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Chapter 5
Circulating Tumor Cells as Predictive Marker 
in Metastatic Disease

Mazen A. Juratli, Dmitry A. Nedosekin, Mustafa Sarimollaoglu, 
Eric R. Siegel, Ekaterina I. Galanzha, and Vladimir P. Zharov

Abstract  Numerous studies have demonstrated that circulating tumor cell (CTC) 
number in peripheral blood correlates with therapy efficiency in various tumors, and 
can serve as a prognostic marker of metastasis development. Recent clinical data 
support many oncologists’ opinion that some medical procedures may provoke 
metastasis by triggering increased tumor cell shedding into circulation, but no sys-
tematic study has been performed. The development of an in vivo flow cytometry 
method for real-time CTC quantification can provide insights on CTC release 
dynamics during different medical interventions and possibly long and short term 
outcome predictions.

Noninvasive enumeration of CTCs is the most direct way to confirm the central 
hypothesis that tumor manipulations during medical interventions can promote lib-
eration of CTC into the bloodstream. Incisional biopsy and complete tumor resec-
tion in melanoma-bearing mice were conducted and the CTC rate was monitored 
before, during, and for a short-term after the procedures. Incisional biopsy signifi-
cantly increased CTC counts (up to 60-fold), whereas complete tumor resection 
significantly decreased CTC counts. Long-term in vivo monitoring of CTC trig-
gered by punch biopsy and complete tumor resection was performed on breast can-
cer- bearing mice. After punch biopsy, the number of CTC increased. In contrast, 
complete tumor resection significantly decreased the CTC count. New techniques 
were proposed for labeling newly released CTCs in order to identify them among 
previously circulating cells.
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These findings have broad clinical implications to reduce viable CTCs release 
during diagnostics and treatments by real-time monitoring of CTC dynamics fol-
lowed by well-timed treatment to reduce CTCs in the blood.

Keywords  Circulating tumor cell • Melanoma • Breast cancer • Surgery • Biopsy • 
In vivo flow cytometry

5.1  �Circulating Tumor Cells (CTCs)

Up to 90% of cancer deaths are related to metastasis in distant organs due to the 
hematogenous and lymphatics dissemination of circulating tumor cells (CTCs) shed 
from the primary tumor [1–5]. Despite major effort, challenges remain in treating 
advanced stages of disease in patients in whom distant metastases develop [1–3]. It 
would be extremely helpful to have an ultrasensitive blood cancer test (liquid 
biopsy) for early stages of metastatic diseases, when well-timed therapy is more 
effective. CTCs at early disease stages are present in the bloodstream in extremely 
low concentrations: ≤10 CTC/mL. The invasion of tumor cells in the circulation 
may occur very early in tumor development, thus emphasizing the potential impor-
tance of sensitive detection of CTCs and circulating tumor microemboli (CTM).

5.2  �Cancer Treatment and CTC Release

A growing body of clinical data suggests that medical diagnostic and therapeutic 
procedures such as surgery, chemotherapy and radiation therapy may trigger tumor 
cell shedding into the circulation and thus increase the risk of metastasis. However, 
data on CTC release due to medical interventions such as tumor palpation, biopsy, 
or surgery is controversial [6–10]. Some previous studies have shown an increase in 
CTC number using in vitro methods after surgical tumor resection [9], while others 
observed a decrease in CTC count after surgery or metastases resection [10, 11]. 
Wind et al. [12] reported significantly fewer CTC during laparoscopic surgery com-
pared to open surgery in patients with colon cancer during tumor resection. The 
major drawback of these studies is that CTC enumeration is performed several 
hours after tumor resection, and likely could miss the transient increase in CTC 
number during or immediately after surgery because of the short CTC lifetime 
(0.5–4 h depending on CTC metastatic activity) [13–16]. Moreover, the effective 
difference between surgical invasiveness of cancer such as incisional biopsy and 
excisional biopsy in term of CTC release into the blood stream is suggested to play 
an important role in tumor diagnosis and treatment. Incisional biopsy could result in 
increased risk of metastasis by increasing the CTC count [8, 17]. This effect was 
observed both using an ex vivo model and after the biopsy.
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Real-time in vivo fluorescence imaging was used to reveal an increase in CTC 
count in lymphatic vessels after applying 25 or 250 g of pressure for 10 s on the 
tumor, but no dynamics studies were performed and no correlation with metastasis 
progression has been established [18]. Unfortunately, this and most other previous 
studies have not reported crucial tumor manipulation details (e.g. palpation, com-
pression, or partial resection) or lack a comprehensive comparison of the outcomes 
for different manipulations.

5.3  �Principles of In Vivo Flow Cytometry with Photoacoustic 
and Fluorescence Detection Techniques

In vivo flow cytometry (FC), which was invented in 2004, can quantitatively moni-
tor circulating cells in vivo, both noninvasively and dynamically [19–28]. Pigmented 
and fluorescent cells can be detected in vivo using dual-contrast photoacoustic (PA) 
fluorescence flow cytometry (PAFFC) [22]. The method uses laser irradiation of 
peripheral blood vessels to induce acoustic waves (PA effect) from pigmented cells 
(e.g., melanoma with intrinsic melanin as PA contrast agent) or fluorescence from 
cells containing fluorescent proteins (e.g. green fluorescent protein, GFP) in blood 
flow. The transient increase in blood PA background caused by the presence of a 
pigmented cell is detected by an ultrasound transducer attached to the skin. The 
photomultiplier tube detects transient increase in fluorescence from vessels [29–
31]. The PA background is associated with the absorption of randomly distributed 
red blood cells (RBCs) in the irradiated volume, whereas the fluorescence back-
ground is related to the autofluorescence from blood and plasma components. In 
fluorescence flow cytometry (FFC), a cell emits fluorescence photons under con-
tinuous wave (CW) laser excitation, whereas PA flow cytometry (PAFC) uses nano-
second pulse lasers to generate PA signals (Fig. 5.1).

Fig. 5.1  Principle of in vivo flow cytometry using PA and fluorescence methods for real-time 
monitoring of melanoma and breast CTCs directly in the bloodstream during palpation, pressure, 
biopsy, and surgery. (Reproduced from Juratli et al. [22, 25])
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5.4  �Relationship Between Cancer Treatment and CTC 
Release

Using tumor-bearing mouse models, the CTC dynamic was studied during cancer 
treatment and afterwards. Melanoma and breast cancer cell lines inoculated in nude 
mice were used. The effect of biopsy and surgery on CTC dynamics was studied.

5.4.1  �CTC Dynamics, and Tumor Growth in Tumor-Bearing 
Mice Without Interventions (Control)

Breast cancer tumor-bearing mice (n = 6) were used as control group to identify the 
normal rate for CTC release by the tumor. CTCs were detected by FFC and using 
their intrinsic fluorescence contrast (GFP expression). The average CTC count var-
ied between 0.5 and 2 cells/min during the first 8 weeks of tumor growth, and 
peaked at the third and fifth weeks (Fig. 5.2). Fluctuating CTC count did not strongly 
correlate with tumor size in our orthotropic tumor-bearing mouse model [23].

Fig. 5.2  (a) Profile plot of 
CTC detection rates (in 
CTCs/minute) measured 
weekly from six different 
mice inoculated with breast 
cancer cells (MDA-MB-
LUC2-GFP) during the 8 
weeks after tumor 
inoculation, (b) profile plot 
of the average number of 
CTC signals per minute 
and average tumor volume 
during the same 8 weeks. 
Values and error bars 
represent the averages and 
SDs of CTC counts from n 
= 6 mice. (Reproduced 
from Juratli et al. [23])
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5.4.2  �Tumor Biopsy-Related CTC Release

Two kinds of biopsy using two different tumor-bearing mouse models were con-
ducted to study the effect of biopsy on CTC dynamics. Incisional biopsy in a 
melanoma-bearing mouse model and punch biopsy in a breast cancer-bearing 
mouse model were performed.

5.4.2.1  �Incisional Biopsy in Melanoma-Bearing Mouse Model

Five Melanoma-bearing mice were tested using in vivo PAFC, relying on the intrin-
sic melanin in CTCs. Mice were monitored continuously for 60 min before, 15 min 
during, and 260 min after incisional biopsy. The baseline CTC detection rate was 
1.3 cells/10 min before biopsy began. During the 15-min biopsy period, CTC rate 
soared to 75.1 cells/10 min, a 58-fold increase compared to baseline (P < 0.0001). 
During the first hour after the biopsy concluded, CTC rate remained high at 44.3 
cells/10 min, which was 34-fold higher than the baseline (P < 0.0001). It decreased 
thereafter, but remained significantly elevated at sixfold above baseline (P = 0.049) 
during the second hour after biopsy, and at threefold above baseline (P = 0.007) 
afterwards (Fig. 5.3a–c) [22].

In two instances, we performed a second incisional biopsy 1 h after the first one. 
We also detected a total of 200 CTCs during the first 10 min after the second biopsy. 
This number was less than the first time, where we observed a total of 380 CTCs 
during the same period (Fig. 5.3d) [22].

5.4.2.2  �Punch Biopsy in Breast Cancer-Bearing Mouse Model

A punch biopsy was conducted in six mice bearing MDA-231-MB-GFP breast can-
cer tumor 2 weeks after tumor inoculation. A 2.0 mm biopsy punch with a plunger 
system (BPP-20F 2.0  mm w/plunger, Miltex, Inc.) was used for biopsy. Cells 
expressing GFP were detected using FFC.

During the 8 weeks of monitoring, CTC detection rate varied from 0.2 to 1.6 
cells/min (Fig. 5.4a, b). In comparison to control group (Sect. 5.4.1), average CTC 
rate after the biopsy was steadier (Fig. 5.4a, b). Tumor volume increased continu-
ously throughout the experiment (Fig. 5.4b–e). The punch biopsy performed at the 
second week after tumor inoculation did not affect the tumor volume in five of the 
total of six mice. The tumor volume increased continuously during the 8 weeks after 
tumor inoculation. However, the punch biopsy immediately caused a significant 
increase in the number of CTCs at week 2. The baseline average CTC rate during 1 
h before the biopsy (0.64 cells/min) was elevated to 1.17 cells/min for the 2 h after 
biopsy ended (P = 0.021; Fig. 5.4d) [23].
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Fig. 5.3  (a) Histogram of average CTC counts per 10-min window for 70 min before, 15 min dur-
ing (yellow region) and 260 min after incisional biopsy. Values and error bars represent the aver-
ages and SDs of CTC counts from n = 5 mice during each 10-min bin, (b) tumor after incisional 
biopsy, (c) CTC detection rates in counts per 10 min before vs. during biopsy, and before vs. after 
biopsy. Values (error bars) represent the estimates (90% confidence intervals) determined from 
mixed-models Poisson-regression analysis, (d) example of histogram of CTCs release before, and 
after two different incisional biopsies in the same mouse (B16F10-GFP) (duration of each inci-
sional biopsy: approx. ~1 min). (Reproduced from Juratli et al. [22, 25])
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5.4.3  �Tumor Surgery-Related CTC Release

To study the effect of surgery on CTC dynamics, complete tumor resection was 
conducted in melanoma-bearing mouse model and in breast cancer-bearing mouse 
model.

5.4.3.1  �Complete Tumor Resection in Melanoma-Bearing Mouse Model

Seven mice with melanoma tumors on their right ears underwent tumor resection. 
PAFC was performed to enumerate CTCs in a blood vessel of the left ear, before 
and after the tumor resection. During the 50 min of baseline recording prior to 
tumor resection, a total of 35 CTCs were detected among the 7 mice (an average 
of 1 CTC/10 min). In contrast, no increase in CTC rate was observed during 

Fig. 5.4  (a) Profile plot of CTC detection rate number of CTCs per minute measured weekly from 
six mice inoculated with breast cancer cells (MDA-MB-LUC2-GFP) during the 8 weeks after 
tumor inoculation. Punch biopsy was performed at week 2 after tumor inoculation, (b) profile plot 
over time of the average number of CTC signals per minute and average of the tumor volume dur-
ing the same 8 weeks. Values and error bars represent the averages and SDs of CTC counts from n 
= 6 mice. The average CTC rate per 8 weeks was calculated for five mice at week 3, three mice at 
week 5 and two mice at week 7, (c) individual tumor volumes from six mice. Punch biopsy was 
performed at week 2 after tumor inoculation, (d) profile plot of the average number of CTC signals 
per minute from 60 min before to 120 min after the punch biopsy, showing a 1.82-fold increase in 
the CTC-detection rate (P = 0.02), (e) image of the tumor after a punch biopsy. (Reproduced from 
Juratli et al. [23])
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Fig. 5.5  (a) Histogram of average CTC signal number per 10 min from before, 5 min during (yel-
low region) and after complete tumor resection. Values and error bars represent the averages and 
SDs of CTC counts from n = 7 mice during each 10-min bin, (b) CTC detection rates in counts per 
10 min before vs. the first hour and second hour after surgery. During complete resection, no CTCs 
were detected. Values (error bars) represent the estimates (90% confidence intervals) determined 
from mixed-models Poisson-regression analysis, (c) Example of histogram of CTCs release 
before, and after incisional biopsy (duration of incisional biopsy: approx. 10 min), and tumor 
complete resection with tumor manipulation (duration of complete tumor resection: approx. 10 
min) (B16F10-GFP). (Reproduced from Juratli et al. [22, 25])

surgery, and only one CTC was detected during the first hour after resection 
(0.023 CTCs/10 min; P = 0.0002), and only two CTCs were detected during the 
second hour after resection (0.047 CTCs/10 min; P = 0.0005) among the seven 
mice. Two to three hours after tumor resection, no CTCs were detected in any 
mouse (Fig. 5.5a, b) [22].
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5.4.3.2  �Incisional Biopsy Followed by Complete Tumor Resection 
in Melanoma-Bearing Mouse Model

In two cases, a complete tumor resection was conducted 2 h after the incisional 
biopsy. The tumor (B16F10-GFP) was squeezed with a surgical instrument during 
resection. Twenty CTCs were observed during 10 min of resection time and no 
CTCs were detected up to 1 h after the complete resection was completed 
(Fig. 5.5c) [22].

5.4.3.3  �Complete Tumor Resection in Breast Cancer-Bearing Mouse 
Model

On a group of six mice, tumor resection was conducted 2 weeks after inoculation of 
MDA-MB-231 breast cancer cells in the mammary gland. In five of them, tumor-
free margins were achieved and there was no residual tumor left, which was con-
firmed by histology exams performed on the resected tumors.

A dramatic decrease in the number of CTCs was observed compared to the con-
trol group (Sect. 5.4.1); from 0.1 CTCs/min at second week to ~0.01 CTCs/min at 
weeks three-to-eight (Fig. 5.6a, b). However, CTC recurrence in small numbers was 
detected during the 5 weeks following surgery (Fig. 5.6a, b).

No tumor visibly re-grew in any of the mice during the 6 weeks after tumor 
resection (Fig. 5.6b). A short-term effect of complete tumor resection was also pro-
found. While a total of 28 CTCs were detected during 1 h before resection (0.08 
CTCs/min, n = 6), no CTCs were observed during and for 2 h after the resection (P 
= 0.03) (Fig. 5.6d) [23].

In one of the mice (S5), histology exam of the resected tumor revealed a positive 
tumor margin (Fig. 5.5a). The CTC rate for this mouse was the highest in the group 
for 6 weeks after the surgery, and the maximum CTC rate was observed 2 weeks 
after the surgery [23].

5.4.4  �Novel Techniques for Identification of Released CTC

The quantification of CTC release triggered by manipulation is complicated by 
the presence of CTCs that were shed from tumor sometime before the manipula-
tion. This requires the use of complex statistical methods to confirm the release of 
CTCs as the result of manipulations. Novel tools for labeling tumor cells bring a 
promise of simple identification of newly released CTCs among already circulat-
ing ones. Both photoswitchable fluorescent proteins (e.g. Dendra2 [32, 33]) as 
contrast agents for fluorescence flow cytometry and photoswitchable nanoparti-
cles (NPs) for PA detection have been proposed to identify manipulation-released 
CTCs [32, 34].
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5.4.4.1  �Photoswitchable Fluorescent Proteins

Photoswitchable fluorescent protein Dendra2 normally fluoresces in green, how-
ever, it can be irreversibly switched into red color using 405 nm laser [35]. A pho-
toswitchable fluorescence cytometry (PFC) for noninvasive enumeration of red and 
green cells, as well as switching of primary tumor cells and of individual CTCs in 
blood flow was developed [34]. The principles of CTCs identification using photo-
switchable proteins were demonstrated using a mouse ear model of metastatic car-
cinoma (MTLn3 adenocarcinoma cells expressing Dendra2 protein). Thin ear 
structures and isolated tumor location allow successful photoswitching of all the 
primary tumor cells, and noninvasive fluorescence imaging to control switching 
efficacy laser. Dual color (green and red) monitoring of CTCs released from the 
primary tumor has indicated that only green cells are released from the primary 
tumor, and possibly, from already established metastases. However, after the pri-
mary tumor was completely converted into “red” state (i.e. Dendra2 protein in all 
the primary tumor cells was switched to red color), it was able to detect both green 

Fig. 5.6  (a) Profile plot of CTC detection rates (in CTCs/minute) measured weekly from six mice 
inoculated with breast cancer cells (MDA-MB-LUC2-GFP). Surgery was conducted at Week 2 
after tumor inoculation, (b) profile plot of the average number of CTC signals per minute and aver-
age tumor volume during 8 weeks from n = 5 mice after excluding the mouse which received 
partial tumor resection. Values and error bars represent the averages and SDs of CTC counts from 
n = 5 mice, (c) individual tumor volumes from six mice. Surgery was performed at week 2 after 
tumor inoculation, (d) profile plot of the average number of CTC signals per minute from 60 min 
before and 120 min after the surgery. (Reproduced from Juratli et al. [23])
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(old CTCs) and red (recently released CTCs) in circulation. Without manipulation, 
first red CTCs were detected ~180 min after switching indicating that it was spon-
taneous shedding [25]. Moreover, high irregularity in the dynamics of new CTCs 
release was observed. The same model can be extended to study release of CTCs 
from metastases (non-switched metastases will keep producing green CTCs), given 
that primary tumor may shed only red cells and all the old green CTCs will eventu-
ally leave the circulation (Fig. 5.7) [34].

5.5  �Discussion and Conclusion

The major cause of cancer-associated mortality is tumor metastasis. CTCs which 
during successful dissemination invade the surrounding primary tumor tissue, 
intravasate into blood, lymph and cerebrospinal fluid and could form metastases 
[36, 37]. Therefore, one of the most promising approaches to prevent metastatic 
disease is the early detection of CTCs and to avoid interventions which could lead 
to an increase in CTC rate.

This work was designed with the overall goal to determine the dynamic fluctua-
tion of CTCs during medical interventions using breast cancer and melanoma-
bearing mouse models. The PAFC and FFC allowed us to monitor the CTC dynamics 
noninvasively and in real-time in physiologically and clinically relevant conditions. 
The well-established murine xenograft mouse model was used in these studies. This 
model has several advantages to determine CTC dynamics during tumor growth and 
medical interventions because of (1) the use of actual human tumor tissue; (2) 

Fig. 5.7  (a) Concept of switching the primary tumor cells from green to red state; (b) dual color 
detection of circulating cells in peripheral blood flow (56 μm diameter ear vein) after photoswitch-
ing of the primary tumor. Green signals correspond to non-switched CTCs shed into flow before 
switching of the primary tumor, red signals correspond to photoswitched cells released after con-
version. (Reproduced from Nedosekin et al. [34])
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results could be obtained during the few weeks from tumor inoculation; (3) the 
organ environment in which the tumor growth could be reproduced [38]. However, 
the immunological deficit is a disadvantage for using this model. For the first time, 
it was possible to monitor the same mouse frequently up to 8 weeks after tumor 
inoculation and to study the change in CTC rate during tumor biopsy and surgery.

This work aimed to determine the short term of the CTC dynamic fluctuation due 
to different diagnostic and treatment procedures. Here experimental evidence that 
incisional biopsy increased the CTC rate up to 60-fold during the procedures in a 
melanoma-bearing mouse model was presented. In contrast, complete tumor resec-
tion led to decrease of CTC rate and in some cases to disappearance shortly after-
wards. One of the most interesting findings in this work could be the discrepancy 
between the effects of incisional biopsy versus excisional biopsy on CTC count. 
This analysis is very timely and relevant, as tumor manipulation is a key point of 
interest for the practicing surgeon. To study the CTC dynamics for long-term after 
procedures, breast cancer-bearing mice were used. In this study, marked increase in 
CTC rate was determined during the punch biopsy. In the melanoma-bearing mouse 
model, however, a higher level of CTC rate was monitored shortly afterwards. 
Different outcome was observed after complete tumor resection by disappearance 
of the CTCs. However, in some cases low level of CTC re-elevation during 6 weeks 
after the procedure was observed in the breast cancer-bearing mice.

The results of this work provide further support that tumor manipulation, by 
offering greater opportunity for tumor cell invasion into the circulation, could result 
in shedding of malignant cells into the circulatory system and possibly in turn will 
affect the prognosis by increasing the risk of metastasis [39]. However, these data 
must be interpreted with caution because of the immunological deficit of the tumor 
bearing-mouse models used and because of the CTCs, which are rare and not all 
may be clinically relevant in the human body [37]. Thus, further research is needed 
to examine CTC dynamic in human in vivo during tumor growth and medical 
interventions.
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