
Association of Circulating Tumor DNA and Circulating Tumor Cells
After Neoadjuvant Chemotherapy With Disease Recurrence
in Patients With Triple-Negative Breast Cancer
Preplanned Secondary Analysis of the BRE12-158 Randomized Clinical Trial
Milan Radovich, PhD; Guanglong Jiang, MS; Bradley A. Hancock, BS; Christopher Chitambar, MD; Rita Nanda, MD; Carla Falkson, MBBch, PhD;
Filipa C. Lynce, MD; Christopher Gallagher, MD; Claudine Isaacs, MD; Marcelo Blaya, MD; Elisavet Paplomata, MD; Radhika Walling, MD; Karen Daily, DO;
Reshma Mahtani, DO; Michael A. Thompson, MD, PhD; Robert Graham, MD; Maureen E. Cooper, BS; Dean C. Pavlick, BS; Lee A. Albacker, PhD;
Jeffrey Gregg, MD; Jeffrey P. Solzak, MS, MBA; Yu-Hsiang Chen, PhD; Casey L. Bales, BS; Erica Cantor, MS; Fei Shen, MD; Anna Maria V. Storniolo, MD;
Sunil Badve, MBBS; Tarah J. Ballinger, MD; Chun-Li Chang, PhD; Yuan Zhong, BS; Cagri Savran, PhD; Kathy D. Miller, MD; Bryan P. Schneider, MD

IMPORTANCE A significant proportion of patients with early-stage triple-negative breast
cancer (TNBC) are treated with neoadjuvant chemotherapy. Sequencing of circulating tumor
DNA (ctDNA) after surgery, along with enumeration of circulating tumor cells (CTCs), may be
used to detect minimal residual disease and assess which patients may experience disease
recurrence.

OBJECTIVE To determine whether the presence of ctDNA and CTCs after neoadjuvant
chemotherapy in patients with early-stage TNBC is independently associated with recurrence
and clinical outcomes.

DESIGN, SETTING, AND PARTICIPANTS A preplanned secondary analysis was conducted from
March 26, 2014, to December 18, 2018, using data from 196 female patients in BRE12-158, a
phase 2 multicenter randomized clinical trial that randomized patients with early-stage TNBC
who had residual disease after neoadjuvant chemotherapy to receive postneoadjuvant
genomically directed therapy vs treatment of physician choice. Patients had blood samples
collected for ctDNA and CTCs at time of treatment assignment; ctDNA analysis with survival
was performed for 142 patients, and CTC analysis with survival was performed for 123
patients. Median clinical follow-up was 17.2 months (range, 0.3-58.3 months).

INTERVENTIONS Circulating tumor DNA was sequenced using the FoundationACT or
FoundationOneLiquid Assay, and CTCs were enumerated using an epithelial cell adhesion
molecule–based, positive-selection microfluidic device.

MAIN OUTCOMES AND MEASURES Primary outcomes were distant disease–free survival
(DDFS), disease-free survival (DFS), and overall survival (OS).

RESULTS Among 196 female patients (mean [SD] age, 49.6 [11.1] years), detection of ctDNA
was significantly associated with inferior DDFS (median DDFS, 32.5 months vs not reached;
hazard ratio [HR], 2.99; 95% CI, 1.38-6.48; P = .006). At 24 months, DDFS probability was
56% for ctDNA-positive patients compared with 81% for ctDNA-negative patients. Detection
of ctDNA was similarly associated with inferior DFS (HR, 2.67; 95% CI, 1.28-5.57; P = .009)
and inferior OS (HR, 4.16; 95% CI,1.66-10.42; P = .002). The combination of ctDNA and CTCs
provided additional information for increased sensitivity and discriminatory capacity. Patients
who were ctDNA positive and CTC positive had significantly inferior DDFS compared with
those who were ctDNA negative and CTC negative (median DDFS, 32.5 months vs not
reached; HR, 5.29; 95% CI, 1.50-18.62; P = .009). At 24 months, DDFS probability was 52%
for patients who were ctDNA positive and CTC positive compared with 89% for those who
were ctDNA negative and CTC negative. Similar trends were observed for DFS (HR, 3.15; 95%
CI, 1.07-9.27; P = .04) and OS (HR, 8.60; 95% CI, 1.78-41.47; P = .007).

CONCLUSIONS AND RELEVANCE In this preplanned secondary analysis of a randomized clinical
trial, detection of ctDNA and CTCs in patients with early-stage TNBC after neoadjuvant
chemotherapy was independently associated with disease recurrence, which represents an
important stratification factor for future postneoadjuvant trials.
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A large proportion of patients with triple-negative breast
cancer (TNBC) are treated with neoadjuvant chemo-
therapy. Approximately one-third of patients will

achieve a pathologic complete response with neoadjuvant che-
motherapy and have favorable outcomes. In contrast, two-
thirds of patients will have residual disease and are at high risk
of relapse.1 Methods that can detect the presence of minimal
residual disease (MRD) in the circulation after surgery may be
used to determine in which patients disease will recur.

An established method for detection of MRD is the analy-
sis of circulating tumor DNA (ctDNA). Because somatic muta-
tions provide intrinsic specificity for nucleic acid material de-
rived from tumor tissue, the presence of ctDNA implies the
presence of disease. Our group and others have demon-
strated that ctDNA detected after neoadjuvant chemo-
therapy and surgery in the plasma of patients with TNBC is as-
sociated with rapid relapse.2,3 Another commonly used analyte
from liquid biopsies are circulating tumor cells (CTCs).4 These
cells are frequently detected in both early-stage and late-
stage breast cancers; enumeration of these cells is associated
with prognosis in breast cancer.5-8 Under certain circum-
stances, CTCs can be isolated from the circulation in the ab-
sence of detectable ctDNA. This occurs primarily when the in-
dex mutations are not covered by the ctDNA assay or owing
to very low concentrations or shedding of ctDNA.9 Herein,
using ctDNA and CTCs prospectively collected after neoadju-
vant chemotherapy and surgery from patients with TNBC, we
analyzed the association of liquid biopsy–based MRD with
clinical outcomes.

Methods
The BRE12-158 study was a phase 2 randomized clinical trial
of genomically directed therapy after preoperative chemo-
therapy for patients with TNBC (NCT02101385) (trial protocol
in Supplement 1; eFigure 1A in Supplement 2). This multicenter
trial enrolled patients with TNBC treated with neoadjuvant
chemotherapy who had residual disease at the time of surgery.
Blood samples for the possible detection of ctDNA and CTCs
were obtained either prior to treatment on day 1 of
chemotherapy treatment cycle 1 for arm A or at the first routine
visit for arm B. A CONSORT diagram of patient selection is
outlined in eFigure 1B in Supplement 2. Patient characteristics
are detailed in eTable 1 in Supplement 2. All patients provided
written informed consent, and the study was approved by the
institutional review boards of Indiana University Melvin and
Bren Simon Cancer Center, Froedtert & The Medical College
of Wisconsin, Georgetown University, University of Chicago,
University of Alabama at Birmingham, University of Florida,
Virginia Oncology Associates, Meritus Center for Clinical
Research, Community Regional Cancer Care, Memorial Cancer
Institute, Erlanger Health System, University of Miami,
University of Cincinnati Cancer Institute, Washington
University School of Medicine, IU Health Goshen Center for
Cancer Care, Nebraska Methodist Hospital, Winship Cancer
Institute of Emory University, Joe Arrington Cancer Research
and Treatment Center, Aurora Health Care, PinnacleHealth

Cancer Center, Fort Wayne Medical Oncology and Hematology,
IU Health Arnett, Mercy Clinic Oklahoma Communities, Tufts
Medical Center, and Community Hospital of Anderson and
Madison County Inc. Sequencing of ctDNA was performed
using the FoundationACT or FoundationOne Liquid assays
(Foundation Medicine Inc), as previously described.10

Circulating tumor cells were detected using an epithelial cell
adhesion molecule–based positive-selection microfluidic
device.11-14 All survival analyses are the product of multivariate
analyses. Detailed methods are provided in the eMethods in
Supplement 2.

Results
Association of ctDNA With Clinical Outcomes
Circulating tumor DNA samples were sequenced, and muta-
tions were filtered to identify those that had the highest
likelihood to be somatic (eFigure 2 in Supplement 2). Circu-
lating tumor DNA positivity was consistent across both
groups, with 65% of patients (37 of 57) positive for ctDNA in
arm A and 62% of patients (53 of 85) positive for ctDNA in
arm B. Median clinical follow-up was 17.2 months (range,
0.1-58.3 months). Detection of ctDNA was significantly
a s s o c i ate d w it h a n i n fe r i o r D D FS ( m e d i a n D D FS ,
32.5 months vs not reached; hazard ratio [HR], 2.99; 95% CI,
1.38-6.48; P = .006) (Figure 1A). At 24 months, the DDFS
probability was 56% for ctDNA-positive patients compared
with 81% for ctDNA-negative patients. Similarly, detection
of ctDNA was significantly associated with an inferior DFS
(median DFS, 22.8 months vs not reached; HR, 2.67; 95% CI,
1.28-5.57; P = .009) (Figure 1B). At 24 months, the DFS prob-
ability was 50% for ctDNA-positive patients compared with
76% for ctDNA-negative patients. Last, detection of ctDNA
was significantly associated with an inferior OS (median OS,
not reached vs not reached; HR, 4.16; 95% CI, 1.66-10.42;
P = .002) (Figure 1C). At 24 months, the OS probability was
57% for ctDNA-positive patients compared with 80% for
ctDNA-negative patients.

Key Points
Question Is the presence of circulating tumor DNA and circulating
tumor cells after surgery associated with inferior outcomes for
patients with early-stage triple-negative breast cancer?

Findings This large preplanned secondary analysis of 196 female
patients from a recently completed randomized clinical trial found
that the presence of circulating tumor DNA and circulating tumor
cells after neoadjuvant chemotherapy in patients with early-stage
triple-negative breast cancer was associated with significantly
inferior distant disease–free survival, disease-free survival, and
overall survival.

Meaning Detection of circulating tumor DNA and circulating
tumor cells after neoadjuvant chemotherapy in patients with
early-stage triple-negative breast cancer is independently
associated with disease recurrence, above and beyond standard
clinical parameters, and represents an important novel
stratification factor for future postneoadjuvant trials.
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Association of the Combination of CTCs and ctDNA
With Clinical Outcomes
Circulating tumor cell positivity was detected in 43% of pa-
tients (21 of 49) in group A and 39% of patients (29 of 74) in
group B. Although patients who were CTC positive had
inferior outcomes, results did not reach statistical signifi-
cance (eFigure 3 in Supplement 2). Increasing CTC count, how-
ever, was significantly associated with inferior DDFS (HR, 1.07;
95% CI, 1.01-1.13; P = .02), DFS (HR, 1.11; 95% CI, 1.03-1.19;
P = .004), and OS (HR, 1.09; 95% CI, 1.02-1.17; P = .01), sug-
gesting that the quantitative burden of CTCs is associated with
outcomes. Circulating tumor cells may provide additional in-
formation about the presence of MRD. Specifically, for the 112
patients for whom both ctDNA and CTC results were avail-
able, we did not find a significant association between CTC
positivity (defined as ≥1 CTC detected) and ctDNA positivity
(P = .19). A proportion of patients were positive for 1 marker
and not the other, such that the sensitivity to detect recur-
rences went from 79% (23 of 29) with ctDNA alone and 62%
(18 of 29) with CTC alone to 90% (26 of 29) when combined
(eFigure 4 in Supplement 2).

We combined the data on ctDNA and CTCs to compare the
DDFS curves for the following 4 groups of patients (1) ctDNA
positive and CTC positive, (2) ctDNA positive and CTC nega-
tive, (3) ctDNA negative and CTC positive, and (4) ctDNA nega-
tive and CTC negative. The DDFS curves demonstrated a step-
wise gradation in which patients who were positive for both
ctDNA and CTCs had inferior DDFS compared with those who
were positive for ctDNA alone or CTC alone, and patients who
were negative for both ctDNA and CTCs had the best out-
comes (Figure 2A). Patients who were ctDNA positive and CTC
positive had a significantly inferior DDFS compared with those
who were ctDNA negative and CTC negative (median DDFS,
32.5 months vs not reached; HR, 5.29; 95% CI, 1.50-18.62;
P = .009) (Figure 2A). At 24 months, the DDFS probability was
52% for patients who were ctDNA positive and CTC positive
compared with 89% for those who were ctDNA negative and
CTC negative. We observed similar trends when analyzing DFS
(median DFS, 20.8 months vs not reached; HR, 3.15; 95% CI,
1.07-9.27; P = .04) (Figure 2B) and OS (median OS, not reached
vs not reached; HR, 8.60; 95% CI, 1.78-41.47; P = .007)
(Figure 2C) among patients who were ctDNA positive and CTC
positive compared with those who were ctDNA negative and
CTC negative. Risk of recurrence was similar for patients who
were ctDNA positive and CTC negative vs those who were
ctDNA negative and CTC positive.

Taken together, the combination of ctDNA and CTCs was
associated with increased sensitivity and discriminatory ca-
pacity; however, statistically adding CTCs into multivariate
models of ctDNA was not associated with improved good-
ness of fit. This outcome possibly comes from the limited
sample size and short duration of follow-up.

Discussion
These results demonstrate that patients with TNBC at high risk
of relapse due to an incomplete pathologic response after neo-

Figure 1. Survival of Study Patients With
vs Without Circulating Tumor DNA (ctDNA)
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A, Distant disease–free survival (DDFS) (median, 32.5 months vs not reached;
hazard ratio [HR], 2.99; 95% CI, 1.38-6.48; P = .006). B, Disease-free survival
(DFS) (median, 22.8 months vs not reached; HR, 2.67; 95% CI, 1.28-5.57;
P = .009). C, Overall survival (OS) (median, not reached vs not reached; HR,
4.16; 95% CI, 1.66-10.42; P = .002).
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adjuvant chemotherapy can be risk stratified with MRD. The
results here are significant from an effect-size standpoint and

remain highly significant after consideration of multiple clini-
cal variables. These results add substantially to the prior body

Figure 2. Survival of Study Patients With vs Without Circulating Tumor DNA (ctDNA)
and Circulating Tumor Cells (CTCs)
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20.8 months vs not reached; HR, 3.15;
95% CI, 1.07-9.27; P = .04). C, Overall
survival (OS) (median, not reached vs
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1.78-41.47; P = .007).
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of literature because this study provides one of the largest data
sets to date, to our knowledge, and is a preplanned second-
ary analysis of a prospective randomized clinical trial.

The postneoadjuvant setting is one that is in need of marked
improvements, especially for the subgroup of patients with re-
sidual disease. Our findings now support using MRD as a major
stratification variable in all clinical trials to be conducted in this
setting. In addition, the ability to sequence ctDNA broadly for
important gene variations affords the possibility of not only un-
covering an ultra–high-risk population for relapse but also re-
vealing drug targets. Perhaps equally important, if the results
from the group of patients who are ctDNA negative and CTC
negative hold, this may be a subgroup in which the patients do
not benefit from additional therapy, and this may be an ideal
place to study novel de-escalation strategies. At the present time,
we would discourage the use of MRD as a marker for relapse or
to guide therapy in routine clinical practice because there is no
evidence that early detection improves outcomes.

Limitations
This study has some limitations, including the potential
interaction with the type of therapy delivered in the postneo-

adjuvant setting. Although not controlled for in this analysis,
there was an equal distribution of testing across both groups and
an equal distribution of ctDNA and CTC positivity and negativ-
ity across both groups. Another limitation is the relatively short
duration of follow-up. This concern is minimized by the well-
established early relapse and the infrequent late relapse seen in
this population.

Conclusions
The strength of these findings, along with the prior body of
literature,2,3,15 now supports the routine use of this technol-
ogy for proper risk stratification across clinical trials in the
curative setting. Future trials will determine if genomically
guided therapeutic interventions in patients who have
molecular MRD can improve outcomes. This concept will be
the centerpiece of our planned successor trial to BRE12-158:
the PERSEVERE trial, whereby patients with TNBC with
ctDNA positivity after surgery will be assigned to receive a
targeted agent matched to the patients’ plasma sequencing
results.
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