resection (APR), 45(39%) 

had anterior resection(AR) and 5(4%) had Hartmann's 
resection. Pathological stages were evaluated based on the 
specimens of surgery. For pathological T stage, 27(23%), 
8(7%), 28(24%), 48(42%) and 4(3%) patients were 
classified as pT0, pT1, pT2, pT3 and pT4, respectively. 
For pathological N stage, 79(69%), 24(21%) and 12(10%) 
were classified as pN0, pN1 and pN2, respectively. 
According to the criteria of Dworak, the 115 patients were 
classified as TRG1 in 14 cases (12%), TRG2 in 37 cases 
(32%), TRG3 in 39 cases (34%) and TRG4 in 25 cases 
(22%). No TRG0 subset was observed. 25 of 115 patients 
(22%) were evaluated as pathological complete response 
(pCR).

CTCs in healthy individuals and rectal cancer 
patients

CTCs were observed in all 115 rectal cancer patients 
and we could find at least three positive cells in each 
sample. By contrast, for 30 healthy donors, we could also 
find a small quantity of positive cells in 3 blood samples, 
but the counts of these positive cells were no more than 
two in each sample.

Rectal cancer patients had significantly higher CTC 
counts than healthy people (41.67±13.97 vs 0.17±0.59 
cells/5mL, P<0.05).

By use of ROC analysis, we found that CTC was a 
good marker to distinguish cancer patients from healthy 
people. With a cutoff of 3 cells/5mL, the diagnostic power 
of CTCs showed 100% sensitivity and 100% specificity.

CTCs and histologic regression

We compared CTCs and other 5 tumor markers 
before CRT with those after CRT, and the results were 
shown in Table 2. CTC counts and the levels of CEA, 
CA199, CA50 and CA242 before CRT were significantly 
higher than those after CRT (P<0.001). The levels of 
CA724 also decreased after the completion of CRT, but 
no significant difference was observed between pre- and 
post-CRT.

Pathologic responders vs. non-responders

According to TRG score, 115 patients were 
regrouped as 64 responders (TRG 3-4) and 51 non-
responders (TRG 0-2). As shown in Figure 1A, not only 
in non-responder group but also in responder group, 
CTC counts significantly decreased after CRT compared 
with those before CRT (P<0.001). The responders had 
significantly higher baseline CTC counts than non-
responders (44.50±11.94 vs. 37.67±15.45, P=0.012). 
By contrast, responders had significantly lower post-
CRT CTC counts than non-responders (3.61±2.90 vs. 
12.08±7.40, P<0.001). Then we observed and compared 
∆%CTC value (percentage difference in CTC counts 
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between pre-CRT and post-CRT) in different TRG score. 
Significant differences in ∆%CTC (90.62±8.76% in 
responders vs. 60.03±31.03 in non-responders, P<0.001) 
were observed between the two groups. For other tumor 
marker parameters (including ∆%CEA, ∆%199, ∆%50, 
∆%724 and ∆%242), we did not find significant difference 
between these two groups (Table 3).

According to ROC analysis (demonstrated in Figure 
2A), ∆%CTC was identified as the stronger predictor to 
discriminate responders from non-responders compared 
with other tumor markers (area under the curve, AUC: 
0.860). When the cut-off threshold of ∆%CTC was 
defined as 81.91%, the accuracy of prediction was 
78.26%(90/115), with a sensitivity of 85.94%(55/64), a 

Table 1: Patients’ characteristics (N=115)

Characteristics N (%)

Age  

Years, median (Range) 54 (18-91)

Sex  

Male 71 (62%)

Female 44 (38%)

Tumor distance from the anal verge  

≤ 7cm 97 (84%)

> 7cm 18 (16%)

Clinical T stage (baseline)  

T3 77 (67%)

T4 38 (33%)

Clinical N stage (baseline)  

N0 15 (13%)

N+ 100 (87%)

Surgical procedure  

APR 65 (57%)

AR 45 (39%)

Hartmann's 5 (4%)

TRG score  

0-2 51 (44%)

3-4 64 (56%)

ypCR  

yes 25 (22%)

no 90 (78%)

Pathological T stage (after surgery)  

T0-2 63 (55%)

T3-4 52 (45%)

Pathological N stage (after surgery)  

N0 79 (69%)

N1-2 36 (31%)

APR: abdominal perineal resection; AR: anterior resection;
TRG: tumor regression grade; pCR: pathological complete response
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specificity of 68.63%(35/51), a positive predictive value 
of 77.46%(55/71) and a negative predictive value of 
79.55%(35/44).

Pathologic complete response (pCR) vs. non-pCR

Based on the pathological results after surgery, 
115 patients were reclassified as 25 pCR group and 90 
non-pCR group. As shown in Figure 1B, not only in pCR 
group but also in non-pCR group, post-CRT CTC counts 
were significantly lower than the baseline CTC counts 
(P<0.001). The patients of pCR group had significantly 
higher baseline CTC counts than those of non-pCR group 

(48.04±10.46 vs. 39.64±14.32, P=0.008). On the contrary, 
the patients of pCR group had significantly lower post-
CRT CTC counts than those of non-pCR group (0.72±0.98 
vs. 9.21±6.60, P<0.001). Then we observed and analyzed 
the relationship between ∆%CTC value and pathological 
results. The patients with pCR had significantly higher 
∆%CTC than those without pCR (98.26±2.43% in pCR 
group vs. 71.16±27.03% in non-pCR group, P<0.001). By 
contrast, for other tumor marker parameters (including 
∆%CEA, ∆%199, ∆%50, ∆%724 and ∆%242), we could 
not find significant difference between these two groups 
(Table 4).

Table 2: CTC and other tumor markers before and after CRT

Markers Pre-CRT Post-CRT P value

CTC (cell/5mL) 41.47±13.97 7.37±6.82 <0.001

CEA (μg/L) 20.11±81.89 11.65±41.00 <0.001

CA199 (U/mL) 40.50±120.90 27.51±77.73 <0.001

CA50 (U/mL) 12.01±46.22 7.76±24.15 <0.001

CA724 (U/mL) 7.17±14.91 5.93±10.32 0.326

CA242 (U/mL) 27.29±40.08 17.63±30.03 <0.001

CTC: circulating tumor cells; Pre-CRT: before chemoradiotherapy;
Post-CRT: after chemoradiotherapy

Figure 1: Relationship between CTC counts and tumor regression response. A. Changes of CTC counts between pre-CRT 
and post-CRT in TRG 0-2 (N=51) and TRG3-4 (N=64). B. Changes of CTC counts between pre-CRT and post-CRT in pCR (N=25) and 
non-pCR group (N=90) Pre-CRT: before chemoradiotherapy; Post-CRT: after chemoradiotherapy; TRG: tumor regression grade; pCR: 
pathological complete response.
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As demonstrated by ROC analysis (Figure 2B), 
∆%CTC was identified as a stronger predictor to 
distinguish patients with pCR and those without [AUC of 
∆%CTC: 0.979]. When the cut-off threshold of ∆%CTC 
was defined as 92.48%, the accuracy of prediction was 
90.43%(104/115). The sensitivity, specificity, positive 
predictive value and negative predictive value were 
96%(24/25), 88.89%(80/90), 70.59%(24/34) and 
98.77%(80/81), respectively.

Multivariate analysis

Firstly, logistic regression analysis were performed 
to find out relevant factors for predicting tumor responses 
between responders(TRG 3-4) and non-responders(TRG 
0-2). At univariate analysis, the covariates with P values 
<0.2 were as follows: baseline CTC counts(P=0.012), 

post-CRT CTC counts(P<0.001), ∆%CTC(P<0.001), 
baseline level of CEA(P=0.173) and CA50(P=0.060), 
post-CRT level of CEA(P=0.192), CA199(P=0.182) and 
CA242(P=0.187). Then these covariates were put into 
the multivariate analysis and the results showed that only 
post-CRT CTC counts and ∆%CTC were significantly and 
independently related to treatment response.

Similarly, logistic regression analysis were also 
carried out to find out relevant factors for predicting 
tumor responses between pCR and non-pCR patients. 
At univariate analysis, the covariates with P values <0.2 
were as follows: baseline CTC counts(P=0.008), post-CRT 
CTC counts(P<0.001), ∆%CTC(P<0.001), clinical tumor 
stage(P=0.130), operation procedure(P=0.129), baseline 
level of CA50(P=0.028), post-CRT level of CEA(P=0.047) 
and CA199(P=0.068). Then these covariates were put into 
the multivariate analysis and the results also indicated that 

Figure 2: Receiver operating characteristic (ROC) curve analysis for ∆%CTC. A. Receiver operating characteristic (ROC) 
curve analysis for ∆%CTC in discriminating responders (TRG 3-4) from non-responders (TRG 0-2). B. Receiver operating characteristic 
(ROC) curve analysis for ∆%CTC in discriminating pCR from non-pCR patients TRG: tumor regression grade; pCR: pathological complete 
response; ∆%CTC: percentage difference in CTC counts before and after chemoradiotherapy

Table 3: Different tumor markers in responders (TRG 3-4) and non-responders (TRG 0-2)

Markers Non-responders(N=51) Responders (N=64) P value

∆%CTC (%) 60.03±31.03 90.62±8.76 <0.001

∆%CEA (%) 25.11±34.44 22.32±36.03 0.608

∆%CA199 (%) 17.11±31.45 11.05±36.73 0.574

∆%CA50 (%) 12.81±59.77 -1.63±70.52 0.186

∆%CA724 (%) -54.39±204.10 -31.03±128.67 0.389

∆%CA242 (%) 18.30±54.31 14.25±55.14 0.199

∆%CTC, ∆%CEA, ∆%CA199, ∆%CA50, ∆%CA724, ∆%CA242: percentage difference between pre-CRT and post-CRT 
for CTC, CEA, CA199, CA50, CA724, CA242, respectively
TRG: tumor regression grade
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only post-CRT CTC counts and ∆%CTC were significantly 
and independently related to treatment response.

DISCUSSION

As mentioned above, there’s the need to establish 
an accurate method to evaluate and predict the effects of 
neoadjuvant CRT in order to perform the most appropriate 
treatment for patients with LARC. For patients with pCR 
or almost pCR, less aggressive therapies such as wait-
and-see policy could be performed to spare patients from 
unnecessary adverse outcomes associated with radical 
surgery [29–30]. Unfortunately, accurate identification of 
complete tumor regression remains a significant challenge. 
The accuracy of conventional methods (e.g. CT/MRI scan, 
serum CEA) is not reliable enough to assess the treatment 
responses and guide subsequent treatment strategies [21, 
31–32].

In recent years, CTC has been demonstrated as a 
prognostic marker for colorectal cancer patients [33]. It 
has been shown that colorectal cancer patients with tumor 
cells in the blood have a shorter overall survival [34]. In 
addition to their prognostic value, the detection of CTCs 
may be useful for assessing and predicting treatment 
response to CRT. Nevertheless, up till now, only a few 
studies have investigated the role of CTCs for evaluating 
responses to neoadjuvant CRT for patients with LARC. 
Zitt M. et al indicated that responders had an obvious 
decrease of CTC detection rate after neoadjuvant CRT 
but there was no noticeable alteration after treatment in 
non-responders [27]. These results have been confirmed 
and supported by other studies published in recent years 
[28, 35]. However, these studies still had their deficiency, 
including low sample size of patients and less efficient 
detection techniques of CTCs (e.g., CellSearch system 
or RT-PCR technique). As we have mentioned above, 
CellSearch system is not effective enough to well evaluate 
the role of CTCs in non-metastatic patients. In addition, 
low detection specificity of RT-PCR technique often 
makes physicians and biologists doubt the reliability of 

their results [36]. In our study, we used a high-performance 
size-based microdevice to detect CTCs. By our device, 
we further investigated the correlation between CTCs and 
responses to neoadjuvant CRT in LARC patients. To our 
knowledge, this is the largest study in this field.

Firstly, in our study, we found that CTC detection 
showed a high ability to differentiate rectal cancer patients 
and healthy people. With a cutoff of 3 cells/5mL, the 
diagnostic power of CTCs showed 100% sensitivity and 
100% specificity. Some previous studies also demonstrated 
that CTC could be used as a good diagnostic marker 
for various kinds of cancer [37–39]. On the other hand, 
in our study we also found a few positive cells in some 
healthy people. Previous studies also indicated similar 
phenomenon [40–41], but the reason for that is unknown 
yet.

In our study, the major objective was to assess the 
role of CTCs in predicting the effects of neoadjuvant CRT 
in patients with LARC. Firstly, all patients were classified 
as responders (TRG 3-4) and non-responders (TRG 0-2) 
based on postoperative pathological results. We found that 
not only baseline CTC counts but also post-CRT ones had 
a close association with treatment responses. In addition, 
∆%CTC value (percentage difference in CTC counts 
between pre-CRT and post-CRT) of responders were 
obviously higher than that of non-responders. According 
to ROC analysis, ∆%CTC was identified as the stronger 
predictor to discriminate responders from non-responders, 
with a higher accuracy of 78.26%(90/115). Meanwhile, 
we also reclassified patients as pathological complete 
response (pCR) and non-pCR group to further analyze 
the relationship between CTCs and treatment response. 
Similar results were observed: ∆%CTC was also verified 
as a strong marker to distinguish patients with and without 
pCR, and the accuracy of prediction was 90.43%. In 
addition, the results of multivariate analysis also indicated 
that post-CRT CTC counts and ∆%CTC were significantly 
and independently associated with tumor response to 
CRT. Therefore, our results suggest that CTC is a good 
marker for predicting the effects of neoadjuvant CRT. 

Table 4: Different tumor markers in pathologic complete response (pCR) group and non-pCR group

Markers pCR group (N=25) Non-pCR group (N=90) P value

∆%CTC (%) 98.26±2.43 71.16±27.03 <0.001

∆%CEA (%) 32.61±31.86 21.04±35.84 0.260

∆%CA199 (%) 13.70±38.11 13.77±33.62 0.972

∆%CA50 (%) 3.53±45.29 5.12±70.99 0.293

∆%CA724 (%) 3.42±52.80 -53.84±183.91 0.252

∆%CA242 (%) 15.57±46.84 16.18±56.77 0.346

∆%CTC, ∆%CEA, ∆%CA199, ∆%CA50, ∆%CA724, ∆%CA242: percentage difference between pre-CRT and post-CRT 
for CTC, CEA, CA199, CA50, CA724, CA242, respectively
pCR: pathological complete response
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This might help surgeons to make decision adjustment 
for subsequent treatment after CRT in individualized 
therapy. Good responders to neoadjuvant CRT might be 
performed less aggressive treatment strategies (e.g. wait-
and-see policy), which could avoid the toxicities and 
complications of radical surgery and improve obviously 
the quality of life of patients. On the other hand, our study 
also analyzed the association between treatment response 
and some common circulating tumor markers (including 
CEA, CA199, CA50, CA724 and CA242). We found the 
levels of all these tumor markers obviously decreased after 
CRT. Nevertheless, based on the results of our study, no 
relationship could be found between treatment response 
and these tumor markers, which were consistent with the 
results of previous study [21].

On the other hand, some points should also be 
addressed for our study. Firstly, our study found a close 
relationship between CTCs and tumor response to CRT. 
∆%CTC obtained an accuracy of prediction of 78.26% 
for distinguishing different responder groups (TRG 3-4 
vs. TRG 0-2), while it also obtained a high accuracy of 
90.43% for discriminating pCR from non-pCR group. 
However, false positives and false negatives could also 
be observed in our study. False positives can bring about 
undertreatments of patients who still have viable residual 
tumor cells while false negatives can cause patients who 
have obtained complete pathologic responses to receive 
unnecessary overtreatments. Therefore, at present, CTCs 
cannot directly be used for predicting treatment response 
in clinics, and further investigation with larger number of 
patients should also be performed in the future. Secondly, 
in our study, we only measured CTC counts at baseline 
and one week after the completion of neoadjuvant CRT to 
analyze their association with treatment response. Previous 
studies also selected similar time points of CTC detection 
[27–28, 35]. Nevertheless, the optimal time points to detect 
CTCs haven’t been determined till now. The detection of 
CTCs during the beginning of chemoradiotherapy might 
be helpful to distinguish responders from non-responders 
in earlier time and possibly spare non-responders from 
unnecessary toxicities associated with CRT. So the 
optimal time points of CTC detection should also be 
further investigated in the future. Thirdly, in this study, 
we only evaluated the role of CTCs in predicting short-
term effects of neoadjuvant CRT. However, the ultimate 
goal of chemoradiation therapy is to improve long-term 
effects including local control rate and even overall 
survival rate. Therefore, it is also essential to further 
assess the role of CTCs in predicting long-term effects of 
CRT. Previous studies indicated that patients with good 
response to CRT would have better prognosis [8, 9]. So the 
patients who have an obvious decrease of CTCs after CRT 
might have better local control rates and survival rates. 
We will follow up the enrolled patients of our study to 
perform relevant analysis and update relevant results in 
the future. Fourthly, pelvic radiotherapy concomitant with 

5-Fu/Capecitabine is the typical regimen of neoadjuvant 
CRT for rectal cancer patients nowadays. In this study, 
our hospital carried out a clinical trial and oxaliplatin was 
added to the typical regimen in neoadjuvant CRT. It’s hard 
to say that there’s no impact on the results in addition to 
oxaliplatin compared with typical regimen. Therefore, this 
point should be considered when comparing with other 
similar studies about CTCs. Lastly, since these results 
were based on our newly designed microfluidic device, 
the reliability of this method should be validated. In the 
future, we will compare our method with some more 
standard approaches (e.g. CellSearch and Isoflux) and 
report relevant information.

MATERIALS AND METHODS

Patients’ characteristics and blood sample 
collection

A total of 115 patients, diagnosed with locally 
advanced rectal cancer, were enrolled in this study 
between February 2012 and June 2013. The pretreatment 
evaluation of the patients included a complete clinical 
history, physical examination, colonoscopy, relevant blood 
examination, pelvic magnetic resonance imaging and 
chest/abdominal computed tomography. The recruitment 
criteria was as follows: pathologically confirmed with 
rectal adenocarcinoma; diagnosed as locally advanced 
rectal cancer (cT3-4 and/or N+) by pelvic magnetic 
resonance imaging; no evidence of distant metastases; 
tumor distance from anal verge ≤10 cm; no previous 
chemotherapy, pelvic radiotherapy or surgery for rectal 
cancer; Karnofsky ≥70 or ECOG 0-2. The characteristics 
of enrolled patients were shown in Table 1. All patients 
received neoadjuvant radiotherapy (pelvic radiation 
therapy with a total dose of 50-55Gy in 25 fractions) 
and concurrent chemotherapy using Capecitabine (625 
mg/m2, twice daily, day1-5/week) and Oxaliplatin 
(85 mg/m2, day1/week). A standard total mesorectal 
excision was performed 6-8 weeks after the completion 
of neoadjuvant CRT. After radical surgery, 5-6 cycles of 
XELOX(CapeOX) regimen were given to all patients: 
Oxaliplatin 130 mg/m2 d1, Capecitabine 1000 mg/m2 bid 
d1-14, q3w. For all these patients, 5ml peripheral blood 
samples were obtained one week before the initiation 
of CRT and one week after the completion of CRT, 
respectively.

As a control group, blood samples were also drawn 
from 30 healthy volunteers. The definition of healthy 
volunteers was as follows: no known illness; no fever at 
the time of draw; no history of malignant disease.

This study was ethically based on the Declaration 
of Helsinki and the principles of “good clinical practice”. 
Each patient signed a written informed consent prior to 
enrollment.
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All specimens were drawn into evacuated EDTA-
containing blood collection tubes, stored at 4°C and 
processed within 72h. After centrifugation of peripheral 
blood at 1500rpm for 10 min, the plasma samples 
were carefully removed from the upper portion of the 
supernatant. Red blood cell lysis buffer (0.139 M NH4Cl, 
0.02 M Tris, pH 7.2) was added to the residual blood 
specimens and mixed for 45 min at room temperature. 
Following centrifugation at 1500rpm for 10min, the 
supernatant was removed and the residual peripheral blood 
mononuclear cell (PBMC) pellet was resuspended in PBS 
buffer.

Device design and fabrication

CTCs were captured by our size-based microfluidic 
device and the detailed description was shown in our 
recently published paper [26]. Briefly, the microfluidic 
device consisted of 80 main channels and 81 side 
channels, which were arranged in an interdigital manner 
to minimize the chip footprint. A group of narrow parallel-
arranged filter channels were designed to connect each 
pair of main channel and adjacent side channel. Both main 
channels and side channels had the cross sections of 50 
μm in width and 50 μm in height, while those of filter 
channels had widths of 20 μm and heights of 5 μm. For 
each main channel, the right side was connected directly 
with the sample inlet, and the left side was linked via a 
filter channel to a waste chamber, with an array of micro-
posts that were designed to prevent chamber collapse. 
For each side channel, the right side was blind and the 
left one was connected directly with waste chamber. 
After the blood sample was loaded at the inlet, a negative 
pressure was applied to the outlet, which aspirated the 
blood sample into the main channels. Meanwhile, due 
to pressure difference between the main channel and the 
side channel, most of the small-sized hematologic cells in 
whole blood such as erythrocytes and leukocytes could be 
filtered into their adjacent side channels via filter channels 
and then eliminated from the waste chamber. The large-
sized cells such as tumor cells could not pass through 
the narrow filter channels and then remained in the main 
channels. This was the theory of the isolation of CTCs for 
this device.

Our device was fabricated by bonding a hybrid 
polydimethylsiloxane (PDMS) slab containing three-
dimensional micro-channels with a glass slide. The 
microfluidic device was fabricated through the well-
established multi-layer soft lithography process [42]. 
Briefly, a two-level master was prepared from a negative 
photo-resist, SU-8 (Microchem, USA). Subsequently, 
degassed PDMS (mixed in a 10:1 ratio of PDMS base 
with curing agent, Sylgard 184, Dow Corning Inc., USA) 
was cast over the master mold and baked at 90°C for 1h 
in an oven. After curing, the PDMS slab was carefully 
peeled off from the master mold. One inlet and one outlet 

were punched through the PDMS using a needle with 
a flattened tip. The PDMS slab was then bonded with a 
glass slide after oxygen plasma treatment, and the process 
was described as follows: The oxygen plasma bonding 
was done using dedicated plasma cleaner (PDC-32G-2, 
Harrick Plasma Corp., USA). The glass slide and PDMS 
slab were placed in the chamber of plasma cleaner for 50 
seconds. After that, PDMS slab and glass slide were taken 
out of the chamber, and PDMS was placed and pressed on 
the glass immediately.

Instrument setup

Before the processing of detection, the 
concentrations of PBMC samples from patients with rectal 
cancer were measured by a hemacytometer and diluted 
in PBS buffer as 5×107 cells/mL. Then, the 0.5-0.6 mL 
diluted PBMC samples were introduced into the device 
by pumping. A syringe pump (PHD 22/2000, HAVARD 
apparatus, Massachusetts, USA) with a 5 mL syringe for 
waste collecting was connected to the outlet of the device. 
The inlet of the device was connected to the blood samples 
via polymer tubing. The syringe pump was turned on and 
the pressure was adjusted so that the flow rate reached 
0.5 mL/h. The blood samples were pumped from the 
inlet into the microfluidic device for CTC capture and the 
filtered hematologic constituents such as leukocytes were 
collected into the waste chamber.

Identification and enumeration of CTCs by 
fluorescence microscopy

After the process of CTC capture, tumor cells 
were identified and distinguished from leukocytes based 
on morphology and differential antigen expression. 
Fluorescent reagents were pumped into the device and 
immunofluorescence reaction was done directly in the 
channels of the device. Firstly, antibodies to CD45 
conjugated to FITC (BD Biosciences, USA) were 
introduced into the device, followed by incubation for 
30 min at 0 °C. Subsequently, a solution of 0.2% Triton 
X-100 and antibodies to cytokeratin conjugated to 
phycoerythrin (C-11, Abcam, UK) were pumped into the 
device and incubated for 10 min and 1 h, respectively. 
Then, captured cells were mixed with DAPI solution for 
20 min. Finally, captured cells were fixed by a solution of 
1% paraformaldehyde for 20 min. After these reactions, 
the device was flushed with 1 mL PBS to remove excess 
reagents. Captured cells were identified and enumerated 
using fluorescence microscopy (Olympus America). 
CTCs were identified according to the stained color and 
morphological characteristics such as cell size, shape 
and nuclear size. The cells that stained cytokeratin+/
CD45-/DAPI+ and met the phenotypic morphological 
characteristics were scored as CTCs. An experienced 
pathologist who was blind to the clinical results 
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comprehensively evaluated each blood sample for CTC 
identification.

The detection of serum tumor markers

In this study, we also compared CTCs with some 
common tumor markers, including serum CEA, CA199, 
CA50, CA724 and CA242. Serum levels of these tumor 
markers were assayed using electrochemiluminescence 
immunoassay technique by cobas e 601 immunoassay 
analyzers (Roche Diagnostics GmbH). The assays were 
performed according to the manufacturer's protocols.

Pathological assessment

For all patients, treatment responses were assessed 
according to the pathological results after surgery. An 
experienced pathologist who was blinded to the CTCs and 
clinical results comprehensively evaluated each surgery 
specimen. Tumor regression was graded by histological 
evaluation of the surgical specimens according to the 
criteria described by Dworak et al [43]. The grade of 
tumor regression(TRG) was defined as follows:

Grade 0: no regression
Grade 1: dominant tumor mass with obvious fibrosis 

and/or vasculopathy
Grade 2: dominantly fibrotic changes with few 

tumor cells or groups (easy to find)
Grade 3: very few tumor cells (difficult to find 

microscopically) in fibrotic tissue with or without mucous 
substance

Grade 4: no tumor cells, only fibrotic mass (total 
regression or response)

The calculation of CTCs and other tumor 
markers

CTC counts and the levels of other 5 tumor markers 
were calculated for further analysis. ∆%CTC, ∆%CEA, 
∆%CA199, ∆%CA50, ∆%CA724, ∆%CA242 were 
defined as percentage difference between pre-CRT and 
post-CRT for CTC counts and the levels of CEA, CA199, 
CA50, CA724 and CA242, respectively.

Statistical analysis

Statistical analyses were performed using SPSS 
software (version 16.0, SPSS Inc., Chicago, IL). All 
results were expressed as means ± standard deviations 
(SD). A Mann-Whitney U test was used in cases of 2 
independent samples, whereas the comparisons of related 
measurements were performed using a Wilcoxon signed 
rank test. A receiver operating characteristic (ROC) curve 
was plotted to identify the cut-off value with the highest 
accuracy for predicting pathologic response. The cut-off 
value was defined by the point on the ROC curve with 
the minimum distance from the 0% false positive rate 

and 100% true positive rate. Sensitivity, specificity and 
positive and negative predictive values were calculated 
using standard formulas. All tests were two-sided and 
were performed at a 5% level of significance. Moreover, 
to investigate the independent role of CTCs in predicting 
tumor response, univariate and multivariate logistic 
regression analysis were performed using the following 
variables: tumor size, tumor distance from anal verge, 
tumor morphology, tumor differentiation, clinical tumor 
stage, tumor markers, operation procedure, baseline and 
post-CRT CTC counts, ∆%CTC value. Univariate logistic 
regression analysis was firstly performed to select the 
variables with P values < 0.2 to be input in the multivariate 
analysis. Multivariate logistic regression analysis was fit 
to the data using the forward stepwise mode for variable 
selection.

ACKNOWLEDGMENTS AND GRANT 
SUPPORT

This study was supported by the National Natural 
Science Foundation of China (No. 81401962).

CONFLICTS OF INTEREST

The authors have no conflict of interest.

REFERENCES

1. Bosset JF, Collette L, Calais G, Mineur L, Maingon P, 
Radosevic-Jelic L, Daban A, Bardet E, Beny A, Ollier JC; 
EORTC Radiotherapy Group Trial 22921. Chemotherapy 
with preoperative radiotherapy in rectal cancer. N Engl J 
Med. 2006; 355:1114-23.

2. Kapiteijn E, Marijnen CA, Nagtegaal ID, Putter H, Steup 
WH, Wiggers T, Rutten HJ, Pahlman L, Glimelius B, van 
Krieken JH, Leer JW, van de Velde CJ; Dutch Colorectal 
Cancer Group. Preoperative radiotherapy combined with 
total mesorectal excision for resectable rectal cancer. N 
Engl J Med. 2001; 345:638-46.

3. Sauer R, Liersch T, Merkel S, Fietkau R, Hohenberger W, 
Hess C, Becker H, Raab HR, Villanueva MT, Witzigmann 
H, Wittekind C, Beissbarth T, Rödel C. Preoperative Versus 
Postoperative Chemoradiotherapy for Locally Advanced 
Rectal Cancer: Results of the German CAO/ARO/AIO-94 
Randomized Phase III Trial After a Median Follow-Up of 
11 Years. J Clin Oncol. 2012; 30:1926-33.

4. Minsky BD, Cohen AM, Kemeny N, Enker WE, Kelsen 
DP, Reichman B, Saltz L, Sigurdson ER, Frankel J. 
Enhancement of radiation-induced downstaging of 
rectal cancer by fluorouracil and high-dose leucovorin 
chemotherapy. J Clin Oncol. 1992; 10:79-84.

5. Rödel C, Grabenbauer GG, Schick C, Papadopoulos T, 
Hohenberger W, Sauer R. Preoperative radiation with 



Oncotarget69516www.impactjournals.com/oncotarget

concurrent 5-fluorouracil for locally advanced T4-primary 
rectal cancer. Strahlenther Onkol. 2000; 176:161-7.

6. Valentini V, Coco C, Cellini N, Picciocchi A, Fares 
MC, Rosetto ME, Mantini G, Morganti AG, Barbaro B, 
Cogliandolo S, Nuzzo G, Tedesco M, Ambesi-Impiombato 
F, et al. Ten years of preoperative chemoradiation for 
extraperitoneal T3 rectal cancer: acute toxicity, tumor 
response, and sphincter preservation in three consecutive 
studies. Int J Radiat Oncol Biol Phys. 2001; 51:371-83.

7. Gérard JP, Chapet O, Nemoz C, Romestaing P, Mornex 
F, Coquard R, Barbet N, Atlan D, Adeleine P, Freyer G. 
Preoperative concurrent chemoradiotherapy in locally 
advanced rectal cancer with high-dose radiation and 
oxaliplatin-containing regimen: the Lyon R0-04 phase II 
trial. J Clin Oncol. 2003; 21:1119-24.

8. Maas M, Nelemans PJ, Valentini V, Das P, Rödel C, Kuo LJ, 
Calvo FA, García-Aguilar J, Glynne-Jones R, Haustermans 
K, Mohiuddin M, Pucciarelli S, Small W Jr, et al. Long-
term outcome in patients with a pathological complete 
response after chemoradiation for rectal cancer: a pooled 
analysis of individual patient data. Lancet Oncol. 2010; 
11:835-44.

9. Martin ST, Heneghan HM, Winter DC. Systematic review 
and meta-analysis of outcomes following pathological 
complete response to neoadjuvant chemoradiotherapy for 
rectal cancer. Br J Surg. 2012; 99:918-28.

10. Allard WJ, Matera J, Miller MC, Repollet M, Connelly MC, 
Rao C, Tibbe AG, Uhr JW, Terstappen LW. Tumor cells 
circulate in the peripheral blood of all major carcinomas 
but not in healthy subjects or patients with nonmalignant 
diseases. Clin Cancer Res. 2004; 10:6897-904.

11. Pantel K, Brakenhoff RH, Brandt B. Detection, clinical 
relevance and specific biological properties of disseminating 
tumour cells. Nat Rev Cancer. 2008; 8:329-340.

12. Ross AA, Cooper BW, Lazarus HM, Mackay W, Moss 
TJ, Ciobanu N, Tallman MS, Kennedy MJ, Davidson NE, 
Sweet D, et al. Detection and viability of tumor cells in 
peripheral blood stem cell collections from breast cancer 
patients using immunocytochemical and clonogenic assay 
techniques. Blood. 1993; 82:2605-2610.

13. Nagrath S, Sequist LV, Maheswaran S, Bell DW, Irimia D, 
Ulkus L, Smith MR, Kwak EL, Digumarthy S, Muzikansky 
A, Ryan P, Balis UJ, Tompkins RG, et al. Isolation of rare 
circulating tumour cells in cancer patients by microchip 
technology. Nature. 2007; 450:1235-9.

14. Lara O, Tong X, Zborowski M, Chalmers JJ. Enrichment 
of rare cancer cells through depletion of normal cells using 
density and flow-through, immunomagnetic cell separation. 
Exp Hematol. 2004; 32:891-904.

15. Park JM, Lee JY, Lee JG, Jeong H, Oh JM, Kim YJ, 
Park D, Kim MS, Lee HJ, Oh JH, Lee SS, Lee WY, Huh 
N. Highly efficient assay of circulating tumor cells by 
selective sedimentation with a density gradient medium 
and microfiltration from whole blood. Anal Chem. 2012; 
84:7400-7.

16. Desitter I, Guerrouahen BS, Benali-Furet N, Wechsler J, 
Jänne PA, Kuang Y, Yanagita M, Wang L, Berkowitz JA, 
Distel RJ, Cayre YE. A new device for rapid isolation by 
size and characterization of rare circulating tumor cells. 
Anticancer Res. 2011; 31:427-41.

17. Sastre J, Maestro ML, Puente J, Veganzones S, Alfonso 
R, Rafael S, García-Saenz JA, Vidaurreta M, Martín M, 
Arroyo M, Sanz-Casla MT, Díaz-Rubio E. Circulating 
tumor cells in colorectal cancer: correlation with clinical 
and pathological variables. Ann Oncol. 2008; 19:935-8.

18. Miller MC, Doyle GV, Terstappen LW. Significance of 
Circulating Tumor Cells Detected by the CellSearch System 
in Patients with Metastatic Breast Colorectal and Prostate 
Cancer. J Oncol. 2010; 2010:617421.

19. Tol J, Koopman M, Miller MC, Tibbe A, Cats A, Creemers 
GJ, Vos AH, Nagtegaal ID, Terstappen LW, Punt CJ. 
Circulating tumour cells early predict progression-free 
and overall survival in advanced colorectal cancer patients 
treated with chemotherapy and targeted agents. Ann Oncol. 
2010; 21:1006-12.

20. Cohen SJ, Punt CJ, Iannotti N, Saidman BH, Sabbath KD, 
Gabrail NY, Picus J, Morse M, Mitchell E, Miller MC, 
Doyle GV, Tissing H, Terstappen LW, et al. Relationship 
of circulating tumor cells to tumor response, progression-
free survival, and overall survival in patients with metastatic 
colorectal cancer. J Clin Oncol. 2008; 26:3213-21.

21. Hiraiwa K, Takeuchi H, Hasegawa H, Saikawa Y, Suda 
K, Ando T, Kumagai K, Irino T, Yoshikawa T, Matsuda S, 
Kitajima M, Kitagawa Y. Clinical significance of circulating 
tumor cells in blood from patients with gastrointestinal 
cancers. Ann Surg Oncol. 2008; 15:3092-100.

22. Rao CG, Chianese D, Doyle GV, Miller MC, Russell T, 
Sanders RA Jr, Terstappen LW. Expression of epithelial cell 
adhesion molecule in carcinoma cells present in blood and 
primary and metastatic tumors. Int J Oncol. 2005; 27:49-57.

23. Vona G, Sabile A, Louha M, Sitruk V, Romana S, 
Schütze K, Capron F, Franco D, Pazzagli M, Vekemans 
M, Lacour B, Bréchot C, Paterlini-Bréchot P. Isolation 
by size of epithelial tumor cells: a new method for the 
immunomorphological and molecular characterization of 
circulating tumor cells. Am J Pathol. 2000; 156:57-63.

24. Krebs MG, Hou JM, Sloane R, Lancashire L, Priest L, 
Nonaka D, Ward TH, Backen A, Clack G, Hughes A, 
Ranson M, Blackhall FH, Dive C. Analysis of circulating 
tumor cells in patients with non-small cell lung cancer using 
epithelial marker-dependent and -independent approaches. J 
Thorac Oncol. 2012; 7:306-15.

25. Hofman V, Ilie MI, Long E, Selva E, Bonnetaud C, Molina 
T, Vénissac N, Mouroux J, Vielh P, Hofman P. Detection 
of circulating tumor cells as a prognostic factor in patients 
undergoing radical surgery for non-small-cell lung 
carcinoma: comparison of the efficacy of the CellSearch 
Assay™ and the isolation by size of epithelial tumor cell 
method. Int J Cancer. 2011; 129:1651-60.



Oncotarget69517www.impactjournals.com/oncotarget

26. Sun W, Jia C, Huang T, Sheng W, Li G, Zhang H, Jing F, 
Jin Q, Zhao J, Li G, Zhang Z. High-performance size-based 
microdevice for the detection of circulating tumor cells 
from peripheral blood in rectal cancer patients. PLoS One. 
2013; 8:e75865.

27. Zitt M, Zitt M, Müller HM, Dinnewitzer AJ, Schwendinger 
V, Goebel G, De Vries A, Amberger A, Weiss H, Margreiter 
R, Ofner D, Oberwalder M. Disseminated tumor cells in 
peripheral blood: a novel marker for therapy response 
in locally advanced rectal cancer patients undergoing 
preoperative chemoradiation. Dis Colon Rectum. 2006; 
49:1484-91.

28. Hinz S, Röder C, Tepel J, Hendricks A, Schafmayer C, 
Becker T, Kalthoff H. Cytokeratin 20 positive circulating 
tumor cells are a marker for response after neoadjuvant 
chemoradiation but not for prognosis in patients with rectal 
cancer. BMC Cancer. 2015; 15:953.

29. Huh JW, Jung EJ, Park YA, Lee KY, Sohn SK. Preoperative 
chemoradiation followed by transanal excision for rectal 
cancer. J Surg Res. 2008; 148:244-50.

30. Habr-Gama A, Perez RO, Nadalin W, Sabbaga J, Ribeiro 
U Jr, Silva e Sousa AH Jr, Campos FG, Kiss DR, Gama-
Rodrigues J. Operative versus nonoperative treatment 
for stage 0 distal rectal cancer following chemoradiation 
therapy: long-term results. Ann Surg. 2004; 240:711-7.

31. Denecke T, Rau B, Hoffmann KT, Hildebrandt B, Ruf J, 
Gutberlet M, Hünerbein M, Felix R, Wust P, Amthauer 
H. Comparison of CT, MRI and FDG-PET in response 
prediction of patients with locally advanced rectal cancer 
after multimodal preoperative therapy: is there a benefit in 
using functional imaging. Eur Radiol. 2005; 15:1658-66.

32. Amthauer H, Denecke T, Rau B, Hildebrandt B, Hünerbein 
M, Ruf J, Schneider U, Gutberlet M, Schlag PM, Felix R, 
Wust P. Response prediction by FDG-PET after neoadjuvant 
radiochemotherapy and combined regional hyperthermia 
of rectal cancer: correlation with endorectal ultrasound 
and histopathology. Eur J Nucl Med Mol Imaging. 2004; 
31:811-9.

33. Rahbari NN, Aigner M, Thorlund K, Mollberg N, Motschall 
E, Jensen K, Diener MK, Büchler MW, Koch M, Weitz J. 
Meta-analysis shows that detection of circulating tumor 
cells indicates poor prognosis in patients with colorectal 
cancer. Gastroenterology. 2010; 138:1714-26.

34. Flatmark K, Borgen E, Nesland JM, Rasmussen H, 
Johannessen HO, Bukholm I, Rosales R, Hårklau L, 

Jacobsen HJ, Sandstad B, Boye K, Fodstad Ø. Disseminated 
tumour cells as a prognostic biomarker in colorectal cancer. 
Br J Cancer. 2011; 104:1434-9.

35. Magni E, Botteri E, Ravenda PS, Cassatella MC, Bertani 
E, Chiappa A, Luca F, Zorzino L, Bianchi PP, Adamoli 
L, Sandri MT, Zampino MG. Detection of circulating 
tumor cells in patients with locally advanced rectal cancer 
undergoing neoadjuvant therapy followed by curative 
surgery. Int J Colorectal Dis. 2014; 29:1053-9.

36. Chen TF, Jiang GL, Fu XL, Wang LJ, Qian H, Wu KL, 
Zhao S. CK19 mRNA expression measured by reverse-
transcription polymerase chain reaction (RT-PCR) in the 
peripheral blood of patients with non-small cell lung cancer 
treated by chemo-radiation: an independent prognostic 
factor. Lung Cancer. 2007; 56:105-14.

37. Soltani S, Mokarian F, Panjehpour M. The expression of 
CK-19 gene in circulating tumor cells of blood samples 
of metastatic breast cancer women. Res Pharm Sci. 2015; 
10:485-96.

38. Kolostova K, Matkowski R, Jędryka M, Soter K, Cegan 
M, Pinkas M, Jakabova A, Pavlasek J, Spicka J, Bobek V. 
The added value of circulating tumor cells examination in 
ovarian cancer staging. Am J Cancer Res. 2015; 5:3363-75.

39. Wan JW, Gao MZ, Hu RJ, Huang HY, Wei YY, Han ZJ, 
Yan ZH. A preliminary study on the relationship between 
circulating tumor cells count and clinical features in patients 
with non-small cell lung cancer. Ann Transl Med. 2015; 
3:352.

40. Zhao M, Schiro PG, Kuo JS, Koehler KM, Sabath DE, 
Popov V, Feng Q, Chiu DT. An automated high-throughput 
counting method for screening circulating tumor cells in 
peripheral blood. Anal Chem. 2013; 85:2465-2471.

41. Tanaka F1, Yoneda K, Kondo N, Hashimoto M, Takuwa T, 
Matsumoto S, Okumura Y, Rahman S, Tsubota N, Tsujimura 
T, Kuribayashi K, Fukuoka K, Nakano T, et al. Circulating 
tumor cell as a diagnostic marker in primary lung cancer. 
Clin Cancer Res. 2009; 15:6980-6986.

42. McDonald JC1, Duffy DC, Anderson JR, Chiu DT, Wu H, 
Schueller OJ, Whitesides GM. Fabrication of microfluidic 
systems in poly(dimethylsiloxane). Electrophoresis. 2000; 
21:27-40.

43. Dworak O, Keilholz L, Hoffmann A. Pathological features 
of rectal cancer after preoperative radiochemotherapy. Int J 
Colorectal Dis. 1997; 12:19-23.


