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abstract

PURPOSE To examine the prevalence and dynamics of circulating tumor DNA (ctDNA) and its association with
metastatic recurrence in patients with high-risk early-stage hormone receptor–positive breast cancer (HR1 BC)
more than 5 years from diagnosis.

METHODSWe enrolled 103 patients with high-risk stage II-III HR1 BC diagnosedmore than 5 years prior without
clinical evidence of recurrence. We performed whole-exome sequencing (WES) on primary tumor tissue to
identify somatic mutations tracked via a personalized, tumor-informed ctDNA test to detect minimal residual
disease (MRD). We collected plasma at the time of consent and at routine visits every 6-12 months. Patients
were followed for clinical recurrence.

RESULTS In total, 85 of 103 patients had sufficient tumor tissue; of them, 83 of 85 (97.6%) patients had
successful whole-exome sequencing. Personalized ctDNA assays were designed targeting a median of 36
variants to test 219 plasma samples. The median time from diagnosis to first sample was 8.4 years. The median
follow-up was 10.4 years from diagnosis and 2.0 years from first sample. Themedian number of plasma samples
per patient was two. Eight patients (10%) had positive MRD testing at any time point. Six patients (7.2%)
developed distant metastatic recurrence, all of whom were MRD-positive before overt clinical recurrence, with
median ctDNA lead time of 12.4 months. MRD was not identified in one patient (1.2%) with local recurrence.
Two of eight MRD-positive patients had not had clinical recurrence at last follow-up.

CONCLUSION In this prospective study, in patients with high-risk HR1 BC in the late adjuvant setting, ctDNA was
identified amedian of 1 year before all cases of distant metastasis. Future studies will determine if ctDNA-guided
intervention in patients with HR1 BC can alter clinical outcomes.

J Clin Oncol 40:2408-2419. © 2022 by American Society of Clinical Oncology

INTRODUCTION

Breast cancer is the most commonly diagnosed cancer
worldwide.1 Most breast cancers, nearly 80%, are hor-
mone receptor–positive (HR1).2 Unlike other subtypes of
breast cancers in which risk of recurrence decreases
5 years after diagnosis, the recurrence risk for HR1
breast cancer remains steady from 5 years to at least
20 years with some patients experiencing recurrence
three decades after diagnosis.3,4 In some high-risk pa-
tients, breast cancer–specific mortality over 5 years after
diagnosis exceeds 30%.5 For patients with late recur-
rences, 10-year breast cancer–specific mortality ap-
proaches 50%.6 Although about 6% of patients with
breast cancer are diagnosed with de novo metastatic
breast cancer, most are diagnosed with earlier-stage

disease and treated with curative-intent local and sys-
temic therapy.7 Of more than 150,000 patients currently
living with metastatic breast cancer, approximately three
quarters initially presented with early-stage disease.8

Most distant recurrences of HR1 breast cancers
occur more than 5 years after initial diagnosis.4,9

Distant recurrence after resection of primary tumor
arises from residual disease not detected in current
practice via imaging, laboratory tests, or clinical
assessment. The benefits of adjuvant chemother-
apy and hormonal therapy in preventing recurrence
are well-established, demonstrating the importance
of treating residual disease.3,10,11 Adjuvant treat-
ment for patients with HR1, human epidermal
growth factor receptor 2–negative (HER2–) breast
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cancer is tailored on the basis of assessment of recur-
rence risk using clinical features and tumor molecular
testing before or at the time of surgery. In routine clinical
practice, recurrence risk is not reliably reassessed after
the perioperative period.12

Detection of minimal residual disease (MRD) via plasma
circulating tumor DNA (ctDNA) is associated with high risk
of breast cancer recurrence, yet little is known about ctDNA
in the late adjuvant setting in HR1 breast cancer.13-19 In
one cohort of 49 patients up to 4 years after definitive
treatment, including 34 with HR1/HER2– disease, inves-
tigators identified ctDNA in 16 of 18 patients with relapsed
breast cancer with lead time up to 2 years.14 In another
cohort of 84 patients from the I-SPY-2 trial, including 29
HR1/HER2– patients, detection of ctDNA after neo-
adjuvant chemotherapy was associated with similarly high
risk of metastatic recurrence.15

Some patients with high-risk HR1 breast cancer remain
on adjuvant endocrine therapy (ET) for up to 10 years or
longer, although the impact of treatment beyond 5 years
is modest.20,21 Accurate detection of MRD has the po-
tential to inform whether to continue, change, or stop
adjuvant therapy to maximize duration of disease-free
status while minimizing therapy toxicity in patients for
whom optimal benefit may have already been
achieved.22 As patients with HR1 breast cancer remain
at risk for many years, it is possible that ctDNA detection
in the late adjuvant setting could facilitate early iden-
tification and treatment of MRD, preventing or delaying
recurrence. A foundational understanding of ctDNA
characteristics in this population is necessary to inform
the role of ctDNA in interventions to improve person-
alized adjuvant treatment and patient outcomes. Here,
we report a prospective investigation of ctDNA dynamics
and clinical outcomes in 83 patients in the late adjuvant

setting—defined here as 5 years or more after
diagnosis—of high-risk, early-stage HR1 breast cancer.

METHODS

Patients and Samples

Using detailed tumor and outcomes data collected on
patients with newly diagnosed breast cancer (BC) from
1997 to 2012 as part of the National Comprehensive
Cancer Network Breast Cancer Outcomes Database, we
prospectively identified and consented, between March
2018 and December 2020, patients receiving care at Dana-
Farber Cancer Institute with a history of stage II or III HR1/
HER2– BC diagnosed at least 5 years prior with no known
cancer recurrence at the time of study entry.23 We
requested primary tumor tissue for patients determined to
be high-risk, specifically staged as T3-T4, N2-N3, T1-T2
with at least three involved lymph nodes, or T2N1 with
oncotype DX risk score of 26 or higher, Prosigna (PAM50)
high-risk score of 41 or higher, EndoPredict score of 3.3 or
higher, Mammaprint high-risk categorization, grade 3 on
the Bloom-Richardson grading system, or Ki-67 of 20% or
more on central analysis. Pathologic stage was used for
patients who received up-front surgery while clinical stage
was used for patients who received neoadjuvant systemic
therapy. This study was approved by the Dana-Farber/
Harvard Cancer Center Institutional Review Board. All
patients provided informed consent.

Patients were followed for recurrence by their clinicians
using routine follow-up visits and breast imaging per
standard of care. Serial blood samples were collected
(30 mL in Streck tubes) every 6-12 months at time of
scheduled patient visits. The date of clinical recurrence was
the date of biopsy-provenmetastasis, when available, or the
date of imaging confirming metastatic disease. Patient
characteristics including age, sex, curative-intent systemic

CONTEXT

Key Objective
Most recurrences of hormone receptor–positive breast cancers (HR1 BCs) occur in the late adjuvant setting. Clinico-

pathologic tools in routine practice are insufficient to determine who remains at high risk of late recurrence. Detection of
minimal residual disease (MRD) via plasma circulating tumor DNA (ctDNA) is promising yet not well understood in this
population. To our knowledge, this is the first prospective investigation of plasma ctDNA analysis and clinical outcomes in
late adjuvant HR1 BC.

Knowledge Generated
In 83 patients with high-risk HR1 BC at least 5 years after diagnosis, tumor-informed liquid biopsy identified MRD in eight

patients (10%). ctDNA identified MRD before all cases of distant metastatic recurrence with a median lead time of 12.4
months.

Relevance
MRD detection in the late adjuvant setting of HR1BC could inform future study of liquid biopsy to personalize treatment and

prevent or delay late recurrence of early-stage breast cancer.
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therapy (including neoadjuvant and adjuvant chemother-
apy and/or ET), surgeries, pathology, radiation, and im-
aging were abstracted from the electronic health record
with patient consent.

Sequencing and Data Analysis

Archival tumor tissue was obtained from initial breast
cancer surgery. Formalin-fixed paraffin-embedded tis-
sue block and Hematoxylin & Eosin slide (or 10-20
unstained slides and Hematoxylin & Eosin slide) were
sent to Inivata Inc (Durham, NC) where DNA was
extracted and whole-exome sequencing (WES) per-
formed as previously described.24,25 Detection of somatic
mutations was used to design, for each patient, a per-
sonalized ctDNA RaDaR assay as previously described
(Fig 1A).24-26 WES data were reanalyzed as previously
described to identify mutations in oncogenes for the
comutation plot.27,28

Blood samples were collected prospectively, spun, and
stored at –80°C as plasma and buffy coat. Four milliliter
of plasma and 2 mL of buffy coat samples were sent in
batches to Inivata Inc. DNA was extracted from buffy
coat, and circulating cell-free DNA was extracted from
plasma as previously described.24 RaDaR assays were
applied retrospectively in a research setting to identify
plasma ctDNA (Appendix 1 and Appendix Figs A1 and

A2, online only). Because this testing was performed
retrospectively for batched samples and designated as
research, patients and their care teams were not in-
formed of results.

Statistical Analysis

The primary objective of this study was to characterize the
presence and features of MRD in high-risk HR1 breast
cancer and variability over time. Secondary objectives in-
cluded assessment of recurrence-free survival (RFS) in
relation to ctDNA detection. All clinical information was
deidentified before analysis. Swimmer and comutation
plots were created using R technology.29,30 Frequency of
commonly mutated oncogenes in advanced HR1 BCs was
assessed.31 Lead time was calculated as the time from first
positive ctDNA sample to clinical recurrence. RFS was
defined as time from surgery to clinical recurrence and was
analyzed using the Kaplan-Meier method. To estimate risk
of late recurrence, the Clinical Treatment Score post 5 years
(CTS5) was calculated using pathological assessment of
largest tumor size, tumor grade, and number of involved
lymph nodes.32 For patients treated with neoadjuvant
chemotherapy, largest size of tumor on imaging, tumor
grade from biopsy, and number of lymph nodes with in-
vasive carcinoma or treatment effect were used for CTS5
calculation.
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FIG 1. (A) RaDaR assay process. Primary tumor tissue from initial breast cancer surgery was obtained and assessed. For specimens with sufficient tissue (10-20
slides with 20%or higher tumor cellularity), DNAwas extracted, andWESwas performed to identify somaticmutations used to create personalizedRaDaR assays
for each patient. Patients were enrolled over 5 years after initial diagnosis, and every 6-12 months at routine follow-up visits, plasma was obtained, and the
personalized RaDaR assay for ctDNA detection was applied. (B) CHiRP study flow chart. Patients with high-risk (T3/T4 and/or N2/N3; T1N1 and$ 3 involved
lymph nodes; or T2N1 if: Ki-67$ 20%, grade 3, or oncotype DX score$ 26) HR1 BC provided consent to obtain archival primary tumor tissue, and WES was
performed. Patients were excluded from the analysis if there was insufficient primary tumor tissue or if WES was unsuccessful because of failed tumor DNA
extraction. aHigh-risk: T3/T4 and/or N2/N3; T1N1 and$ 3 involved lymph nodes; or T2N1 if: Ki-67$ 20%, grade 3, or oncotype DX score$ 26. CHIP, clonal
hematopoiesis of indeterminate potential; CHiRP, circulating tumor DNA (ctDNA) and late recurrence in high-risk hormone receptor-positive, HER2-negative
breast cancer; ctDNA, circulating tumor DNA; HR1 BC, hormone receptor–positive breast cancer; WES, whole-exome sequencing.
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RESULTS

Patient Baseline Characteristics

Of 103 patients enrolled, 85 patients had sufficient tissue
for sequencing with at least 20% tumor present (Fig 1B).
Eighty-three patients had primary tumor tissue that un-
derwent successful WES and comprised the analytic co-
hort, with a median age of 53 years (range 29-71 years) at
initial diagnosis. All were female. Most patients (57, 68.7%)
had stage III disease, and most (75, 90.4%) received
chemotherapy (Table 1). Of those who received chemo-
therapy, 17 of 75 (22.7%) had neoadjuvant and 58 of 75
(77.3%) had adjuvant chemotherapy. Thirty-two patients
(38.6%) had breast conserving surgery and radiation and
51 (61.4%) had mastectomy. Of the patients who under-
went mastectomy, 46 of 51 (90%) also had radiation
therapy. All patients in the cohort received ET. Thirty-eight
(45.8%) remained on adjuvant ET at the time of last follow-
up (Fig 2A). Of 45 patients who had completed adjuvant ET,
most (42, 93.3%) received more than 5 years of treatment.
The median clinical follow-up was 10.4 years (range 6.7-
22.8 years) from diagnosis and 2 years (0-3.9 years) from
first plasma sample collected on study.

Detection of ctDNA in the Late Adjuvant Setting and

Association With Clinical Recurrence

A median of 33 single nucleotide variants per patient
was identified (range, 9-50; Data Supplement, online
only). The prevalence of frequent somatic mutations in
HR1 BCs, along with clinicopathologic characteristics,
was reanalyzed and are included in Figure 2B. All 83
patients provided at least one plasma sample, and 74
patients provided samples at multiple time points, with a
median number of samples per patient of 2 (range 1-7)
and a total of 219 samples. Time from diagnosis to first
sample ranged from 4.9 to 20 years (median 8.4 years).
Personalized RaDaR assays were designed and applied
with 12-51 variants included (median 36; Data
Supplement).

Eight patients (10%) had positive MRD testing at any time
point, four of whom (5%) had positive MRD testing at study
entry. ctDNA was detected at 0.0023%-0.8019% (median
0.0425%; Fig 3; Data Supplement). Six patients (7.2%)
developed distant metastatic recurrence (with metastatic
sites including bone, liver, lung, and gastric wall), and one
patient (1.2%) had locoregional recurrence (Table 2). All
six patients with distant metastatic recurrence were MRD-
positive, with ctDNA lead times of up to 37.6 months
(median 12.4 months). One patient had only a 2-day lead
time; this patient had not had blood collection in the
preceding 567 days. Although 37 of 83 (44.6%) patients in
this cohort had high risk of recurrence on the basis of CTS5
risk score, 6 of 8 (75%) patients who were MRD-positive
were considered high-risk by CTS5 score. RFS for patients
who were MRD-positive was worse compared with RFS of
patients who wereMRD-negative (Fig 4A). Overall, sensitivity

of ctDNA detection for identifying any clinical recurrence
was 85.7%, with a negative predictive value (NPV) of 98.7%
(Fig 4B). For development of distant metastatic recurrence,
the sensitivity was 100%, with a NPV of 100%. For all re-
currences and distant metastasis, the specificity was 97.4%
and positive predictive value was 75%.

Two of eight (25%) patients who were MRD-positive have
not had clinical recurrence at last follow-up. Both patients
had stage IIIC disease at diagnosis; neither patient has had
restaging scans since initial diagnosis. One patient was
MRD-positive at first plasma collection—9.4 years from
diagnosis and 2.3 years from ET completion—with a ctDNA
estimated variant allele frequency of 0.17% (Fig 3). A
second plasma sample obtained at the time of last follow-
up, 10.6 years after diagnosis (15.4 months from first
ctDNA detection), was also positive with an estimated
variant allele frequency of 26.8%. The other patient had a
plasma sample positive for MRD at her only plasma col-
lection, approximately 6.7 years after diagnosis, while on
adjuvant ET. She was lost to follow-up and has not been
seen in the 15 months since the last plasma sample.
Because of the research nature of the MRD assay, results
were not returned to patients or treating clinicians.

DISCUSSION

In this prospective study of patients with high-risk HR1/
HER2– breast cancer 5 or more years from diagnosis, we
evaluated plasma ctDNA detection of MRD using a tumor-
informed assay tracking multiple somatic mutations. We
studied the relationship between MRD detection and pa-
tient clinicopathologic characteristics and the association of
MRD status with distant and local recurrence in this
population. We selected this high-risk population to study
MRD status, reasoning that these patients would be the
most likely to have MRD.

To our knowledge, these are the first data on plasma ctDNA
analysis for MRD detection in late adjuvant HR1 breast
cancer, a major and understudied cause of more than
40,000 annual breast cancer–related deaths in the
United States.7 Here, 10% of patients were MRD-positive
more than 5 years from diagnosis despite no clinical evi-
dence of metastatic recurrence at the time of first plasma
sample. Importantly, ctDNA analysis identified MRD in all
cases of distant recurrence. ctDNA analysis did not identify
MRD in the case of local recurrence in this study, consistent
with previous reports.13,15 Additionally, ctDNA was detected
in two patients who had not experienced clinical recurrence
at the time of last follow-up, although imaging had not been
obtained in these cases.

Here, we prospectively identified, enrolled, and followed
patients and collected biospecimens. We retrospectively
applied a tumor-informed, custom MRD assay allowing for
a greater diversity of alterations to be tracked across pa-
tients with the goal of increasing sensitivity and specificity.13
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Although the cohort is relatively small (n 5 83) and distant
recurrence was infrequent (n 5 6), prospective evaluation
allows for the first estimation of prevalence of ctDNA
positivity in this important population (10%). This finding is
consistent with studies of late recurrence in HR1 breast
cancer for which the annual rate of late recurrence in the
highest risk group is between 1.7% and 4.5% per year.3

The prospective collection also affords the opportunity to
estimate NPV (100%) and positive predictive value (75%)
for distant recurrence. Despite a relatively short follow-up of
24 months, the median lead time from a positive test to
clinical recurrence was 12.4 months. This time frame—if
confirmed in patients who were scan-negative, MRD-
positive—could allow for testing in clinical trials whether
intervention to treat MRD improves patient outcomes.13

One limitation of this study is the low absolute number of
recurrences, likely related to (1) the relatively short follow-up
time relative to the setting and (2) the low but steady rate of
breast cancer distant recurrences seen more than 5 years
from diagnosis. This low number of events limits nuanced,
statistically robust analyses to further assess relationships
between clinicopathologic and molecular features, ctDNA
positivity, and recurrence. Larger studies are needed to
better understand these relationships. Many recently com-
pleted and ongoing studies in HR1 breast cancer collect
plasma for ctDNA evaluation—some at or beyond 5 years
from diagnosis—and we eagerly anticipate these analyses.

Another limitation of our study and of all MRD studies in
HR1 breast cancer thus far is lack of concordant body
imaging. Importantly, per current guidelines, patients here
were followed clinically but did not undergo routine body
imaging in the absence of concerning symptoms. Some
patients in this study may have had clinically occult but
scan-detectable metastatic disease. Therefore, although
MRD detection preceded presentation of clinically overt
metastatic disease by up to 37.6 months with a median of
12.4 months, it is not known whether patients had radio-
graphically identifiable metastases at the time of MRD
detection. Recent data from the cTRAK TN trial—albeit in
triple-negative BCs and with a significantly less sensitive
ctDNA assay—illustrate this as most patients with identified
MRD had radiographically visible metastatic disease at time
of positive ctDNA sample.33 Future studies should include
concurrent imaging of all—both MRD-positive and MRD-
negative—patients at study entry to determine the overlap
in time between imaging and MRD assessment. Imaging of
patients who were MRD-negative is critical to under-
standing the proportion of patients who were MRD-negative
with clinically occult, scan-detectable disease.

Additionally, in our study, plasma samples were timed with
routine follow-up, every 6-12 months. Because sampling
was infrequent, lead time assessments may be less ac-
curate than more densely timed sampling would allow.
More frequent sampling of large populations in this setting
may be challenging, given the cost, and because patient

TABLE 1. Baseline Characteristics of Patients With High-Risk HR1/HER2– Breast
Cancer According to MRD Status

Characteristic
MRD-Positive

(n 5 8)
MRD-Negative

(n 5 75)
Total

(N 5 83)

Age at diagnosis, years (median) 58 52 53

Stage at initial diagnosisa

IIA 1 (12.5) 1 (1.3) 2 (2.4)

IIB 1 (12.5) 23 (30.7) 24 (28.9)

IIIA 1 (12.5) 39 (52) 40 (48.2)

IIIB 0 (0) 3 (4) 3 (3.6)

IIIC 5 (62.5) 9 (12) 14 (16.9)

Tumor grade

1 0 (0) 11 (14.7) 11 (13.3)

2 6 (75) 36 (48) 42 (50.6)

3 2 (25) 28 (37.3) 30 (36.1)

Initial surgery

Breast conserving surgery 3 (37.5) 29 (38.7) 32 (38.6)

Mastectomy 5 (62.5) 46 (61.3) 51 (61.4)

Received adjuvant radiation

Yes 8 (100) 70 (93.3) 78 (94.0)

No 0 (0) 5 (6.7) 5 (6.0)

Chemotherapy, No. (%)

Received chemotherapy 8 (100) 67 (89.3) 75 (90.4)

Did not receive chemotherapy 0 (0) 8 (10.7) 8 (9.6)

Received adjuvant ET

Yes 8 (100) 75 (100) 83 (100)

No 0 (0) 0 (0) 0 (0)

Type of ET received

TAM only 1 (12.5) 10 (13.3) 11 (13.3)

AI only 4 (50) 26 (34.7) 30 (36.1)

TAM plus AI 3 (37.5) 39 (52) 42 (50.6)

Length of adjuvant ET

. 5 years and ongoing 1 (12.5) 37 (49.3) 38 (45.8)

# 5 years and ongoing 0 (0) 0 (0) 0 (0)

. 5 years and completed 7 (87.5) 35 (46.7) 42 (50.6)

# 5 years and completed 0 (0) 3 (4) 3 (3.6)

Received adjuvant CDK 4/6 inhibitor

Yes 0 (0) 3 (4) 3 (3.6)

No 8 (100) 72 (96) 80 (96.4)

CTS5 risk, No. (%)

Low risk 2 (25) 25 (33.3) 27 (32.5)

Intermediate risk 0 (0) 19 (25.3) 19 (22.9)

High risk 6 (75) 31 (41.3) 37 (44.6)

NOTE: Data are represented as No. (%).
Abbreviations: AI, aromatase inhibitor; CDK, cyclin-dependent kinase; CTS5,

Clinical Treatment Score post 5 years; ET, endocrine therapy; HER2, human
epidermal growth factor receptor 2; HR, hormone receptor; MRD, minimal residual
disease; TAM, tamoxifen.

aStage as per American Joint Committee on Cancer Anatomic Staging System for
Breast Cancer, eighth edition.
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follow-up schedules—recommended annually after more
than 5 years from diagnosis—typically occur no more than
every 6 months in routine practice.

Several clinical trials are underway to investigate the effi-
cacy of potential interventions after MRD detection. For
example, in the ongoing TRAK-ER (ClinicalTrials.gov
identifier: NCT04985266), DARE (ClinicalTrials.gov identifier:
NCT04567420), and LEADER (ClinicalTrials.gov identifier:
NCT03285412) trials, patients with high-risk HR1/HER2–
early-stage BC who are ctDNA-positive in the adjuvant setting
are treated in the intervention arm with ET and a CDK 4/6
inhibitor compared with ET alone in the control arm.

Although most patients with early-stage HR1 breast
cancer do not experience recurrence, because it is the
most commonly diagnosed cancer in women, over
600,000 women worldwide die from breast cancer each
year.1 Current clinical, pathologic, and molecular tools
are insufficient—particularly in the late adjuvant
setting—to determine who is at higher risk of developing
metastatic disease. For example, in our study, MRD

analysis identified two patients—assessed as low risk by
CTS5—at increased risk and both went on to experience
recurrence. In response to the important problem of late
recurrence in breast cancer, the Breast Cancer Steering
Committee of the NCI convened a Clinical Trial Planning
Meeting in May 2019.34 At that time, regarding blood-
based biomarkers, the group concluded that liquid bi-
opsy is promising but additional data are needed to
determine the validity and clinical utility of this potential
biomarker. REFINE-BrCa (Refining Adjuvant Therapy
Through Identification and Escalation) evolved from this
discussion as a collaboration across National Clinical
Trials Network group members developing clinical trials
to address key questions about late recurrence in HR1
breast cancer. The findings presented here are an im-
portant step toward characterization and incorporation
of ctDNA into prospective clinical trials in this setting.
Importantly, the personalized RaDaR assays used here
were performed in a research setting, so patients and
treating clinicians were not informed of testing results.
Before there is a known effective intervention for MRD-
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TABLE 2. Clinical and Circulating Tumor DNA Characteristics in Cases of Overt Clinical Recurrences

Subject

Type of Recurrence
(locoregional v distant

metastatic)
Site of

Metastasis

Time From Initial
Diagnosis to Recurrence,

years

Lead
Time,a

days

MRD-Positive on First
Plasma Sample?

(Yes/No)

Time Between First MRD-Positive
Sample and Prior MRD-Negative

Sample, days

80 Metastatic Bone 10.99 260 No 742

32 Metastatic Bone 6.46 237 No 189

67 Metastatic Lung 10.75 2 No 567

83 Metastatic Gastric wall 14.00 492 No 265

15 Metastatic Liver 8.26 1,144 Yes —

10 Metastatic Liver and bone 8.78 742 Yes —

37 Locoregional Chest wallb 20.97 — — —

Abbreviations: MRD, minimal residual disease; WES, whole-exome sequencing.
aLead time refers to the time from first plasma sample positive for MRD to the time of clinical recurrence.
bSkin biopsy of this area of erythema showed invasive lobular carcinoma consistent with the patient’s primary cancer. For this case, WES was performed on

tumor tissue from the locoregional recurrence and had significant similarity to WES results from this patient’s primary tumor, with 91% of all identified variants
and 50% of filtered somatic variants overlapping. This patient underwent restaging scans at the time of locoregional recurrence, and these did not show any
evidence of distant metastatic disease.
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positive patients without scan-detectable disease, MRD
testing may contribute to unintentional harm if incor-
porated into routine clinical practice.35 Our institution is
studying patient understanding of and attitudes toward
late recurrence in a survey study on Patient-reported
Outcomes in Women with ER1/PR1 breast cancer
(POWER). Additionally, many patients with early-stage
HR1 breast cancer in the late adjuvant setting ultimately
die of non–breast cancer causes including cardiovas-
cular, cerebrovascular, and neurodegenerative dis-
eases.36 If MRD screening becomes part of future routine
care, the decision to screen for MRD should incorporate
traditional factors predictive of breast cancer recurrence
(eg, stage and nodal status) and patient life expectancy on
the basis of age and other comorbidities, to maximize its
clinical impact.37 Overall, the clinical utility of MRD assays

in breast cancer has not yet been established. We look
forward to results of upcoming clinical trials in the late
adjuvant setting that use MRD detection to guide therapy.

In conclusion, we evaluated ctDNA prevalence and dy-
namics in the late adjuvant setting in HR1/HER2– breast
cancer. Detection of MRD was strongly associated with
distant metastatic recurrences more than 5 years from
breast cancer diagnosis, with favorable test characteristics
including sensitivity, specificity, and a median lead time of
approximately 1 year to clinical recurrence. These data
suggest that there may be a period in which MRD is de-
tectable via ctDNA before overt, late breast cancer recur-
rences. This will inform future studies of liquid biopsy to
personalize treatment and prevent or delay late recurrence
of early-stage breast cancer.
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APPENDIX 1. RADAR MINIMAL RESIDUAL DISEASE ASSAY
METHODOLOGY

Assay Overview

RaDaR is a personalized next generation sequencing (NGS) assay for
the sensitive detection of circulating tumor DNA (ctDNA) in a patient’s
blood using a tumor-informed approach. The presence or absence of
ctDNAwas used as a proxy for the presence of tumor cells after therapy
in this study.

Tumor-specific variants were identified through whole-exome se-
quencing (WES) of DNA extracted from a formalin-fixed paraffin-
embedded (FFPE) tumor tissue sample. Custom software was used to
prioritize tumor variants and then design a patient-specific primer
panel to interrogate up to 48 of the prioritized tumor variants. Leu-
kocyte DNA and cell-free DNA (cfDNA) were extracted from buffy coat
and plasma derived from peripheral whole-blood samples collected by
venipuncture. Multiplex polymerase chain reaction (PCR) and NGS
was used to assess tumor variants in cfDNA. Custom software was
used to analyze sequencing data, to statistically determine the pres-
ence of ctDNA, to quantify its relative level, and to generate a physician
report. The assay was performed at Inivata’s Clinical Laboratory Im-
provement Amendments/College of American Pathologists–accredited
facility in Research Triangle Park, NC. The assay workflow is depicted
in Appendix Figure A1. The individual steps of the workflow are de-
scribed in the following sections.

WES

DNA was extracted from provided 10-micron FFPE tumor tissue
sections using Maxwell RSC DNA FFPE kits. The extracted DNA was
converted into a sequencing library using the KAPAHyper Prep Kit and
indexed uniquely. Resulting precapture libraries were quantified using
the Quant-iT dsDNA High Sensitivity assay. Each library proceeded to
exome enrichment using the xGen Exome Research Panel v1.0 (IDT,
Coralville, IA), and following capture was analyzed on a fragment
analyzer and quantified using the Quant-iT dsDNA High Sensitivity
assay. Sequencing was performed on the HiSeq4000 platform (Illu-
mina Inc, San Diego, CA). Raw sequencing data were transferred to
Inivata in FASTQ format. An aliquot of DNA isolated from FFPE tumor
tissue was transferred to Inivata for use in the RaDaR test procedure to
confirm the accuracy of the variant selection and RaDaR sequencing
panel design and to enable identification and filtering of any nontumor
variants.

Somatic Variant Identification, Prioritization, and Primer

Design

A custom analytical pipeline was used to process the WES data
identifying variants, ranking them, and then designing each a patient-
specific RaDaR panel. The WES fastq files were first aligned to the
human genome and had duplicates marked, followed by copy number
analysis and somatic variant calling. Each sample was assessed for key
metrics including total reads, usable % reads, usable reads, percent
duplicates, alignment %, and mean sequencing coverage (Data
Supplement Table 1). PhiX was included in each sequencing run to
quality control cluster generation, sequencing, and alignment. Tumor
variants (single nucleotide variants and indels) from WES were pri-
oritized using a custom algorithm using criteria aimed at assembling
the variant set best suited to detecting the ctDNA specific to the tumor
for which the assay was devised. After variant prioritization, custom
software was used to design up to 48 primer pairs targeting the tumor
variants for use in subsequent multiplex PCR reactions. The software
was optimized to select primers that would work well in multiplex and
efficiently amplify the cfDNA.

Primer Qualification and Material Release

Each personalized NGS primer panel was synthesized (IDT), pooled,
and then combined with a standard panel of primers used for quality
control. After this, the panels were functionally qualified before release

for the RaDaR assay. Qualification includes NGS testing against a
reference DNA standard, the patient’s FFPE tumor DNA, and an
amplification-negative control. Libraries were sequenced on an
iSeq100 system (Illumina Inc). Primer panels passed quality control if
sufficient variants were detected in the tumor DNA and were read at
sufficient depth.

DNA Extraction and Quantitation

cfDNA was extracted from the provided plasma using an automated
platform using solid phase reversible immobilization magnetic bead
isolation carried out on a Hamilton Microlab STAR robot. Each batch of
extractions was performed with a negative extraction control, which
was used to confirm the absence of contamination during the ex-
traction process. The amount of amplifiable cfDNA was determined
using a custom digital droplet PCR (ddPCR) assay where a segment of
the RPP30 gene (ribonuclease P/MRP subunit P30) is amplified and
measured. All testing was performed using the QX200 ddPCR system
(BioRad, Hercules, CA). The target lower limit of input for the RaDaR
assay is 2,000 amplifiable copies of cfDNA, and the upper limit is
20,000 copies on the basis of this dPCR measurement.

Multiplex PCR and Sequencing

After primer panel qualification and DNA extraction, RaDaR multiplex
PCRwas performed on cfDNA from plasma alongside a buffy coat DNA
control sample, which was used for identification and removal of
germline variants, the removal of variants because of clonal hema-
topoiesis of indeterminate potential (CHIP) from the analysis, and as a
positive amplification control. A negative amplification control was
used to ensure against contamination for each panel. In addition, an
amplification-positive control was performed for each plate of PCR
reactions. After multiplex PCR, reaction-specific index barcode se-
quences were added to the amplified sequences and then libraries
were pooled, combined with a PhiX control, and sequenced using the
NovaSeq 6000 system (Illumina Inc).

Processing of Sequencing Data

Sequencing data were analyzed in a multistep process. Briefly, raw
Illumina binary base call sequence files were converted to the FASTQ
format and demultiplexed using bcl2fastq. FASTQ files were then
aligned to the human genome using bwa mem and processed using a
pipeline to identify primer pairs and countmutant and reference bases.

Selection of Variants for Tracking

For plasma DNA testing, acceptable variants were required to be
present in tumor DNA and absent in leukocyte DNA. Variants present
in leukocyte DNA are typically either germline mutations or CHIP and
were excluded from further analysis (exemplified by variant 3 in Ap-
pendix Fig A2). Variants absent from tumor DNA are either false
positives from WES or failure to amplify, sequence, or align the target
region (exemplified by variant 5 in Appendix Fig A2). This step both
prevents false positives that could be the cause such as through the
detection of variants that are in fact CHIP and enables an accurate
assessment of each sample limit of detection through knowledge of the
number of variants assessed.

Determination of Residual or Recurrent Disease

A statistical model was used to assess the statistical significance of the
observed mutant counts for each variant, and the information was
integrated over the entire set of filtered personalized variants to obtain
evidence of tumor presence or absence at the sample level. This
included an assessment of the noise of each individual variant class
and the sensitivity and specificity on the basis of the number of variants
in the panel. A sample was called as positive for residual disease if its
cumulative statistical score was above a preset threshold, as defined
during analytical development (as described in Flach et al24). The
tumor fraction estimated from this model was then reported (estimated
variant allele frequency).
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FIG A2. Selection of variants for tracking. Each column represents
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