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Abstract

Neuroblastoma (NB) is a deadly childhood disease that carries a 50% chance of relapse for anyone 

in remission and similar level of 5-year survival. We investigated the value of our proprietary 

approach – cell surface vimentin (CSV) positive circulating tumor cells (CTC) to monitor 

treatment response and predict relapse in NB patients under remission in a Phase II long-term 

preventative clinical trial. We longitudinally analyzed peripheral blood samples from 93 patients 

for 27 cycles (~25 months) and discovered that presence of CSV+ CTCs in the first two sequential 

samples (baseline, cycle 4 [month 3–4]) was a significant indicator of earlier relapse. We observed 

strong correlation between relapse-free survival (RFS) and lack of CSV+ CTCs in first 4 cycles of 

therapy (95%). There was sensitivity reaching 100% in predicting RFS in patients who had neither 

CSV+ CTCs nor MycN amplification. Of note, the low number of CSV+ CTCs seems equivalent 

to low tumor load because the prevention therapy difluoromethylornithine yields faster reduction 

of relapse risk when none or only 1–2 CSV+ CTCs (every 6 ml) are present in the blood samples 
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compared to > 3 CSV+ CTCs. To the best of our knowledge, this is the first study that directly 

observes CTCs in under remission NB patients for relapse prediction and the first to gather 

sequential CSV+ CTC data in any study in a long-term longitudinal manner.
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Introduction

Neuroblastoma (NB) is an aggressive childhood tumor and high-risk NB patients have a 

50% chance of suffering relapse post treatment1. The ability of NB cells to be targeted by 

anti-GD2 antibodies, which has become the standard of care, has improved survival and 

decreased likelihood of relapse2. However, tumor cells counteract these efforts by hiding in 

sanctuary sites (CNS, lymph nodes, and bone marrow) to cause relapse, making early 

detection of relapse an important task3–6.

Current means to screen for tumor relapse come with drawbacks. Imaging-based approaches 

such as the most commonly used iodine-123 meta-iodobenzylguanidine (MIBG) are very 

helpful in detecting NB metastasis, but the detection is late7. Alternatively, bone marrow 

biopsy-based metastasis or relapse screening assay is a relatively invasive procedure. An 

ideal approach will both minimize the drawbacks and detect early. Towards the early 

detection goal, circulating tumor cells (CTCs) have been demonstrated in multiple 

retrospective and prospective studies to be instrumental in predicting relapse/recurrence in 

various types of cancers8–12. Though there is an existing study into the role of CTCs in NB, 

there is otherwise a dearth of research in this field. In this study, Burchill et al. examined the 

role of circulating NB cells in children with NB at all stages. The investigators used tyrosine 

hydroxylase (TH) mRNA as an indirect metric for CTCs but did not directly observe these 

cells in the blood.13 They were able to use TH mRNA as it is a protein found only in 

dopaminergic neurons, which is not otherwise found in the blood of healthy patients. Our 

study seeks to prove a conclusive link between CTCs, specifically CSV+ CTCs, and NB 

relapse.

The role of cell surface vimentin (CSV) positive CTCs has not been investigated in NB. This 

CSV+ CTC analysis is important because CSV positive tumor cells were found to be 

associated with metastasis in other tumor models and CSV+ CTC number is positively 

correlated with metastasis (e.g. 70 to 100% metastatic colon tumor cells are CSV 

positive)12,14. The majority of circulating cell research in the context of NB has focused on 

immune cells’ (natural killer, and T-regulatory) surface expression of selected proteins or 

correlating levels with tumor status15,16. Current research has shown that 

difluoromethylornithine (DFMO) inhibits the metastatic process in NB by targeting 

ornithine decarboxylase, an important enzyme in the process by which bulk tumor cells 

become cancer stem cells, possibly preventing the development of CTCs, thereby presenting 

a potential therapeutic modality that targets relapse.17
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The presence of vimentin on the surface of cells has been previously shown to be restricted 

to tumor cells, especially metastatic tumor cells14,18,19. Our internally-developed antibody is 

specific to CSV and has been demonstrated to be highly instrumental in detecting CTCs in 

tumors; CSV has demonstrated great utility in predicting chemoresistance in breast and 

prostate cancers18–20. Based on these published results, we hypothesized that CSV-based 

CTC detection can be a viable approach for detecting tumor relapse in NB using freshly-

drawn patient blood. The results as presented in this report show the CSV method was 

highly sensitive in NB for predicting relapse. Absence of CSV+ CTCs at baseline or the first 

two sequential samples correlated with prolonged survival. A high CSV+ CTC count at 

baseline requires many more cycles of therapy to prevent relapse.

Materials and Methods:

Cell Culture.

Cell line CHP-134 (RRID:CVCL_1124) was obtained from the COG Cell Culture and 

Xenograft Repository and cultured as recommended. This cell line has been authenticated by 

DNA profiling within the last 3 years. All experiments were performed with mycoplasma-

free cells.

Blood collection and processing.

Human NB patient samples were delivered via overnight shipments from hospitals and 

clinical institutions participating in the phase II clinical trial “Preventative Trial of DFMO in 

Patients with High Risk Neuroblastoma in Remission” - NCT01586260. Eligibility criteria 

included histologically confirmed diagnosis of neuroblastoma with high risk disease 

according to the International Neuroblastoma Risk Group Classification.21 MycN 

amplification and histological grade (F=favorable; UF=unfavorable) was derived from the 

patients’ medical record. MycN status was determined by cytogenetically using MYCN 

FISH analysis.22 Histological grading was performed by analysis of H&E stained slides in 

accordance with International Neuroblastoma Pathology Classification standards.23 Some 

patients were disqualified due to time restrictions associated with sample delivery and/or a 

patient’s inability to meet all the inclusion criteria.

CSV+ CTC Isolation and Immunofluorescence staining.

The method for CSV+ CTC isolation and immunofluorescence staining has been previously 

described18 and revised in a recent publication24. Briefly, whole blood was subject to 

gradient centrifugation. The buffy coat was then extracted. CD45+ cells were depleted using 

an EasySep human CD45 depletion kit (StemCell Technologies) according to the 

manufacturer’s recommendation. To minimize nonspecific binding, antibody against human 

Fc receptor (Miltenyi Biotec) was added to the cocktail. Second, the CD45− cell fraction 

was subjected to 84–1+ selection. Cells were labeled with the 84–1 anti-vimentin antibody 

(MD Anderson), and later mouse IgG-binding microbeads (Miltenyi Biotec) were added to 

the mixture. 84–1+ Cells were then extracted using the magnetic column according to the 

manufacturer’s recommendation (Miltenyi Biotec). The cells thus obtained were 84–1+ and 

CD45− and ready for further analysis. These cells were then fixed in 4% PFA, blocked with 

0.5% FBS, and stained for 84–1 (MD Anderson) and CD45 at a concentration of 1:100 at 4° 
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C overnight for both. Cells were then imaged on a Zeiss LSM 510 confocal microscope at a 

magnification of 63x using LSM5 image capture and analysis software (Zeiss, Oberkochen, 

Germany).

Statistical analysis.

All statistical analyses were performed using software GraphPad Prism 6 (San Diego, CA) 

and R v3.3.1 (Vienna, Austria) with packages lme4 v1.1–12, reshape v0.8.5, survival v2.39–
4 and survminer v0.4.3. P values less than 0.05 were considered significant. The average 

spiking cell recovery data were expressed as the mean ± standard deviation and 

representative results were from at least three independent experiments. Relapse-free 

survival was defined as the time from disease-free (Start Date) to relapse, and was censored 

by death due to other cause or last follow-up, whichever occurred first. Kaplan-Meier 

estimates of relapse-free survival rate is plotted as a function of time. The CTC counts were 

categorized as 0 versus > 0 for baseline and for the first four months (baseline to 4 month). 

Log-rank test is applied to evaluate the difference of relapse-free survival between different 

groups. The correlation between spiking cell count and recovered cell count, as well as 

reproducibility of CTC measurements, was assessed using linear regression.

Results

Neuroblastoma cells express cell surface vimentin (CSV) and can be specifically isolated 
from spiked blood samples.

To determine the feasibility of using CSV as a means of isolating CTCs, CSV expression in 

normal PBMCs, normal bone marrow cells, and endothelial cells as well as many types of 

tumor cells were analyzed previously; the results exclusively have confirmed the CSV-

specific expression on tumor cells alone14,18,25,26. Of note, the CSV-based CTC capture 

from sarcoma patients found the expected genetic changes18. To further support our prior 

finding in the new context of NB, the representative NB cell line CHP-134 was stained for 

CSV. We observed definitive CSV expression in a subpopulation of NB cells (Fig. 1a, 1b). 

This result is consistent with previous discoveries in other tumor cell lines, in which 3–40% 

of cells in a given cell line express CSV14,19,27. These results, combined with the fact that 

CSV is highly abundant in relapsed and metastatic tumor cells in other cancers, demonstrate 

that CSV may be a reliable biomarker for predicting relapse/metastasis.14,18,19 Indeed, CSV
+ CTC number is associated with metastasis status in sarcoma18. These pre-analytical results 

allowed us to analyze human NB patients’ peripheral blood samples for CTCs from a 

multiple center trial.

CSV+ CTC detection strategy in high-risk Neuroblastoma patients in remission.

The phase II study using Difluoromethylornithine (DFMO) aims to evaluate the preventative 

activity of DFMO in high risk NB patients that are in remission (NCT01586260). Patients 

received 27 cycles (28 days per cycle) of oral DFMO at a dose of 500 to 1000mg/m2. 

Treatments were given once a week for the first 3 weeks followed by rest for 1 week prior to 

initiation of next cycle. Patient dosage regime has been optimized based on previous 

research showing greatest efficacy with the current schedule28,29. Each patient stays on trial 

for 25 months unless they relapse, at which point the patient is removed from the trial. 
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Freshly drawn blood from 93 patients at 3–4 cycle intervals (3–4 months) was processed 

using the CSV+ CTC capture method described in previous publication, as indicated by the 

heavy arrows in Fig. 2a18,19.

We chose this format of serial blood sample collection every 3–4 cycles (3–4 months) due to 

the long-term longitudinal nature of our project (> 2 years) as well as the multi-center 

collaboration, which would make the task of processing every sample after each cycle (1 

month) too monumental. In contrast to other studies, we analyzed up to 9 samples from a 

single patient though there were some cases of disqualified samples, or patients under 

remission or missing clinical visits. As evident from the numbers provided, not all patients 

were able to have been consented for blood draw at baseline. The first sample (baseline) was 

received prior to the initiation of any treatment from patients who are in remission for < 2 

months (labeled Baseline or “B”, Fig. 2a). Subsequent samples collected at indicated points 

in Fig. 2a are denoted as S1 starting at Cycle 4 (4 months) and progressively increase 

thereafter. As shown in Table 1, the majority of patients were under 10 years old. Similarly, 

all relapsed patients were also 10 years old or younger (Table 1).

Early detection of CSV+ CTCs in NB patients is associated with relapse.

To determine the long-term longitudinal relevance of CSV-based CTC isolation, we 

investigated the rates of relapse in patients who did or did not have any detectable CSV+ 

CTCs across different treatment cycles, up to 9 sample collections once every 3–4 months; 

baseline samples were collected prior to initiation of therapy and all other samples were 

collected at the end of the labeled cycle number before starting the next cycle of therapy 

(Fig. 2a). As shown in Fig. 2b, and c, the vast majority of patients who had 0 CSV+ CTCs at 

baseline ‘B’ or the immediate subsequent sample ‘S1’ did not suffer relapse and are tumor 

free—88% (Fig. 2b and 2c). Of note, only 1 out of 20 patients who are absent CSV+ CTCs 

at both baseline and S1 relapsed and the rest of 19 are tumor free – 95% (Fig. 2d).

There was a statistically significant difference in relapse-free survival between patient 

population who are absent of CSV+ CTC at both baseline (B) and the immediate sequential 

sample (S1, 95% survival rate) and the population who are present of CSV+ CTC at either of 

these two sampling time point (61% survival rate, p=0.018, Fig. 3b). This p value was 

inferior (Fig. 3a, p=0.042, 83% relapse free survival rate vs. 55% relapse free survival rate), 

suggesting the combination of B and S1 are more reliable predictor. Of note, the well 

documented high relapse risk factor MycN amplification failed completely to predict relapse 

(Supplemental Fig. 1). Indeed, the two relapse free survival curves (MycN amplification 

positive, 82% relapse free survival rate, and negative, 73% relapse free survival rate) show 

highly similar outcomes. This may possibly be a result of the DFMO treatment, as inhibiting 

ornithine decarboxylase has been shown to impair development of MycN-amplified NB.30 

Likewise, favorable or unfavorable histology readings also failed to make any substantive 

predictions as the survival probability was 80% and 82% for favorable as opposed to 

unfavorable histology readings at 25 months (Supplemental Fig. 2). Interestingly, a lack of 

both MycN amplification and CSV+ CTCs in the first two samples yields 100% prediction 

of relapse free survival, whereas presence of both CSV+ CTCs and MycN amplification 

yields a 74% prediction of relapse free survival, no CSV+ CTCs and presence of MycN 
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amplification yields a 90% prediction of relapse free survival and presence of CSV+ CTCs 

and lack of MycN amplification yields a 54% prediction of relapse free survival. (Fig. 3c).

Longitudinal CSV+ CTCs analysis for monitoring treatment response.

To monitor treatment response using CSV+ CTCs, we compared the CSV+ CTC detection 

rates at each time point and their relevance to the number of relapses observed whenever 

samples are available from the enrolled 93 patients. In that regard, this study was designed to 

analyze periodic samples that total 9 per patient throughout the course of therapy. This 

enabled us to glean a greater resolution of CTC status to better interpret therapeutic response 

to maintenance therapy and tumor status. The lack of CSV+ CTCs strongly correlated with 

the absence of relapse at every sampling time point (Fig. 4a).

It is especially interesting that our data in Fig. 4 shows that in patients with 0 CSV+ CTCs 

there was no relapse after 7 cycles of therapy (S2) (Fig. 4a). Similarly, in patients with 1–2 

CSV+ CTCs after S3 were 96% relapse-free (Fig. 4b). This apparent threshold for no relapse 

is delayed in patients with 3–4 CTCs to S5 and later (Fig. 4c). Similar prolonging of this 

effect is observed in those with ≥5 CTCs to cycles 21 onwards (Fig. 4d). This result suggests 

that a low number of CSV+ CTCs (0–2) seems equivalent to low tumor load, so this group of 

patients may be responding to DFMO treatment faster, resulting in complete response. 

Overall, a lower CSV+ CTC count correlates with decreased chances of suffering relapse 

(Fig. 4a, 4b).

CSV-guided CTC detection may contribute to deeper personalization of therapy.

While the data presented thus far indicates that early stage CTC detection may be key to 

predicting relapse, we also noticed long-term longitudinal trends in CTC detection profiles 

of some patients. As shown in Fig. 5a, 5b, and 5c, three relapse-free survival patients 

showed a consistent low CTC count. Whereas in CTC profiles of patients in Fig. 5d, and 5e 

there is an inability to maintain a long-term suppression of CTC counts after initial decrease 

(Fig. 5d) or an ongoing struggle with an oscillating pattern observed in CTC trends (Fig. 5e). 

Both of these patients (Fig. 5d, 5e) eventually relapsed at a later date after the end of 

maintenance therapy as indicated in red. Noticeably in Fig. 5c, a patient who was CTC-free 

until cycle 14 did not relapse, while in contrast a patient who showed a steady decline in 

CTC numbers through the course of therapy still suffered relapse (Fig. 5f) indicating the 

importance of baseline and early cycle CTC count in predicting relapse and treatment 

response.

Discussion

According to the International Neuroblastoma Risk Group (INRG) classification, the MS 

risk group stage considers eligibility for children younger than 18 months who have 

metastatic disease to skin, liver, and/or bone marrow31. This group of patients is highly 

vulnerable to metastatic spread of the disease. In these patients, bone marrow aspirates/

biopsies are used as prognostic indicators to plan treatment regimens. Bone marrow 

aspirates and biopsies are relatively invasive procedures when compared with liquid biopsy. 

Despite the physical obstacles, these procedures are necessary due to the fact that 5-year 
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survival of high-risk NB patients in remission is 50%1,32. For this group, it is imperative to 

detect relapse early and find the resistance to maintenance therapy early. Significant progress 

has been made in improving survival using GD2 targeting antibodies as a treatment for NB. 

However, in terms of preventing relapse, this strategy has met limited success with only 20% 

improvement over a 2 year span in high-risk NB patients under remission when anti-GD2 

antibody (14G2a) was used in combination with isotretinoin along with either granulocyte-

macrophage colony-stimulating factor (GM-CSF) or interleukin-2 in a 5 month 

treatment33,34. In another trial using the anti-GD2 ch14.18 alone in infants or children with 

stage 4 NB showed no difference in event free survival when compared to maintenance 

therapy35,36. We have shown that DFMO is well tolerated by NB patients. Furthermore, we 

have shown that by using DFMO to inhibit ornithine synthesis and conversion of bulk tumor 

cells to cancer stem cells, we are able to more than double two year relapse-free survival 

rates in NB patients in remission.29 The effectiveness of this treatment is further borne out 

by the fact that we observed no discernible differences in rates of relapse between the most 

vulnerable cohort of patients, those under 2 years old, and other patients (Table 1).

GD2 is documented as an NB biomarker, but two well-documented NB cell lines showed 

either no positive staining or a portion positive GD2 cells (data not shown), even though the 

GD2 antibody used is the same as for clinical NB assay. This fact clearly indicated that NB, 

especially relapsed NB, may no longer have GD2 expression post GD2 therapy. CSV+ CTC 

may serve as an alternative for early detection of relapse and indicator of the response to 

maintenance therapy, though the literature discussing CTCs in NB for this type of 

application is missing37. Much of the CTC-focused literature regarding tumor relapse/

recurrence has been confined to the study of epithelial tumors such as breast, prostate, and 

colon cancers where CTCs are confirmed to have a predictive value8–11. Some investigations 

of cell free or circulating tumor RNA – ctRNA have also been conducted in NB patients38. 

The potential candidate genes for ctRNA could be mutated RAS-MAPK, amplified MYCN, 

and other associated genes such as ALK and ATRK2,39. Indeed, there is evidence of new 

mutations in ALK and MYCN present in cerebrospinal fluid (CSF) during NB relapse40,41. 

While these studies are instrumental in monitoring tumor burden, they have recently also 

shown the ability to predict relapse by measuring transcripts of selected target genes42,43. 

However, our analysis based on data from a large cohort clearly shows no difference in 

terms of relapse between MYCN amplified and non-amplified patients (Fig. 3c). The fact 

that the MYCN analysis data is not from our laboratory but from an independent CLIA lab 

lends further credence to our results. It is most likely that our treatment may be effective on 

patients with MYCN amplification, which impairs the prognostic power of MYCN. Previous 

research has shown that targeting ornithine decarboxylase is especially effective at impairing 

development of MYCN amplified NB in an NB mouse model.30

At the outset of this study our goal was to gather data towards validating our hypothesis that 

CSV+ CTCs can be used as means of monitoring treatment response and tumor status using 

a longitudinal CSV+ CTC analysis method. Surprisingly, we discovered that any positive 

CSV+ CTC count at the baseline was an 88% significant indicator of future relapse. 

Furthermore, CSV+ CTC negative patients additionally had a detectable decrease in 

likelihood of relapse (Figure 4, Fisher exact test). To boost this sensitivity, additional CSV+ 

CTC assays could be added to patients who are CSV+ CTC negative because combined 
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analysis of baseline through 4 months showed a 95% sensitivity for predicting relapse. It 

should be noted that since this is a multi-center trial, there is an inherent absence of clinical 

or investigational bias. This is a unique observation since there is no available means of 

predicting relapse at such an early stage of therapy. In practical terms, validation of our work 

can mean that patients who are CSV+ CTC-negative at the beginning or early cycles of 

prevention therapy may be allowed to come off therapy earlier which can prevent personal 

costs and the often harsh side effects of therapy. Meanwhile, a low count of 1–2 CTCs/6ml 

blood can serve as a baseline from where the patient can be further monitored for an increase 

or decrease; high levels of CSV+ CTC at an early time may suggest the possibility of relapse 

also. One limitation in the current study is that a portion of samples were not analyzed due 

to delays in delivery to the lab. This research can be further expanded by genetic analysis of 

the captured CSV+ CTCs. Indeed, others found increased copy number variations in CTCs is 

associated with chemoresistance, which could lead to relapse44.

The current state of CTC research has largely been driven by the FDA-approved, EpCAM-

based CellSearch platform for detection purposes11,45–53. Publications in recent years have 

explored the value of CTCs as a marker of therapeutic efficacy, most notably in breast 

cancer11,46–54. Most research in the CTC field has been done with baseline while a few 

notable studies in other tumor types have used 1 to 2 follow-up sample collection55,56. 

While some studies have done long term follow-up of patients, to the best of our knowledge 

there have not been any to study patients who are under remission in the long-term 

longitudinal method as ours48. The goal of our study is to extend this analysis to NB and 

determine the feasibility of CSV+ CTC analysis in monitoring and guiding therapy. Our 

CSV-based CTC targeting approach has previously been demonstrated to accurately isolate 

cells from liquid biopsies in breast, prostate, sarcoma and other tumors18–20,27. Here, we 

took this approach to the next step by attempting to monitor therapy response and 

retrospectively determine the CSV-guided technology’s ability to predict patient relapse. As 

shown in the presented data, we found a significantly sensitive means of doing so at the 

earliest possible point of therapy: baseline. Notably, our CSV+ CTC detection method 

predicted relapse from 2 months to nearly 2 years early, based on the baseline count. While 

these novel results highlight the value of CTCs and liquid biopsies in general, we must take 

notice of our imperfect sensitivity. The sensitivity can be improved by taking more than 1st 

cycle readings. For example, a combination of baseline-S1 yielded >95% sensitivity vs. 88% 

via baseline alone. This sensitivity can be further improved by including MYCN 

amplification data (100%) though caution needs to be made because no significance was 

found between the 95% and 100% prediction rate (Fig. 3c). Perhaps, this is because the 

MYCN amplification is based on measurement of tumor biopsy or bone marrow. A more 

reliable method will be to analyze MYCN amplification in the captured CSV+ CTC cells. 

This hypothesis needs to be validated in the future study.

Overall, our data shows that even in a high-risk population of NB patients, a “one size fits 

all” approach towards therapeutic treatment may not be ideal. The CSV+ CTC data indicates 

a stratification of patients into low, medium, and high risk groups that could be treated with 

a reduced dose, continuing as is, or be switched to alternative treatment due to a lack of 

response, respectively. This next step in therapeutic efficiency represents further 
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personalization of patient care and will undoubtedly improve relapse-free, and overall 

survival.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Impact

Neuroblastoma is a deadly childhood disease that carries a 50% chance of relapse for 

anyone in remission and similar level of 5-year survival. We show that CSV can be used 

as a marker for CTCs in NB and these CSV+ CTCs can be used alongside analysis of 

MycN amplification to predict relapse. These two factors, when combined, have 100% 

sensitivity in predicting relapse free survival in patients.
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Figure 1. 
Cell line staining and CSV validation. a Neuroblastoma cell line CHP-134 stained for the 

neuronal marker CD56 (ThermoFisher Scientific, USA), and CSV (MD Anderson, USA) 

and nucleus (DRAQ5). b Flow cytometry analysis for CSV is shown in panel b. 50,000 

events were captured in duplicate.
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Figure 2. 
Study outline and early relapse. Panel a shows the study outline containing 27 cycles (28 

days per cycle) of DFMO therapy. Blood samples were collected at 3–4 cycle intervals as 

shown by the arrows indicating the most frequent time points at which samples were 

received. In each cycle, treatments were given once a week for the first 3 weeks followed by 

rest for 1 week prior to initiation of next cycle. Panels b, c, and d illustrate the number of 

patients who relapsed within 25 months, respective to the number CTCs detected at baseline 

(b) based on the consented patients whose samples were available at baseline (n=54), S1 (c) 

based on the consented patients whose samples were available at S1 (n=34), or those who 

maintained the indicated CTC levels through first 2 samples (d) based on the patients whose 

samples were available at either baseline or S1 (n=60), respectively.
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Figure 3. 
Relapse-free survival prediction based on CTC and MycN amplification status. Panels a and 

b show the relapse-free survival difference between patients with or without detectable 

CTCs at baseline (a) or between patients who were or were not CTC from baseline through 

first 4 months (b). Pairwise comparison between different groups was conducted. Significant 

difference in relapse-free survival was observed between CTC-&MycNAmp- and CTC

+&MycNAmp- groups (p = 0.041) without adjusting for multiple testing correction (c).
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Figure 4. 
Treatment monitoring in pool of patients. Each panel represents the number of patients that 

relapsed or not. Panels differ based on number of detected CTCs in each pool as indicated in 

the title of each graph. a Number of patients with 0 CTC who did or did not relapse at the 

indicated cycles. b Number of patients with 1 to 2 CTCs who did or did not relapse at the 

indicated cycles. c Number of patients with 3 to 4 CTCs who did or did not relapse at the 

indicated cycles. d Number of patients with ≥5 CTCs who did or did not relapse at the 

indicated cycles. B = Baseline. A Fisher exact test was performed on the B + S1 populations, 

p = 0.0278
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Figure 5. 
Overall CTC profiles of six individual patients. Three patients who maintained relapse-free 

survival are shown in panels a, b, and c; three relapsed patients are shown in panels c, d, and 

e. Graph depicts CTC count per 6ml of blood at treatment cycle (total 27 cycles; 25 months). 

Arrow and red number indicates days after sample collection at indicated cycle when the 

patient relapsed.
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Table 1

Patient Characteristics and Relapse Information. Correlation between age and relapse status given by Fisher 

exact test.

Characteristics Number of patients (n=93)

Age (years)

Median 4

Range <1–17

Age < 10 85 (91%)

Age ≥ 10 8 (9%)

Sex

Male 57 (61%)

Female 36 (39%)

Race/ethnicity

Non-Hispanic White 66 (71%)

Non-Hispanic Black 7 (7%)

Non-Hispanic Other 11 (12%)

Hispanic 9 (10%)

Relapse within 25 months

By Age p = .38

Relapse-Free 76 (82%)

 Age ≤ 2 7 (9%)

 Age > 2 69 (91%)

Relapsed 17 (18%)

 Age ≤ 2 3 (18%)

 Age > 2 14 (82%)
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