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Abstract

Background: We examined the prognostic significance of circulating tumor cell (CTC) dynamics during treatment in metastatic
breast cancer (MBC) patients receiving first-line chemotherapy. Methods: Serial CTC data from 469 patients (2202 samples) were
used to build a novel latent mixture model to identify groups with similar CTC trajectory (tCTC) patterns during the course of
treatment. Cox regression was used to estimate hazard ratios for progression-free survival (PFS) and overall survival (OS) in
groups based on baseline CTCs, combined CTC status at baseline to the end of cycle 1, and tCTC. Akaike information criterion
was used to select the model that best predicted PFS and OS. Results: Latent mixture modeling revealed 4 distinct tCTC patterns:
undetectable CTCs (56.9% ), low (23.7%), intermediate (14.5%), or high (4.9%). Patients with low, intermediate, and high tCTC
patterns had statistically significant inferior PFS and OS compared with those with undetectable CTCs (P< .001). Akaike
Information Criterion indicated that the tCTC model best predicted PFS and OS compared with baseline CTCs and combined CTC
status at baseline to the end of cycle 1 models. Validation studies in an independent cohort of 1856 MBC patients confirmed these
findings. Further validation using only a single pretreatment CTC measurement confirmed prognostic performance of the tCTC
model. Conclusions: We identified 4 novel prognostic groups in MBC based on similarities in tCTC patterns during
chemotherapy. Prognostic groups included patients with very poor outcome (intermediate þ high CTCs, 19.4%) who could
benefit from more effective treatment. Our novel prognostic classification approach may be used for fine-tuning of CTC-
based risk stratification strategies to guide future prospective clinical trials in MBC.
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Analysis of circulating tumor cells (CTCs) in blood offers a mini-
mally invasive approach for evaluating prognosis in patients
with metastatic breast cancer (MBC) (1,2). Accumulating evi-
dence from clinical studies conducted over the past decade and
a half have demonstrated that CTCs are strong predictors of
outcome in MBC (1,2). In 2004, Cristofanilli and colleagues (3)
showed that pretreatment detection of 5 or more CTCs in 7.5 mL
of blood using CellSearch was strongly associated with in-
creased risk of disease progression and death. A follow-up study
by Hayes and colleagues (4) showed that, in addition to baseline,
increased levels of CTCs at any time point during treatment
were also highly prognostic. Subsequent validation studies, in-
cluding a pooled analysis by Bidard and colleagues (2)—involv-
ing 20 studies and approximately 1900 MBC patients (European
Pooled Analysis of individual CTC [EPAC])—confirmed the prog-
nostic significance of CTCs. More recently, a study involving
2436 patients with MBC conducted by a team of international
experts unequivocally showed that patients with baseline levels
of greater than or equal to 5 CTCs per 7.5 mL of blood (stage
IVaggressive) had inferior overall survival (OS) compared with
those with less than 5 CTCs (stage IVindolent) (5). Based on these
confirmatory results, the authors recommended considering
these 2 prognostic groups (stage IVindolent vs stage IVaggressive) as
stratification factors in prospective clinical trials in MBC (5) .

CTCs offer a great advantage over tissue-based markers be-
cause they are amenable to repeat measurements with minimal
harm to patients. To date, little is known about CTC dynamics
during treatment and its clinical significance. We hypothesized
that analysis of serial CTCs can aid in further stratification of
poor-prognosis patients into distinct prognostic subgroups. The
current CTC-based risk stratification approach (2-4) defines
poor-prognosis patients as having greater than or equal to 5
CTCs per 7.5 mL of blood at baseline [CTC-positive or stage
IVaggressive (5)]. Given that the stage IVaggressive subset represents
approximately 50% of the MBC patients (2-4), its utility for risk
stratification may be limited because of the potential clinical
heterogeneity in this large group of patients. We posit that se-
rial assessment of CTCs could reveal prognostic groups based
on CTC trajectory (tCTC) patterns (ie, changes in CTC levels
across timepoints) and therefore help refine CTC-based risk
stratification in MBC.

To assess CTC dynamics over the course of therapy, we per-
formed serial testing in 783 patients with MBC patients enrolled
in Cancer and Leukemia Group B (CALGB) 40502/NCCTG N063H,
a randomized phase III trial that compared the efficacy of first-
line nab-paclitaxel or ixabepilone with paclitaxel (6). A novel la-
tent mixture model was developed to classify patients into
groups according to tCTC patterns. We assessed the prognostic
impact of the tCTC model and compared it with previously clini-
cally validated prognostic models (ie, baseline CTCs [bCTC] and
combined CTC status at baseline and end of first cycle of ther-
apy [cCTC]), then validated the model in an independent
dataset.

Methods

Patients and Samples

This planned retrospective correlative study was designed to
evaluate associations between CTCs and clinical outcomes in
patients enrolled in the CALGB 40502 trial (NCT00785291;
Supplementary Table 1; Supplementary Methods, available on-
line) (6). The institutional review boards at the National Cancer

Institute and at each site approved the study. All participants
provided written informed consent.

CTCs were enumerated using CellSearch at pretreatment
and end of cycles 1 and 2 (approximately 28 and approximately
56 days after initiation of treatment), and then at every 3
cycles of chemotherapy until the patient went off study treat-
ment because of consent withdrawal, toxicity, or disease pro-
gression. Samples with at least 5 CTCs per 7.5 mL of blood were
considered CTC positive.

Statistical Analysis

Serial CTC data were used to build a novel latent mixture model
to identify groups with similar tCTC patterns during the course
of treatment (Supplementary Methods, available online). The
Akaike information criterion (AIC) scores were used to evaluate
model quality, with a lower value indicating a higher quality
model (7). Parameters from the final best model of tCTC built
using CALBG 40502 data (Supplementary Table 2, available on-
line) were then used to predict trajectory groups (8) in an inde-

pendent dataset of 1920 MBC patients with serial CTC
measurements (EPAC) (2). Using the coefficients in
Supplementary Table 2 (available online) and the EPAC data, we
predicted the probability of class membership for each patient
based on formulas developed by Nielsen and colleagues (8).

Clinical endpoints were progression-free survival (PFS) and
OS. The median follow-up for this subset was 26 months.
Multivariable Cox regression adjusted for known prognostic fac-
tors was used to estimate hazard ratios (HR) and 95% confidence
intervals (CI), with tCTC models weighted according to trajec-
tory group membership probabilities. The abilities of each
model (bCTC vs cCTC vs tCTC) to fit the data were compared us-
ing AIC (7).

Log-rank test was performed to compare survival curves.
Associations between 2 variables were examined using Pearson
v2 test. A P less than .05 was considered significant. All statisti-
cal tests were 2-sided.

Results

Patient Characteristics

Serial blood samples were collected from 783 patients receiving
first-line chemotherapy for MBC (6) (Figure 1, A). CTCs were suc-
cessfully enumerated in 2418 blood samples with a median of 3
CTC serial measurements per patient (range ¼ 0-12) (Figure 1,
B). Of the 783 patients, 314 had no or incomplete CTC data and
were excluded from the analysis (Figure 1, C). The final analytic
cohort consisted of 469 patients with 3 or more serial CTC data,
including baseline. The total number of informative blood sam-
ples from these patients was 2202.

Clinical and demographic characteristics of patients are
summarized in Supplementary Table 1 (available online). Of the
469 patients, 347 (74.0%) were hormone receptor positive (HRþ)
and 122 (26.0%) were triple negative; 375 (80.1%) had visceral
disease, 329 (70.3%) had soft tissue involvement, and 298 (63.7%)
had bone metastasis; 182 (38.9%) had received prior taxanes,
and 223 (47.5%) had received or were undergoing hormone
treatment. Clinicopathologic characteristics and bCTC-
positivity rates were balanced across all 3 arms of the original
trial (v2 P ¼ .14).
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Baseline CTCs

A total of 250 patients (53.3%) had at least 5 CTCs per 7.5 mL of
blood and were considered CTC positive (Figure 1, D). A statisti-
cally significant association was observed between CTC status
and HRþ subtype (P < .001) and the presence of visceral, soft tis-
sue, and bone metastases (P ¼ .03, P ¼ .04, and P < .001, respec-
tively), and the number of prior hormone treatments received (P
< .001) (Supplementary Table 3, available online).

Survival analysis revealed that the PFS (median 8.7 vs 12.7
months) and OS (median ¼ 19.9 vs 34.3 months) were statisti-
cally significantly shorter in CTC-positive patients compared
with CTC-negative patients (PFS and OS log-rank P < .001)
(Figure 2, A and B).

In multivariable Cox regression models that adjusted for po-
tential confounders, CTCs remained statistically significant pre-
dictors of PFS (HR ¼ 1.58, 95% CI ¼ 1.28 to 1.96) and OS (HR ¼
1.90, 95% CI ¼1.51 to 2.39) (Table 1; Supplementary Table 4 avail-
able online). In addition, triple-negative disease (HR ¼ 1.74, 95%
CI ¼ 1.32 to 2.27), prior taxane (HR ¼ 1.31, 95% CI ¼ 1.02 to 1.69),
and hormone treatments (1 [HR ¼ 1.39, 95% CI ¼ 1.02 to 1.89] or
more [HR ¼ 1.42, 95% CI ¼ 1.06 to 1.90]) were statistically signifi-
cantly associated with inferior PFS (P ¼ .04 to >.001). Triple-
negative disease (HR ¼ 2.03, 95% CI ¼ 1.51 to 2.72), prior taxanes
(HR ¼ 1.41, 95% CI ¼ 1.07 to 1.86), and visceral metastatic in-
volvement (HR ¼ 1.45, 95% CI ¼ 1.07 to 1.97) were statistically
significantly associated with inferior OS (P ¼ .02 to >.001,
respectively).

cCTC Status Early During Treatment

Of the 469 patients, 162 (34.5%) converted to CTC-negative
(CTCþCTC�) after the first chemotherapy cycle, 214 (45.6%)
remained CTC-negative (CTC�CTC�), 88 (18.8%) remained CTC-
positive (CTCþCTCþ), and 5 patients converted from negative to
positive (CTC�CTCþ) (1.1%) (Figure 1, D). Change in CTC status
was statistically significantly associated with bone metastases

(P < .001) and number of hormone treatments (P < .001)
(Supplementary Table 3, available online). The proportion of
patients who did not clear CTCs (CTCþCTCþ) was statistically
significantly higher in HRþ patients compared with triple nega-
tives (21.3% vs 12.4%, P ¼ .002).

Survival analysis showed that PFS was worst in the
CTCþCTCþ group (median ¼ 6.4 months) compared with the
CTCþCTC� (median ¼ 9.4 months), CTC�CTCþ (median ¼
10.6 months), and CTC�CTC� (median ¼ 12.7 months)
groups (log-rank P < .001). Similar results were observed for OS,
with the shortest median OS time for the CTCþCTCþ group
(median ¼ 13.1 months) compared with the CTCþCTC� (me-
dian ¼ 26.3 months), CTC�CTCþ (median ¼ 29.5 months),
and CTC�CTC� (median ¼ 34.3 months) groups (log-rank P <

.001) (Figure 2, C and D).
In multivariable models with the CTC�CTC� group as refer-

ence, CTCþCTCþ and CTCþCTC� patients had statistically sig-
nificantly increased risk of progression (HR ¼ 2.48, 95% CI ¼ 1.86
to 3.32, P < .001 and HR ¼ 1.34, 95% CI ¼ 1.05 to 1.69, P ¼ .02, re-
spectively). All 3 cCTC groups were statistically significantly as-
sociated with increased risk of death, with the highest hazard
ratio for CTCþCTCþ (HR ¼ 3.65, 95% CI ¼ 2.68 to 4.98), followed
by CTC�CTCþ (HR ¼ 2.88, 95% CI ¼ 1.04 to 7.96) and CTCþCTC�
(HR ¼ 1.51, 95% CI ¼ 1.16 to 1.95) (P ¼ .04 to >.001, respectively)
(Table 1; Supplementary Table 5, available online).

CTC Trajectory

The best-fit tCTC model (adjusted for subtype and treatment
arm) consisted of 4 groups of patients with distinct trajectory
patterns: consistently negative for CTCs (tCTCneg, n¼ 267,
56.9%), low (tCTClo, n¼ 111, 23.7%), intermediate (tCTCmid,
n¼ 68, 14.5%), and high (tCTChi, n¼ 23, 4.9%) (Figure 3, A-D).
Details of the tCTC model parameters can be found in
Supplementary Table 2 (available online). In univariate analysis,
tCTC was statistically significantly associated with bone metas-
tases (P < .001) (Supplementary Table 3, available online). The

A B

D
C

Figure 1. Serial circulating tumor cell (CTC) enumeration in metastatic breast cancer receiving first-line chemotherapy. A) Schema depicting schedule of blood collec-

tion in 3 hypothetical patients who came off study because of various reasons. B) Percentage of patients with corresponding number of serial CTC measurements (N

¼ 783 patients and 2202 samples). C) Flowchart showing selection of samples for CTC trajectory analysis. D) CTC status at baseline and at the end of cycle 1.
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total percentage of tCTCmid and tCTChi was statistically signifi-
cantly higher in HRþ patients compared with those with triple-
negative disease (23.4% vs 8.2%, P < .001).

Kaplan-Meier analysis showed that patients in the tCTChi

group had the shortest PFS (median ¼ 6.4 months) compared
with the tCTCmid (median ¼ 7.6 months), tCTClo (median ¼ 9.0
months), and tCTCneg (median ¼ 12.4 months) groups (log-rank
P < .001) (Figure 4, A). Similarly, the tCTChi group had the shortest
OS (median ¼ 9.7 months) compared with the tCTCmid (median
¼ 15.7 months), tCTClo (median ¼ 23.4 months), and tCTCneg

groups (median¼ 32.6 months) (log-rank P < .001) (Figure 4, B).
In multivariable Cox regression analysis, patients in the

tCTChi (HR ¼ 3.04, 95% CI ¼ 1.85 to 4.98), tCTCmid (HR ¼ 2.48, 95%
CI ¼ 1.79 to 3.43), and tCTClo (HR ¼ 1.89, 95% CI ¼ 1.46 to 2.45)

groups had consistently increased risk of progression compared
with tCTCneg patients (Table 1; Supplementary Table 6, available
online). Similarly, patients in the tCTChi (HR ¼ 7.54, 95% CI ¼
4.45 to 12.79), tCTCmid (HR ¼ 3.91, 95% CI ¼ 2.76 to 5.53), and
tCTClo (HR ¼ 2.25, 95% CI ¼ 1.71 to 2.98) groups had consistently
increased risk of death compared with tCTCneg patients
(Table 1; Supplementary Table 7, available online).

Comparison of AICs from the bCTC, cCTC, and tCTC
models indicated that the tCTC model provided the best fit
to the data for PFS (AIC¼ 4048.8) compared with bCTC
(AIC¼ 4073.2) and cCTC (AIC¼ 4059.6). The tCTC model also
provided the best fit for OS (AIC¼ 3446.5) compared with the
2 other models (bCTC, AIC¼ 3502.9; and cCTC, AIC¼ 3475.0)
(Table 2).

A B

C D

Figure 2. Prognostic impact of baseline circulating tumor cells (CTCs) and combined CTC status at baseline and early treatment. A) Progression-free survival (PFS) and

B) overall survival (OS) based on CTC status at baseline. C) PFS and D) OS based on CTC status at baseline and at the end of cycle 1 in Cancer and Leukemia Group B

40502. Log-rank test was performed to compare survival curves. A 2-sided P < .05 was considered significant.
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Model Validation

The EPAC dataset was used for model validation studies, which
consisted of 1920 patients with MBC (2). Because the initial
model adjusted for subtype, 64 patients with missing subtype
data were excluded. The resulting analytic cohort for the trajec-
tory analysis included 1856 patients who had at least 1 CTC
measure (baseline, n¼ 916), and the rest had 2 (n¼ 448) or 3
(n¼ 492) measures. Applying the parameters from the original
trajectory model (Supplementary Table 2, available online), the
1856 patients were classified into groups as follows: 892 (48.1%)
tCTCneg, 627 (33.7%) tCTClo, 179 (9.6%) tCTCmid, and 158 (8.5%)
tCTChi (Figure 3, E-H).

Similar to the initial model, tCTC was statistically signifi-
cantly associated with hormone receptor status (P ¼ .009) and
bone metastases in univariate analysis (P < .001)
(Supplementary Table 7, available online). Moreover, patients in
the tCTChi group had the shortest PFS (median ¼ 9.4 months,
log-rank P < .001) and OS (median ¼ 17.3 months, log-rank P <
.001) compared with other trajectory groups (Figure 4, C and D).

In multivariable Cox regression analysis, the assigned tCTC
groups were strongly associated with outcome, with the worst
prognosis for patients in the tCTChi group (PFS HR ¼ 3.41, 95% CI
¼ 2.78 to 4.17; OS HR ¼ 6.55, 95% CI ¼ 5.10 to 8.40) (Table 1;
Supplementary Table 8, available online).

Comparison of AICs from the bCTC, cCTC, and tCTC models
indicated that the tCTC model provided the best fit to the data
for PFS (AIC¼ 11069.5) and OS (AIC ¼ 6679.3) compared with the
bCTC and cCTC models (Table 2). The CALGB 40502 study in-
volved first-line treatment in MBC; hence, we also applied the
model to a subset of EPAC patients who received only first-line
treatment and observed similar results (Table 1; Table 2;
Supplementary Figure 1; Supplementary Table 9, available
online).

Applying the Model to Single-Sample Prediction

To evaluate the clinical significance of the tCTC model when
CTC measures are limited, we applied the model to a subset of

Table 1. Association between survival and CTC status and trajectory

Datasets and modelsa No. (%)b

PFS OS

HR (95% CI) P HR (95% CI) P

CALGB 40502
Baseline CTCs (n ¼ 469)

CTC� 219 (46.7) Reference Reference
CTCþ 250 (53.3) 1.58 (1.28 to 1.6) <.001 1.90 (1.51 to 2.39) <.001

Change in CTC status (baseline to end of cycle 1) (n ¼ 469)
CTC�CTC� 214 (45.6) Reference Reference
CTCþCTC� 162 (34.5) 1.34 (1.05 to 1.69) .02 1.51 (1.16 to 1.95) .002
CTC�CTCþ 5 (1.1) 2.15 (0.77 to 6.01) .14 2.88 (1.04 to 7.96) .04
CTCþCTCþ 88 (18.8) 2.48(1.86 to 3.32) <.001 3.65 (2.68 to 4.98) <.001

tCTC (n ¼ 469)
tCTCneg 267 (56.9) Reference Reference
tCTClo 111 (23.7) 1.89 (1.46 to 2.45) <.001 2.25 (1.71 to 2.98) <.001
tCTCmid 68 (14.5) 2.48 (1.79 to 3.43) <.001 3.91 (2.76 to 5.53) <.001
tCTChi 23 (4.9) 3.04 (1.85 to 4.98) <.001 7.54( 4.45 to 12.79) <.001

EPAC
tCTC (n ¼ 1856)c

tCTCneg 892 (48.1) Reference Reference
tCTClo 627 (33.8) 1.57 (1.38 to 1.79) <.001 2.49 (2.11 to 2.95) <.001
tCTCmid 179 (9.6) 1.94 (1.59 to 2.36) <.001 3.02 (2.38 to 3.83) <.001
tCTChi 158 (8.5) 3.41 (2.78 to 4.17) <.001 6.55( 5.10 to 8.40) <.001

tCTC, first line only (n ¼ 776)d

tCTCneg 380 (49.0) Reference Reference
tCTClo 281 (36.2) 1.73 (1.40 to 2.12) <.001 3.43 (2.53 to 4.64) <.001
tCTCmid 64 (8.2) 2.43 (1.77 to 3.33) <.001 3.61 (2.34 to 5.57) <.001
tCTChi 51 (6.6) 3.66 (2.58 to 5.18) <.001 6.94 (4.32 to 11.15) <.001

tCTC, single bCTC only (n ¼ 916)
tCTCneg 487 (53.2) Reference Reference
tCTClo 251 (27.4) 1.67 (1.36 to 2.05) <.001 2.50 (2.0 to 3.2) <.001
tCTCmid 85 (9.3) 2.02 (1.49 to 2.73) <.001 2.6 (1.8 to 3.7) <.001
tCTChi 93 (10.2) 3.61 (2.70 to 4.82) <.001 6.2 (4.4 to 8.7) <.001

aA summary of the multivariable Cox regression analysis to determine correlation between survival in the following CTC models: CTC status at baseline (see

Supplementary Table 4, available online), combined CTC status at baseline and end of cycle 1 (see Supplementary Table 5, available online), tCTC groups in CALGB

40502 (see Supplementary Table 6, available online), and the Bidard et al. pooled analysis (EPAC) (2) (see Supplementary Tables 8-10, available online). bCTC ¼ baseline

circulating tumor cell; CALGB ¼ Cancer and Leukemia Group B; CI ¼ confidence interval; CTC ¼ circulating tumor cell; EPAC ¼ European Pooled Analysis of individual

CTC; HR ¼ hazard ratio; OS ¼ overall survival; PFS ¼ progression-free survival; tCTC ¼ circulating tumor cell trajectory; tCTChi ¼ high trajectory for circulating tumor

cells; tCTClo ¼ low trajectory for circulating tumor cells; tCTCmid ¼ intermediate trajectory for circulating tumor cells; tCTCneg ¼ negative trajectory for circulating tu-

mor cells.
bPercentages may not total 100 because of rounding.
cn¼ 1748 for PFS analysis as 108 patients had missing data: tCTCneg¼847 (48.5%); tCTClo¼ 592 (33.9%); tCTCmid¼165 (9.4%); tCTChi¼144 (8.2%).
dn¼773 for PFS analysis as 3 patients had missing data: tCTCneg¼ 379 (49.0%); tCTClo¼280 (36.2%); tCTCmid¼63 (8.2%); tCTChi¼51 (6.6%).
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A B

C D

E F

G H

Figure 3. Circulating tumor cell (CTC) trajectory patterns during therapy. CTCs were counted in individual metastatic breast cancer patients (gray lines) before treat-

ment (time point 0 in the x-axis) and subsequent time points during therapy. A latent mixture model was then built to group patients according to similarities in CTC

trajectory (tCTC) patterns over time. This analysis, first performed on serial CTC data from Cancer and Leukemia Group B (CALGB) 40502 patients (A-D), revealed 4 dif-

ferent tCTC patterns (red lines): A) high trajectory for CTCs (tCTCneg), B) low trajectory for CTCs (tCTClo), C) intermediate trajectory for CTCs (tCTCmid), and D) high tra-

jectory for CTCs (tCTChi) groups. For validation, the model was then applied to the European Pooled Analysis of individual CTC (EPAC) dataset (E-H), which also

grouped patients into 4 tCTC patterns: E) tCTCneg, F) tCTClo, G) tCTCmid, and H) tCTChi. The y-axis represents the levels of CTCs (square root of CTC per 7.5 mL of blood)

in individual patients (gray lines) vs model-predicted CTC trajectories (red lines). The x-axis indicates different time points during therapy: cycles of chemotherapy for

CALGB 40502 or time after initiation of treatment for EPAC.
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patients with only a single bCTC measure and compared the
distributions of model-predicted group probabilities with those
obtained from models including patients with additional meas-
ures. Supplementary Figure 2 (available online) shows that we
can use 1 CTC measure (ie, only bCTCs) to achieve adequate
probability class assignment.

In multivariable Cox regression analysis, the assigned tCTC
groups were strongly associated with increased risk of progres-
sion or death, with the worst prognosis among tCTChi (PFS HR ¼
3.61, 95% CI ¼ 2.70 to 4.82; OS HR ¼ 6.17, 95% CI ¼ 4.40 to 8.66)
(Table 1; Supplementary Table 10, available online). Comparison
of AIC scores revealed that the tCTC model was a better fit to

the data than the bCTC model, an observation that is consistent
with findings from previous subset analyses (Table 2).

Discussion

CTCs are a promising biomarker for monitoring treatment re-
sponse and predicting outcome in patients with MBC (2,5). In
this study, we found that CTC positivity at baseline and persis-
tent detection of CTCs at baseline and at first follow-up were
predictive of reduced PFS and OS (Figure 2; Table 1). These find-
ings are consistent with those from previous research (2-4,9-13),

A B

C D

Figure 4. Prognostic impact of circulating tumor cells (CTCs) based on trajectory patterns during chemotherapy. A) Progression-free survival (PFS) and B) overall survival

(OS) based on CTC trajectory (tCTC) in patients enrolled in the Cancer and Leukemia Group B 40502 trial. C) PFS and D) OS based on tCTC in patients in the Bidard et al.

pooled analysis (European Pooled Analysis of individual CTC). Log-rank test was performed to compare survival curves. A 2-sided P less than .05 was considered significant.
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including a recent large pooled analysis by Bidard and col-
leagues (EPAC study) (2). Here, we build on this previous knowl-
edge by demonstrating that additional prognostic information
can be gleaned from comprehensive serial analysis of CTCs dur-
ing treatment. To our knowledge, our report—which includes
2202 samples from 783 patients—represents the largest single
study on serial analysis of CTCs to date.

The current and widely accepted CTC prognostic model uses
bCTC counts to predict PFS and OS (2-5). In this model, patients
are classified into approximately 50% good prognosis (CTC-neg-
ative or stage IVindolent, <5 CTC per 7.5 mL) and approximately
50% poor prognosis (CTC-positive or stage IVaggressive, at least 5
CTC per 7.5 mL). We improved on this model by analyzing
tCTC patterns (ie, changes in the levels of CTCs over time) in se-
rial blood during treatment. Modeling of CTC dynamics during
treatment revealed groups of patients with distinct tCTC pat-
terns (tCTCneg, tCTClo, tCTCmid, and tCTChi) (Figure 3). We
showed that these tCTC groups were highly prognostic of PFS
and OS (Figure 4).

Our tCTC model is similar to the bCTC model (2-5) in that it
identified a group of patients—representing approximately 50%
of the cohort (tCTCneg)—with relatively better prognosis com-
pared with other groups (Figure 4). But unlike the bCTC model,
our model stratified the remaining approximately 50% poor-
prognosis patients into 3 risk groups: tCTClo (approximately
30%), tCTCmid (approximately 15%), and tCTChi (approximately
5%), each with increasing risk of progression and death.

We also demonstrated that a single CTC measurement at
baseline can predict patients’ trajectory pattern and provide sta-
tistically significant prognostic information (Table 2).
Comparative analysis showed that the tCTC model outper-
formed previously demonstrated CTC-based prognostic models
(ie, CTCs at baseline and early change in CTCs status) for predic-
tion of OS and PFS. This finding has major implications in risk
stratification strategies in MBC (5) because it demonstrates that
further refinement of CTC-based prognostic classification (eg,
stage IVindolent vs stage IVaggressive) (5) is feasible using our tCTC
model. In addition, our novel prognostic classification devel-
oped in CALGB 40502 and its subsequent validation in the EPAC

dataset suggest the generalizability of our approach across dif-
ferent therapeutic strategies.

We envisage several applications of the findings of this
study including guiding treatment and reducing—at study initi-
ation—heterogeneity of patients across treatment arms in clini-
cal trials. We found that approximately 20% of patients (tCTCmid

and tCTChi groups) responded poorly to first-line chemother-
apy. These patients can in principle forgo first-line chemother-
apy and instead receive a more personalized and targeted
treatment. Furthermore, we recommend the utilization of our
novel CTC-based risk assessment approach in future clinical tri-
als to guide stratification and randomization of patients. This in
turn might limit biases and could magnify differences in the ef-
ficacy of the therapeutic agents being investigated. Indeed, by
taking into account the differences in clinical outcomes of MBC
patients at study onset, a more systematic and rational pipeline
for drug development can be implemented.

In addition to CTC analysis, other liquid biopsy approaches
may also help improve risk stratification in MBC (14). For exam-
ple, clinical studies have recently shown that the detection of
circulating tumor DNA (ctDNA) in blood is strongly associated
with poor prognosis (15,16). Contemporaneous analysis of CTCs
and ctDNA in MBC have been reported (17-21). These studies
have shown the nonoverlapping prognostic value of these liquid
biopsy-based biomarkers (17-21). In this study, paired CTC and
ctDNA data were not available. Analysis of ctDNA has also en-
abled the detection of actionable mutations, which could poten-
tially help match patients to appropriate targeted therapies (22-
24). Collectively, these advancements indicate the potential for
combined use of CTC and ctDNA for prognostication and
biomarker-directed treatment in MBC.

Observational studies that involve CTC enumeration and
CTC-based risk stratification can be complemented with geno-
typic and phenotypic characterization of CTCs as surrogate rep-
resentatives of systemic disease (25-27). Molecular analysis of
CTCs would be most feasible and may be more informative in
patients where these cells are more numerous and outcomes
are dismal (eg, CTCmid and tCTChi groups) (25). Real-time infor-
mation from molecular testing of CTCs may also aid in

Table 2. Model selection by AIC analysis

Dataset and endpoints

AIC scores of CTC modelsa

bCTC cCTC tCTC

Baseline CTC Change in CTC tCTC

CALGB 40502 (n ¼ 469)
Progression-free survival 4073.2 4059.6 4048.8b

Overall survival 3502.9 3475.0 3446.5b

EPAC
�1 CTC time point (n ¼ 1856)

Progression-free survival 11 108.0 11 098.9 11 069.5b

Overall survival 6742.9 6734.8 6679.3b

First line patients only (n ¼ 776)
Progression-free survival 4167.1 4166.5 4157.8b

Overall survival 2017.8 2018.6 1988.2b

Baseline CTC only (n ¼ 916)
Progression-free survival 2933.1 n/a 2907.1b

Overall survival 4332.0 n/a 4314.2b

aThe model with the best fit, that is, with the lowest AIC score (b), indicates best performance for predicting survival. AIC ¼ Akaike information criterion; CALGB ¼
Cancer and Leukemia Group B; cCTC ¼ combined circulating tumor cell status at baseline and end of first cycle of therapy; CTC ¼ circulating tumor cell; EPAC ¼
European Pooled Analysis of individual CTC; n/a ¼ not applicable; tCTC¼ circulating tumor cell trajectory.
bLowest AIC score.
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personalization of treatment to improve survival in poor-
prognosis patients (28). Therefore, clinical studies that examine
CTCs as companion diagnostics are warranted to fully demon-
strate the utility of these cells.

Clinical trials have been conducted to investigate the potential
utility of CTCs (5,29,30). A prospectively randomized study by
Smerage and colleagues (SWOG0500) (29) investigated whether
changing treatment in patients with persistently high CTCs could
improve OS. The study, however, failed to show that early
changes in treatment based on high CTC counts could lead to
improvements in patient outcomes (29). The STIC CTC trial exam-
ined the potential role of CTCs in first-line treatment selection
(ie, hormone therapy or chemotherapy) for HRþHER2-negative
MBC (30). Results of the trial showed that switching to chemo-
therapy in patients with high bCTC counts (�5 CTC per 7.5 mL)
resulted in statistically significant improvements in PFS com-
pared with those who received single-agent hormone therapy
(30). Application of the novel tCTC-based risk stratification ap-
proach in HRþHER2-negative MBC may identify patients who are
at high risk of early disease progression (tCTCmid and tCTChi) de-
spite more aggressive and toxic treatment (ie, chemotherapy over
hormone therapy). These patients might be preferentially en-
rolled in clinical trials aimed at addressing mechanisms of resis-
tance and improving outcome, and additional work may help to
further clarify risk factors that could optimize therapy.

We found that in our survival models, other factors in addition
to CTCs were also statistically significant predictors of PFS and OS.
These included breast cancer subtype (triple-negative disease) and
prior therapies. Our latent mixture model did account for the ef-
fect of subtype, and our validation studies provided evidence of
generalizability across different therapeutic strategies. Testing for
interactions between CTCs and other statistically significant cova-
riables was beyond the scope of this study and thus represents a
limitation. Understanding these interactions may provide valu-
able insights into the building of robust and integrated clinico-
pathologic- and CTC-based prognostic models for MBC.

We posit that screening of CTCs and identification of prog-
nostic groups (tCTCneg, tCTClo, tCTCmid, or tCTChi) in MBC
patients enrolling in prospective trials could aid in balancing of
arms to facilitate accurate measurement of treatment efficacy
and help develop appropriate and effective therapies for MBC.
This is a critical step as we add other liquid biopsy-based bio-
markers (eg, ctDNA) to our risk stratification to enable better as-
sessment of novel therapies or new combinations.

In summary, accurate prognostic biomarkers are needed to
guide therapeutic decisions in MBC (31). Analysis of tCTC pat-
terns identified 4 prognostic groups. More important, perfor-
mance of the trajectory model for predicting outcomes was
consistent even when single bCTC information was analyzed.
Our risk stratification approach based on tCTC and subtype may
yield better discriminatory power to identify poor-prognosis
patients (ie, tCTCmid þ tCTChi, approximately 20% poor progno-
sis) compared with the current model (CTC-positive, cutoff �5
CTC per 7.5 mL, approximately 50% poor prognosis). The infor-
mation derived from our approach may be used to fine-tune
risk stratification in clinical trials, facilitate accurate measure-
ment of treatment efficacy, and help identify appropriate and
effective therapies for MBC.
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