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Abstract

Background: Circulating tumor cells (CTCs) carry independent prognostic information in patients with metastatic
breast cancer (MBC) on different lines of therapy. Moreover, CTC clusters are suggested to add prognostic
information to CTC enumeration alone but their significance is unknown in patients with newly diagnosed MBC.
We aimed to evaluate whether longitudinal enumeration of circulating tumor cells (CTCs) and CTC clusters could
improve prognostication and monitoring of patients with metastatic breast cancer (MBC) starting first-line therapy.

Methods: This prospective study included 156 women with newly diagnosed MBC. CTCs and CTC clusters were
detected using CellSearch technology at baseline (BL) and after 1, 3, and 6 months of systemic therapy. The primary
end point was progression-free survival (PFS) and the secondary end point overall survival (OS). Median follow-up
time was 25 (7-69) months.

Results: There were 79 (52%) and 30 (20%) patients with 25 CTCs and 2 1 CTC cluster at baseline, respectively;
both factors were significantly associated with impaired survival. Landmark analyses based on follow-up
measurements revealed increasing prognostic hazard ratios for 25 CTCs and CTC clusters during treatment,
predicting worse PFS and OS. Both factors added value to a prognostic model based on clinicopathological
variables at all time points and =5 CTCs and presence of CTC clusters enhanced the model’s C-index to > 0.80 at 1,
3, and 6 months. Importantly, changes in CTCs during treatment were significantly correlated with survival and
patients with a decline from =5 CTCs at BL to <5 CTCs at 1T month had a similar odds ratio for progression to
patients with <5 CTCs at BL and 1 month. Stratification of patients based on CTC count and CTC clusters into four
groups (0 CTCs, 1-4 CTCs, 25 CTCs, and 2 1 CTC 4 CTC clusters) demonstrated that patients with CTC clusters had
significantly worse survival compared to patients without clusters.

(Continued on next page)

* Correspondence: lisa.ryden@med.lu.se

fAnna-Maria Larsson and Sara Jansson contributed equally to this work.
3Department of Clinical Sciences Lund, Division of Surgery, Lund University,
Medicon Village, SE-223 81 Lund, Sweden

“Department of Surgery and Gastroenterology, Skane University Hospital,
Malmg, Sweden

Full list of author information is available at the end of the article

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s13058-018-0976-0&domain=pdf
http://orcid.org/0000-0001-7515-3130
mailto:lisa.ryden@med.lu.se
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/

Larsson et al. Breast Cancer Research (2018) 20:48

Page 2 of 14

(Continued from previous page)

enumeration alone.

Conclusions: Longitudinal evaluation of CTC and CTC clusters improves prognostication and monitoring in patients
with MBC starting first-line systemic therapy. The prognostic value increases over time, suggesting that changes in
CTC count are clinically relevant. The presence of CTC clusters adds significant prognostic value to CTC

Trial registration: NCT01322893. Registered on 25 March 2011.

Keywords: Metastatic breast cancer, Circulating tumor cells (CTCs), Enumeration, Cluster, Prognosis

Background

The prognostic value of circulating tumor cell (CTC)
enumeration was first shown in patients with metastatic
breast cancer (MBC) assessed by the CellSearch system
in 2004 [1]. Since then, several studies have been pub-
lished in support of these results [2—14] and in 2014 a
pooled analysis of data from 1944 patients confirmed
that a CTC count of >5 cells per 7.5 mL blood is an in-
dependent predictor of worse progression-free survival
(PES) and overall survival (OS) in patients with MBC
[15]. The authors of the pooled analysis developed a
clinicopathological prognostication model that included
CTC count in addition to other clinically relevant
variables, and concluded that CTC-based survival prog-
nostication models should be considered as optimum
prognostic models for counselling of patients [15]. Re-
cently, a meta-analysis demonstrated that CTC status
can be applied in monitoring the effectiveness of sys-
temic therapy for MBC, since a shift in CTC status be-
tween two time points was prognostic [16]. Thus far,
most individual studies evaluating CTC count in MBC
included patients regardless of prior lines of systemic
therapy and baseline CTC was measured in a heteroge-
neous population of patients on different lines of treat-
ment. The focus of these studies has primarily been on
CTC evaluation before starting a new line of treatment
or at the first post-treatment evaluation, but no studies
have conclusively evaluated long-term monitoring of
CTC dynamics. Hence, the presence and dynamics of
CTCs during first-line systemic treatment in patients
with MBC and its clinical relevance have yet to be fully
elucidated. Furthermore, recent studies have shown that
detection of CTC clusters in patients with MBC adds
prognostic value to CTC enumeration alone [12, 13, 17],
but limited data are available on the prognostic value of
CTC clusters in previously untreated patients with MBC
before and during treatment [18].

The aim of this prospective study was to evaluate lon-
gitudinal CTC count 25 cells/7.5 mL blood and CTC
clusters using the CellSearch system as a prognostic in-
strument in women with newly diagnosed MBC from
baseline to 6 months, and examine how these relate to
progression-free survival (PFS) and overall survival (OS).

A secondary aim was to evaluate if early changes in
CTC status can predict response at the first radiological
evaluation at 3 months.

Methods

Patients and study design

Patients diagnosed with MBC and scheduled for first-
line systemic treatment at Skane University Hospital and
Halmstad County Hospital, Sweden, were enrolled into a
prospective  monitoring  trial  (ClinicalTrials.gov
NCT01322893) conducted by the Department of Oncol-
ogy and Pathology at Lund University, Sweden. The
study was approved by the Lund University Ethics Com-
mittee (LU 2010/135). Inclusion criteria were age >
18 years, Eastern Cooperative Oncology Group (ECOQG)
performance status score 0-2, and predicted life expect-
ancy of >2 months. Exclusion criteria were prior sys-
temic therapy for metastatic disease, inability to
understand the study information, and other malignant
disease in the preceding 5 years. After selection, the par-
ticipating patients started first-line systemic therapy for
MBC according to national guidelines; the treating phy-
sicians were blind to the CTC results. Patients under-
went structured clinical and radiological evaluation
every 3 months or at the discretion of the treating phys-
ician. Progression versus non-progression was defined
according to clinical practice based on clinical and
radiological evaluation using the modified Response
Evaluation Criteria In Solid Tumors (RECIST) 1.1 [19].
Using this approach progression was defined as progres-
sive disease (PD), whilst non-progression was defined as
stable disease (SD), partial response (PR) or complete re-
sponse (CR).

Samples of whole blood and serum were collected
at baseline and after approximately 1, 3, and 6 months
of treatment. The serum marker CA15-3 was ana-
lyzed at the Department of Clinical Chemistry at
Skane University Hospital with an accredited method
used in clinical practice (CA15-3 on Cobas,
NPUO01449). Twenty-three of the participating patients
experienced treatment failure within 6 months of
commencement; therefore, they were started on
second-line therapy, for which blood sampling was


https://clinicaltrials.gov/ct2/results?cond=&term=01322893&cntry=&state=&city=&dist=

Larsson et al. Breast Cancer Research (2018) 20:48

repeated (at baseline after treatment failure (baseline
2) and after 1, 3, and 6 months).

Detection of CTCs and CTC clusters

Blood samples were collected in 10 mL CellSave Preserva-
tion tubes (Menarini Silicon Biosystems, Bologna, Italy),
stored between 15 and 30 °C and processed within 96 h of
collection. CTCs were isolated and enumerated using the
Food and Drug Administration (FDA)-approved CellSearch
system (Menarini Silicon Biosystems) as has been described
in detail previously [1, 20]. Two investigators certified in
the CellSearch technology independently evaluated all im-
ages within the generated galleries for events. Any event for
which the assessment differed between the investigators
was re-evaluated until consensus was reached.

CTC clusters were defined as groups consisting of >2
CTCs clustered together and with non-overlapping nuclei.
Presence of other cell types in addition to CTCs was not
documented. Two independent assessors evaluated CTC
clusters in CTC galleries exported from the CellTracks
Analyzer II system, as described previously [17]. No add-
itional staining of CTCs was performed after the CellSearch
analysis was completed. CTC enumeration and CTC clus-
ters were evaluated at baseline and during treatment at 1, 3,
and 6 months. A blood sample was considered positive for
CTC clusters if > 1 CTC cluster was detected.

Statistical analysis

Statistical power calculations based on estimated PFS,
fraction of patients with a CTC count above the prede-
fined threshold (=5 CTCs), the inclusion period, and the
estimated follow-up time determined the required study
sample size to be 154 patients (Additional file 1). An add-
itional threshold of =20 CTCs proposed by Botteri et al.
[21] was applied to explore the relationship between the
number of CTCs and the presence of CTC clusters.

Categorical or categorized characteristics of the pa-
tients, tumors, and CTCs at different time points were
compared using Pearson’s chi-squared test or if counts
were lower than expected in one or more of the cells,
Fisher’s exact test was used. Ordinal data were compared
using Pearson’s chi-squared test for trend and variables
measured on a continuous scale by the Mann-Whitney
U test or, if there were more than two categories, the
Kruskal Wallis test.

The primary end point was PES and the secondary end
points were OS and progression versus non-progression at
first evaluation, in relation to changes in numbers of CTCs
and/or presence of CTC clusters. The study was in accord-
ance with the Reporting Recommendations for Tumor
Marker (REMARK) criteria [22]. Time from the date of the
blood draw to progression or death from any cause was cal-
culated. If an outcome was not reached the time variables
were censored at the last follow up. Kaplan-Meier plots and
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the log-rank test were used to illustrate and compare sur-
vival between subgroups. Survival analysis of variables mea-
sured at 1, 3, and 6 months was performed by landmark
analysis. Univariable and multivariable hazard ratios (HRs)
for selected potential predictors of PES and OS were deter-
mined by Cox proportional hazards regression. Propor-
tional hazards assumptions were checked graphically.
Model fit was measured using Harrell's C-index, and the fit
of nested prognostic models was compared using likelihood
ratio (LR) tests.

In addition, Cox models with time-dependent covariates
were used to estimate the effects of the longitudinally mea-
sured binary variables >5 CTCs and CTC clusters on OS.
Briefly, the follow up of each patient was split into multiple
non-overlapping episodes for which each of the two covari-
ates were constant. The number of such episodes per pa-
tient varied between 1 and 6: 1 episode was sufficient for
patients with the same CTC and CTC-cluster status at BL
and all follow-up visits. With three follow-up visits (1, 3,
and 6 months), change in one or both of these variables can
be observed up to three times for patients staying on first-
line treatment. Patients who switched to second-line treat-
ment within 6 months from BL can have up to three
additional episodes with change in one or both variables.
Missing values at follow-up visits were imputed using the
principle of last observation carried forward. For example,
the HR for > 5 CTCs in models of this kind should be inter-
preted as the ratio of the mortality during episodes with > 5
CTCs to that of episodes with <5 CTCs. The method of
last observation carried forward is reportedly less prone to
selection bias than deletion by list [23], but it is not state of
the art within the field of imputation. However, in the light
of the low fraction of missing data and the exploratory na-
ture of these analyses, we judge the method reliable.

The association between CTC count and the outcome
of the first evaluation was assessed by logistic regression.
The value added of CTC count and CTC clusters to a
prognostic clinicopathological model was evaluated using
LR statistics in Cox regression models, based on a model
previously described by Bidard et al. [15]. P values in the
exploratory analyses were not adjusted for multiple testing
and should therefore not be compared to the 5% cutoff.
Statistical analysis was with IBM SPSS Statistics (version
24.0, IBM, Armonk, NY, USA) and STATA (version 15.0,
StataCorp. College Station, TX, USA).

Results

Patient characteristics

In total, 156 patients with newly diagnosed MBC were en-
rolled in the study between April 2011 and June 2016.
There were 31 patients with stage IV disease at initial diag-
nosis and 125 patients were diagnosed with distant recur-
rence. Patient and tumor characteristics are summarized in
Table 1. The median follow-up time from baseline was
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Table 1 Baseline patient and tumor characteristics stratified by CTC count and CTC clusters
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All patients  Baseline CTC <5  Baseline CTC 25 P value  Baseline clusters absent  Baseline clusters =1 P value
(n=156) (n=73) (n=79) (n=122) (n=30)
Age MBC, median (range) 65 (40-90) 65 (40--84) 65 (41-90) 0.71% 67 (40-90) 60 (42-72) 0.002°
Baseline ECOG
0 91 48 (53) 43 (47) 007° 76 (84) 15 (16) 032°
1 37 17 (46) 20 (54) 29 (78) 8 (22)
2 22 6 (30) 14 (70) 15 (75) 5(25)
Unknown 6
PT NHG
| 13 9 (69) 431) 058°  12(92) 18) 085°
Il 65 26 (41) 38 (59) 47 (73) 17 (27)
Il 46 22 (49) 23 (51) 38 (84) 7 (16)
Unknown 32
PT tumor size
i 57 30 (55) 25 (45) 016" 49 (89) 6(11) 007"
T2 51 25 (49 26 (51) 39 (76) 12 (24)
T3 20 8 (40) 12 (60) 15 (75) 525
T4 19 7 (39) 11 (61) 13(72) 5(28)
Unknown 9
PT node status
Negative 44 27 (61) 17 (39) 0.04° 39 (89) 5(01) 0.10°
Positive 92 38 (42) 52 (58) 69 (77) 21 (23)
Unknown 20
Breast cancer subtype®
ER+ HER2- 105 46 (44) 58 (56) 052° 86 (83) 18 (17) 0.34°
HER2+ 20 11 (58) 8 (42) 14 (74) 5(26)
ER- HER2- 26 12 (50) 12 (50) 17 (71) 7 (29)
Unknown 5
Metastasis-free
interval (years)
0 31 14 (47) 16 (53) 057° 24 (80) 6 (20) 097°
>0-3 28 11 (41) 16 (59) 22 (81) 519
>3 97 48 (51) 47 (49) 76 (80) 19 (20)
Metastatic sites, number
<3 109 58 (54) 49 (46) 002  88(82) 19 (18) 0.34°
23 47 15 (33) 30 (67) 34 (76) 11 (24)
Site of metastasis
Non-visceral 65 29 (45) 35 (55) 0.57¢ 47 (73) 17 27) 0.07¢
Visceral® 91 44 (50) 44 (50) 75 (85) 13 (15)
1st line treatment
for MBC"
Endocrine 58 31 (53) 27 (47) 0.28° 56 (97) 2(3) <0.001°
Chemotherapy 71 29 (42) 40 (58) 48 (70) 21 (30)
HER2-targeted 15 9 (60) 6 (40) 11 (73) 4(27)
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Table 1 Baseline patient and tumor characteristics stratified by CTC count and CTC clusters (Continued)

All patients  Baseline CTC <5  Baseline CTC 25 P value  Baseline clusters absent  Baseline clusters =1 P value
(n=156) (n=73) (n=79) (n=122) (n=30)
One or more clusters
of 22 CTCs at baseline?
No 122 73 (60) 49 (40) <0.001¢
Yes 30 0 30 (100)

Abbreviations: CTC circulating tumor cell, MBC metastatic breast cancer, ECOG Eastern Cooperative Oncology Group, NHG Nottingham histological grade,
PT primary tumor, ER estrogen receptor, HER2 human epidermal growth factor receptor 2

P value from Mann-Whitney test
bp value from Pearson’s chi-squared test for trend
P value from Pearson’s chi-squared test

“Breast cancer subtype was primarily derived from immunohistochemical staining of the metastasis (n = 114). If no information was available from the metastasis,

the subtype was derived by staining of the primary tumor (n = 36)

Visceral metastasis defined as lung, liver, brain, peritoneal, and/or pleural involvement
fA total of 12 patients died and/or treatment was ended before the first structured clinical follow up at 3 months post treatment initiation and consequently no

data are available for these patients

9Four patients had no baseline sample and thus had no data on CTCs and CTC clusters

25 months (range 7—69) for patients alive at the last med-
ical visit before the cutoff date of 31 May 2017. The median
age at MBC diagnosis was 65 years (range 40—90) and the
median metastasis-free interval for patients with recurrent
disease was 5.8 years (range 0.4—36.3). Breast cancer sub-
type was determined in metastases in 114 patients and in
primary tumors in 126 patients. There were 105 patients
(70%) with estrogen receptor-positive (ER+) tumors, 20
(13%) had human epidermal growth factor receptor 2 posi-
tive (HER2+) tumors, and 26 (17%) had triple-negative
breast cancer (TNBC), determined primarily from meta-
static data, and secondarily from primary tumor data. Vis-
ceral metastases (defined as lung, liver, brain, peritoneal,
and/or pleural involvement) were present in 91 patients
(58%): 36 patients (23%) had bone metastasis only. First-
line systemic therapy included endocrine treatment in 58
patients (40%), chemotherapy in 71 patients (49%) and
HER2-directed agents in combination with chemotherapy
or endocrine therapy in 15 patients (10%).

CTC count and CTC clusters

Blood samples from 115 patients at all time-points
(baseline, 1, 3 and 6 months) were analyzed. In total,
591 blood samples were collected and analyzed; two
sampling errors and four technical errors were encoun-
tered. At baseline, 79 (52%) of 152 evaluable patients
had =5 CTCs (predefined cutoff). The fraction of pa-
tients with >5 CTCs decreased during first-line treat-
ment from baseline to 1, 3, and 6 months, and patients
receiving subsequent second-line systemic therapy had
on average higher CTC counts at all time points, as
depicted in Fig. 1. Applying a cut point of >20 CTCs,
the corresponding numbers for patients with CTCs > 20
were 54/152 (36%), 27/137 (20%), 11/121 (9%), and 8/104
(8%) at baseline, 1, 3, and 6 months, respectively. There
were no significant differences in CTC counts between
breast cancer subtypes at baseline.

There were 30 patients with CTC clusters at baseline.
During first-line systemic therapy, 39 patients had CTC
clusters at any time point (baseline, 1, 3 and/or
6 months) and during second-line therapy, 10 patients
had CTC clusters (Fig. 1). The presence of CTC clus-
ters was associated with CTC count at all time points
and patients with clusters more frequently had =20
CTCs (Additional file 2). However, there were some pa-
tients with clusters and a low CTC count (2—-4 CTCs)
and half of the patients with a high CTC count (=20
CTCs) did not have any CTC clusters in the sample
(Additional file 2). There was no association between
breast cancer subtype and presence of CTC clusters.

Prediction of outcome in relation to CTCs and CTC
clusters

Patients with >5 CTCs at baseline had inferior PFS
(HRpgs 1.68; 95% confidence interval (CI) 1.17-2.42; P =
0.005) and OS (HRpg 2.52; 95% CI 1.58-4.01; P < 0.001)
(Fig. 2a-b). These results remained significant in multi-
variable analysis even when adjusting for other prognos-
tic factors (Table 2).

HRs increased time-dependently during treatment in
longitudinal landmark analysis of CTC count, predicting
worse PES and OS from all follow-up sample time points
in patients with CTCs > 5 in the sample (Table 2). A re-
duction in CTC count during systemic therapy from >5
CTCs at baseline to <5 CTCs at follow up (at 1, 3, and
6 months) was also significantly associated with
improved survival, in comparison to patients with per-
sistent CTCs =5 at 1, 3, and 6 months (Fig. 2c-h). Uni-
variable Cox regression analysis of OS with time-varying
covariates confirmed the poor prognosis in patients with
high CTC count, and the mortality in patients with
CTCs =5 was 5.74 (95% CI 3.48-9.48) times higher than
in those with CTCs < 5. The corresponding mortality ra-
tio after adjustment for clinicopathological variables
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168 patients
included

—

156 patients starting
1st line (L1)

12 patients
excluded*

Baseline, 152 samples
70% 21 CTC
52% 25 CTCs
19% 21 cluster

1 month, 137 samples
47% 21 CTC
28% 25 CTCs
9% 21 cluster

3 months, 121 samples|
39% 21 CTC
17% 25 CTCs
9% 21 cluster
T

B istline(L1)
2nd line (L2)

23 patients followed
for 2nd line (L2)

Baseline, 22 samples
72% 21 CTC
64% 25 CTCs

23% 21 cluster
[

1 month, 19 samples
58% 21 CTC
42% =5 CTCs

16% 21 cluster

3 months, 18 samples
56% 21 CTC
44% 25 CTCs
28% >1 cluster

I
6 months, 104 samples
34% 21 CTC
14% 25 CTCs
5% >1 cluster

locoregional recurrences

*Eight patients did not meet inclusion criteria, four patients had

Fig. 1 Flowchart of study cohort and time points for circulating tumor cell (CTC) analysis

|
6 months, 12 samples
54% 21 CTC
50% 25 CTCs
25% >1 cluster

(listed in Additional file 3) was 9.01 (95% CI 4.70-17.2).
When applying the threshold of =20 CTCs in relation to
outcome (Additional file 4), the HRs for progression or
death were higher at all time points compared to analysis
with the predefined cutoff of > 5 CTCs, shown in Table 2.

Patients with presence of >1 CTC cluster at baseline
had inferior OS and PFS compared to patients without
CTC clusters (Table 2). HRs for presence versus absence
of CTC clusters increased during systemic treatment for
both PFS and OS (Table 2). For CTC count, on Cox
regression with time-dependent covariates there was
significantly higher mortality in episodes with CTC
clusters compared to episodes without CTC clusters
(univariable HR 5.14; 95% CI 2.86-9.24; multivariable
HR 6.23; 95% CI 3.56-13.50). In a bivariate Cox
model including CTCs 25 and CTC clusters, mortal-
ity was 7.79 times higher during episodes where both
factors were unfavorable compared to episodes where
both factors were favorable. The corresponding HR
for mortality was 11.5 in a model adjusted for clinico-
pathological variables.

Stratifying patients based on CTC count and presence
of CTC clusters revealed four risk groups (0 CTC; 1-4
CTCs, 0 clusters; =5 CTCs, O clusters; and 21 CTC, >1
cluster) where patients with CTC clusters had the worst
PES and OS from all evaluated time points (Fig. 3a-h).
When applying the cutoff of =220 CTCs, presence of

CTC clusters was no longer significantly prognostic
(data not shown).

To evaluate CTCs as an early predictor of progres-
sion in MBC, changes in CTC count from baseline to
1 month or 3 months were analyzed in relation to
the outcome of the first evaluation at 3 months (pro-
gression versus non-progression). In logistic regres-
sion models, patients with a rapid decrease in CTC
count (from baseline to 1 month) had an odds of
progression that did not differ significantly compared
to patients with a consistently low (<5) CTC count
(odds ratio (OR) 1.27; P=0.7, Additional file 5), sup-
porting the notion that a rapid decrease in CTCs is
important. In contrast, patients with a high CTC
count at 1 month, in addition to those with a high
CTC count at 3 months, had significantly higher odds
of progression at the 3-month evaluation when com-
pared to patients with low CTC count at baseline and
at 1 and 3 months (ORs, 4.21 and 9.16, respectively;
Additional file 5). Furthermore, compared to the ref-
erence group with persistent low CTC count at base-
line and 3 months, patients with a decrease in CTCs
from baseline to 3 months had 3.56 times higher
odds of progression (9 patients with progression and
36 with non-progressions compared to 4 with
progression and 57 with non-progression; OR = (9/
36)/(4/57); Additional file 5).
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(See figure on previous page.)

Fig. 2 Progression-free survival (PFS) and overall survival (OS) by circulating tumor cell (CTC) count. Kaplan-Meier curves displaying PFS and OS by
baseline (BL) CTC count (=5 CTCs) (a-b), by CTC count at BL and 1 month (c-d), by CTC count at BL and 3 months (e-f) and by CTC count at BL
and 6 months (g-h) during the first 6 months of systemic therapy for MBC. Analyses at 1, 3, and 6 months were performed using landmark
analysis, in which the follow-up time was recalculated with a new starting date from the 1, 3, and 6-month sample, respectively

Prognostication by a clinicopathological model including
CTC count and CTC clusters

To evaluate the value added by CTC count and CTC
clusters compared to the currently used clinical prog-
nostic variables, we built a prognostic model based on
the previously published model by Bidard et al. [15]. The
baseline model included clinicopathological variables re-
ported by Bidard et al. to have significant prognostic

value in pooled analysis and included breast cancer
subtype, histologic grade, ECOG performance status,
age, metastasis-free interval, and visceral metastases
(Additional file 3). In addition, the number of metastatic
locations was included in our model since this was a sig-
nificant prognostic marker in univariable analysis in the
present cohort. The commonly used serum marker
CA15-3 did not show prognostic value in our

Table 2 Cox regression hazard ratios for CTC count 25 versus < 5, and presence versus absence of CTC clusters

P value 0S P value
HR (95% Cl)

PFS
HR (95% Cl)
Baseline
Unadjusted
CTC 25 1.68 (1.17-2.42)
Clusters present 1.54 (1.00-2.40)
Adjusted”
CTc 25 230 (143-3.71)
Clusters present 264 (1.46-4.78)
One month®
Unadjusted
crczs 2.17 (1.43-3.30)
Clusters present 3.23 (1.70—6.14)
Adjusted®
crczs 230 (1.23-432)

Clusters present
Three months®
Unadjusted
crczs
Clusters present
Adjusted”
crczs
Clusters present
Six months®
Unadjusted
crc =5
Clusters present
Adjusted®
crc =5

Clusters present

337 (1.51-7.55)

224 (1.24-4.03)

3.16 (1.60-6.22)

2.95 (1.44-6.06)

3.04 (1.35-6.84)

433 (2.10-8.93)

6.48 (2.26-18.56)

643 (2.30-17.94)
7.17 (2.03-25.36)

0.005 252 (1.58-4.01) <0.001
0.05 223 (1.35-3.69) 0.002

0.001 392 (2.09-7.36) <0.001
0.001 407 (1.99-8.31) <0.001
<0.001 438 (2.63-7.30) <0.001
<0.001 452 (2.24-9.15) <0.001
0.009 439 (2.04-943) <0.001
0.003 567 (2.30-13.95) <0.001
0.07 328 (1.76-6.12) <0.001
0.001 3.35 (1.68-6.68) 0.001

0.003 593 (262-1342) <0.001
0.007 3.55 (1.44-8.77) 0.006

<0.001 7.74 (3.52-16.99) <0.001
0.001 9.92 (3.30-29.78) <0.001
<0.001 15.72 (3.79-65.17) <0.001
0.002 21.65 (5.06-92.63) <0.001

Abbreviations: PFS progression-free survival, OS overall survival, HR hazard ratio, CTC circulating tumor cell

?Adjusted for the variables included in the clinicopathological model (Additional file 3)

PAssessed by landmark analysis

“Adjusted for the variables included in the clinicopathological model (Additional file 3) and for baseline CTC count (< 5 vs > 5)
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Fig. 3 Progression-free survival (PFS) and overall survival (OS) by circulating tumor cell (CTC) count and CTC cluster detection. Kaplan-Meier curves
displaying PFS and OS by four groups including CTC count and CTC cluster detection at baseline (a-b) at 1 month (c-d), 3 months (e-f) and

6 months (g-h). The four groups were patients with no CTCs, patients with 1-4 CTCs and no clusters, patients with 25 CTCs and no clusters,

and patients with > 1 CTC and clusters. Analyses at 1, 3, and 6 months were performed with landmark analysis where the follow-up time was
recalculated with a new starting date from the 1, 3, and 6-month samples, respectively

univariable analysis and was therefore not included in
the model (Additional file 6).

The addition of baseline CTC count (CTCgp, cutoff
>5 CTCs) and baseline CTC clusters (CTC clusterg;,
cutoff 2 1 cluster of =2 CTCs) to the baseline clinicopath-
ological model constructed in this cohort, revealed a sig-
nificant improvement in survival prognostication for both
PES and OS when the variables were added separately
(Table 3). Follow-up samples from 1, 3, and 6 months
were also evaluated in the prognostic model to assess the
value added by CTC count and detection of CTC clusters
during treatment. This demonstrated that both CTC
count >5 cells and presence of CTC clusters improved
the model at all time points and onwards for both PFS
and OS. Notably, the improvement in prognostication was
stronger for OS from all follow-up time points (com-
pared to baseline) where CTCs and CTC cluster pres-
ence enhanced the model C-index to >0.80 at 3 and
6 months (Table 3).

Discussion

In this study, we showed that longitudinal evaluation of
CTC and CTC cluster dynamics for 6 months improves
prognostication and treatment monitoring in patients
with MBC who are starting first-line systemic therapy.
Elevated CTC count 25 CTCs and detection of CTC
clusters were prognostic from all investigated time
points, and independently added significant value to a
prognostic clinicopathological model at baseline and
during follow up. Importantly, changes in CTC count
throughout treatment significantly correlated with sur-
vival and the prognostic value was more prominent at
later time points. To the best of our knowledge, this is
the first study to describe the longitudinal dynamics and
independent prognostic value of CTCs and CTC clusters
within a prospective cohort of patients newly diagnosed
with MBC and starting first-line systemic therapy.

The prognostic value of CTC count in patients with
MBC has been confirmed at the highest level of evidence
[15] in a pooled analysis; however, previous studies
evaluating CTC enumeration in patients with newly di-
agnosed MBC are sparse and have mainly focused on its
prognostic value at baseline [12] or first follow up [9].
Few studies have addressed the value added by detection
of CTC clusters [12, 13, 17], and the ones that have,
were mostly performed in mixed populations and were
not focused on patients starting first-line systemic

therapy. Furthermore, the study design was often retro-
spective [2, 3, 7] and/or they included only patients ful-
filling certain pre-specified criteria such as a specific
subtype [14] or type of systemic therapy [6].

During first-line systemic therapy in the present study,
CTC count decreased rapidly in most patients indicating
systemic treatment efficacy. In contrast, patients who
switched to second-line systemic therapy more often
had >5 CTCs and did not experience a similar decline
in CTC count during treatment (Fig. 1). A change in
CTC count from baseline to follow up at 1, 3, and
6 months was prognostic at all time points, and patients
with persistent CTCs >5 had worse PFS and OS com-
pared to patients with >5 CTCs at baseline but <5
CTCs in follow-up samples. This is in accordance with
previous studies in cohorts that were more heteroge-
neous [15, 24] and with a recently published meta-
analysis reporting that CTC status predicts treatment
response in patients with MBC [16]. In addition, these
results support findings in the recent SWOG S0500 trial
suggesting that patients with persistent CTCs >5 during
systemic treatment may harbor cancers that are more re-
sistant to chemotherapy [11]. However, CTC enumer-
ation alone is not able to elucidate the molecular
mechanisms responsible for therapy resistance, nor pro-
vide guidance on the selection of systemic therapy. Fur-
ther molecular characterization of CTCs is important for
this purpose, and might provide a basis for modification
of future treatment based on CTC molecular subtyping.

The persistent presence of >5 CTCs at baseline, 1,
and 3 months significantly increased the OR for pro-
gression at the first-response evaluation. Interestingly,
we found that patients who had a decrease in CTCs
from =5 at baseline to <5 at 1 month had the same
probability of progression at first evaluation as those
with consistently low CTC count. The usefulness of
CTC count in prediction of treatment efficacy has been
shown [16, 25, 26], and our results support the applica-
tion of CTCs as a marker of therapy response in
women with MBC receiving systemic therapy. Our re-
sults show that CTC enumeration and CTC clusters are
promising candidates for evaluation of therapy efficacy
in MBC and provide reliable prognostication during
follow up.

This study is one of the largest to evaluate CTC clus-
ters in patients with MBC on first-line systemic therapy
during long-term follow up. The results convincingly
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Table 3 Prognostic information of CTC count and CTC clusters in a clinicopathological model

Model 1 Model 1 C-index Model 2 Model 2 C-index LRy? df P value
PFS at baseline®

CcpP 0.690 CP+ TG, 0.707 11.46 1 0.0007

cpP 0.690 CP + cluster 0.706 947 1 0.0021

CP 0.690 CP + CTCg_ + cluster 0.714 14.46 2 0.0007
OS at baseline®

CcpP 0.752 CP + CTCq. 0.786 18.96 1 < 0.0001

CcP 0.752 CP + clusterg, 0.777 13.16 1 0.0003

cp 0.752 CP + CTCg_ + clusterg. 0.799 23.54 2 < 0.0001
PFS at 1 month®

CP + CTCq. 0.697 CP+CTCq + CTCym 0.709 6.69 1 0.0097

CP+CTCs 0.697 CP + CTCg + clusteryy 0.712 7.56 1 0.0060

CP+CTCs 0.697 CP 4+ CTCq + CTCypClusteryy 0.713 10.56 2 0.0051
0S at 1 month®

CP+CTCq, 0.766 CP + CTCq + CTCy 0812 15.73 1 0.00071

CP+CTCq 0.766 CP 4+ CTCg_ + cluster;y 0.788 12.01 1 0.0005

CP+CTCg. 0.766 CP 4+ CTCq + CTCypClusteryy 0.817 20.57 2 <0.0001
PFS at 3 months®

CP + CTCq. 0.695 CP + CTCq + CTC3y 0.701 7.31 1 0.0068

CP+CTCq, 0695 CP + CTCgy + clustersy, 0711 6.22 1 00126

CP+CTCq 0695 CP + CTCgy + CTCapclustersy, 0710 901 2 00110
0S at 3 months®

CP+ CTCq. 0.774 CP + CTCq + CTC3m 0.806 14.76 1 0.0001

CP+CTCs 0.774 CP + CTCg_ + clustersy 0.806 7.02 1 0.0081

CP +CTCq. 0.774 CP + CTCq + CTC3pClustersy 0.806 15.16 2 0.0005
PFS at 6 months®

CP+CTCs 0.694 CP 4+ CTCq + CTCom 0.732 11.14 1 0.0008

CP + CTCq. 0.694 CP + CTCg_ + clustergy 0.709 7.14 1 0.0075

CP + CTCg. 0.694 CP + CTCg + CTCgpClustergy 0.727 12.14 2 0.0023
0S at 6 months®

CP+CTCs 0.758 CP 4+ CTCq + CTCo 0.804 15.88 1 0.0001

CP+CTCq, 0758 CP + CTCgy + clustergy, 0813 13.24 1 0.0003

CP+CTCq, 0758 CP + CTCqy + CTCyppsClustergy 0818 2066 2 <0.0001

Abbreviations: BL baseline, 3M 3 months, 6M 6 months, df degrees of freedom, LRy’ likelihood ratio chi-square, CP clinicopathological model, CTC circulating tumor

cell, PFS progression-free survival, OS overall survival

?Adjusted for subtype, histologic grade, performance status (Eastern Cooperative Oncology Group (ECOG)), age, metastasis-free interval (MFI), visceral metastases,

and number of metastatic locations

PAdjusted for baseline CTC count > 5, subtype, histologic grade, performance status (ECOG), age, MFI, visceral metastases, and number of metastatic locations.

Analyses at 1, 3, and 6 months were performed by landmark analysis

showed that the presence of CTC clusters was signifi-
cantly and independently prognostic at all investigated
time points and could identify patients with worse prog-
nosis than those with >5 CTCs alone. This is in line
with our previous results [17] and other recently
published studies showing that CTC clusters add prog-
nostic value to CTC enumeration in women with MBC
[12, 13]. Incorporating CTC counts and CTC clusters
into the clinicopathologic prognostication model

proposed by Bidard et al. revealed that these factors sig-
nificantly improved prognostication at all time points for
both PFS and OS. Cox regression analysis of OS with
time-varying covariates showed that mortality was in-
creased for episodes with concomitant presence of CTCs
>5 and CTC clusters (HRs, 5.7 and 5.1, respectively),
thus confirming the poor prognosis over time in patients
with high CTC count and presence of CTC clusters. For
patients with both high CTC count (CTCs >5) and
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presence of CTC clusters, the mortality was 11 times
higher than in patients without these factors when
adjusting for standard clinicopathological variables.
However, presence of >20 CTCs was strongly associated
with the presence of CTC clusters, and thus CTC clus-
ters did not add any significant prognostic information
after adjustment for a high CTC count >20. Notably,
half of patients with >20 CTCs did not have CTC clus-
ters, and some patients with a CTC count <5 did have
CTC clusters. There were few patients with a high CTC
count without clusters and a low CTC count and pres-
ence of CTC clusters (Additional file 2), therefore it
would not have been meaningful to perform survival
analyses for these subgroups. These results further sup-
port the use of CTC count and CTC cluster presence to
improve prognostication in patients with MBC at base-
line and during follow-up.

The presence of CTC clusters added significant value
independently of CTC count =5 CTCs, which under-
lines the importance of future research focusing on the
biological significance of CTC clusters in patients with
MBC. Previous studies have shown that CTC clusters
have a higher metastatic potential than single CTCs
[27-30] and CTC cluster-mediated metastasis has
emerged as an alternative model of metastatic seeding
along with epithelial-mesenchymal transition (EMT)
[18]. Others hypothesize that clusters shed into the cir-
culation as an entity composed of several tumor cells
[27] and sometimes with platelets and/or leukocytes.
This is in contrast to the EMT model in which single
cells enter the bloodstream after transformation into a
mesenchymal phenotype. Clearly, the clusters are tumor
cells with an improved capacity to survive in the circula-
tion and can avoid clearance by sheer force. Several
studies have shown that none or very few CTCs within
clusters are apoptotic, whereas a relatively large number
of single CTCs are [14, 17, 31]. The widely used Cell-
Search system easily identifies CTC clusters and thus it
would be feasible to assess them in all centers that
possess this technology.

Survival analysis was performed including patients
with 1-4 CTCs (normally considered low risk and
grouped with patients with no CTCs) as a separate
group to further explore CTC count and CTC cluster
detection. This revealed that 6 months after therapy ini-
tiation, patients with 1-4 CTCs had PFS and OS closer
to patients with >5 CTCs than to patients with no
CTCs, indicating that even a small number of CTCs in
addition to the predefined prognostic cutoff >5 CTCs
[1, 15] might be informative at later follow-up time
points. In early breast cancer, a prognostic CTC cut-
off 21 CTC has been proposed [32], and in a metastatic
setting this has also been suggested as an alternative cutoff
[33]. Furthermore, a threshold of >20 CTCs was linked to
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higher incidence of progression and death at all time
points, compared to when the predefined cutoff > 5 CTCs
was applied. This study was not powered to evaluate cut-
offs other than the predefined cutoff > 5 CTCs and our re-
sults support the prognostic value of this cutoff. However,
our findings also suggest that the threshold for CTC num-
ber needs to be interpreted with care (Fig. 3a-h), particu-
larly during follow up. CTC dynamics over time seem to
be essential for estimating prognosis, especially in patients
with a reduction in CTCs during treatment for whom the
estimated prognosis improves.

A strength of this study is the prospective design of
serial CTC and CTC cluster evaluation over 6 months
in women with newly diagnosed MBC, including sam-
pling before the start of first-line systemic therapy
and structured evaluation at pre-specified intervals.
The median follow-up time from baseline was 25
(range 7-69) months and the follow-up data were ex-
tensive as few patients terminated the study prema-
turely. Molecular data to determine breast cancer
subtype were available from metastasis biopsies from
73% of patients. Furthermore, the treating physicians
were blinded to the CTC results, which avoided treat-
ment bias. This study thus enabled investigation of
the presence and dynamics of CTCs and CTC clus-
ters during the first 6 months of treatment, and we
applied structured monitoring and blood sampling at
predefined time points. A potential weakness of this
study is the long inclusion period related to the strict
inclusion criteria that included only newly diagnosed
cases of MBC before the start of first-line therapy
and ECOG performance status score between 0 and
2. Moreover, we included patients irrespective of type
of systemic therapy and thus we can draw no conclu-
sion on treatment response related to a specific type
of therapy.

Conclusion

The results of this study support the clinical utility of
longitudinal CTC and CTC cluster evaluation for prog-
nostication and treatment monitoring in patients with
MBC, who are starting first-line systemic therapy. The
prognostic value of CTC count 25 CTCs and CTC
cluster evaluation increased over time, suggesting that
the dynamic changes in CTCs and CTC clusters are
more relevant to prognosis than a single baseline enu-
meration. Presence of CTC clusters added significant
prognostic value to CTC enumeration alone and stand-
ard clinicopathological characteristics at all time points
and could identify a subgroup of patients with a notably
worse prognosis. These findings are highly relevant for
improving prognostication in MBC and in helping
clinicians monitor patients with MBC during systemic
therapy.
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