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Abstract
Background:

Patients with stage II to III breast cancer have a high recurrence rate. The early detection of recurrent
breast cancer remains a major unmet need. Circulating tumor DNA (ctDNA) has been shown to be a
marker to detect disease progression in metastatic breast cancer. We aimed to evaluate the prognostic
value of ctDNA in the setting of neoadjuvant therapy (NAT).

Methods:

Plasma was sampled at the initial diagnosis (de�ned as before NAT) and after NAT and breast surgery
(de�ned as after NAT). We extracted ctDNA from the plasma and performed deep sequencing of a target
gene panel. The detection of alterations, such as mutations and copy number variations, were considered
to indicate ctDNA positivity.

Results:

A total of 95 patients were enrolled in this study; 60 patients exhibited ctDNA positivity before NAT, and
31 patients had ctDNA positivity after NAT. A pathologic complete response (pCR) was observed in 13
patients, including one ER(+)Her2(-) patient, six Her2(+) patients and six triple-negative breast cancer
(TNBC) patients. Among the entire cohort, multivariate analysis showed that an N3 classi�cation and
ctDNA positivity after NAT were independent risk factors that predicted recurrence (N3, hazard ratio (HR)
3.34, 95% con�dence interval (CI) 1.26 – 8.87, p = 0.016; ctDNA, HR 4.29, 95% CI 2.06 – 8.92, p < 0.0001).
The presence of ctDNA before NAT did not affect the rate of recurrence-free survival. For patients with
Her2(+) or TNBC, non-pCR breast cancer patients were associated with a trend of higher recurrence (p =
0.105). Advanced nodal status and ctDNA positivity after NAT were signi�cant risk factors for recurrence
(N2 – 3, HR 3.753, 95% CI 1.146 – 12.297, p = 0.029; ctDNA, HR 3.123, 95% CI 1.139 – 8.564, p = 0.027).
Two patients who achieved a pCR had ctDNA positivity after NAT; one TNBC patient had hepatic
metastases six months after surgery, and one Her2(+) breast cancer patient had brain metastasis 13
months after surgery.

Conclusions:

This study suggested that the presence of ctDNA after NAT is a robust marker for predicting relapse in
stage II to III breast cancer patients.

Introduction
Although breast cancer prognosis has improved greatly during the past two decades, breast cancer-
related death remains a major cause of cancer-related mortality in women[1, 2]. The main reason is that a
signi�cant proportion of breast cancer patients develop recurrence and distant metastases[3, 4]. Once
clinical overt and symptomatic metastases occur, the disease is usually characterized by multiorgan
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involvement and drug resistance to chemotherapy and/or endocrine treatment, which results in an even
worse outcome than before metastases[5].

Early detection of recurrence and a robust marker predicting recurrence are the unmet needs for patients
with breast cancer[6]. In the neoadjuvant setting, pathological complete response (pCR) is a favorable
prognostic marker in patients with Her2 (+) and triple-negative breast cancer (TNBC)[7]. However, a
proportion of patients with pCR still had a recurrence or metastasis, and not all of the non-pCR patients
had a recurrence[7, 8]. Recently, circulating tumor DNA (ctDNA), which are circulating DNA fragments that
carry tumor-speci�c sequence alterations found in the cell-free fraction of blood, are a promising and
sensitive tool for targeted monitoring [9–13]. Dynamic quantitative changes in ctDNA occur earlier than
radiologic changes in tumor size; therefore, the detection of resistance mutations using ctDNA can also
occur signi�cantly earlier than radiographic progression[14]. In previous reports on metastatic cancer
patients, serial quanti�cation of ctDNA allowed for noninvasive assessment of therapeutic response and
understanding of the resistance mechanism [9, 12, 15, 16]. Two additional studies reported that tumor
ctDNA in plasma can be used to detect minimal residual disease (MRD) in early-stage breast and colon
cancer[17, 18]. However, for breast cancer patients receiving neoadjuvant therapy (NAT), the prognostic
value of ctDNA is uncertain and the comparison in between ctDNA and pCR is unclear. In this study, we
collected patients’ plasma before and after NAT. We used next-generation sequencing (NGS)-based deep
sequencing to detect ctDNA and evaluated the impact of ctDNA on disease recurrence.

Methods
Patients and sample collection

Stage II or III breast cancer patients who received NAT were enrolled in this study. The clinical and
pathologic characteristics were reviewed retrospectively from medical records. The presence of estrogen
receptor (ER), progesterone receptor (PR), and Her2 was determined by immunohistochemical staining.
The ER or PR status was considered negative when less than 1% of the tumor cells showed positive
staining. For Her2 staining, a score of 0 or 1+ was considered negative; specimens with a score of 2+
were con�rmed by �uorescence in situ hybridization analysis. The tumor histological grade was de�ned
using the Nottingham combined histological grading system. This study was approved by the
institutional review board (IRB number: 201704009RINC).

A 10-mL sample of blood was stored in an EDTA-containing tube at the initial diagnosis (de�ned as
before NAT). All patients were treated with NAT and received breast surgery. Then, another 10 mL of
blood was sampled after NAT and breast surgery (de�ned as after NAT). The plasma was collected after
centrifugation at 1000´ G for 10 minutes within 3 hours of blood sampling and then stored at -80°C[19].
Cell-free DNA was extracted using a QIAamp Circulating Nucleic Acid Kit (Qiagen, Germantown, MD, USA)
according to the manufacturer's protocol.

Library preparation and next-generation sequencing
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The library was constructed using a QIAseq Targeted DNA Panel with a customized gene list. The
customized panel was designed to amplify the coding regions of the following genes: TP53, PIK3CA,
Her2, GATA3, CDH1, PTEN, AKT1, ESR1, S100A7-9, ZNF703, B2M, CCND1, GATA3 and c-MYC. According to
the manufacturer’s protocol, 10 ng of DNA was digested brie�y into small fragments by a fragmentation
enzyme at 32°C and 72°C. The DNA fragments were added to QIAseq IL-N7 adapters, followed by target
enrichment polymerase chain reaction (PCR) using the QIAGEN IL-Forward primer and targeted DNA
Panel primers. Finally, the library was ampli�ed with universal PCR. The DNA library was then checked by
using an Agilent Chip High Sensitivity DNA kit. KAPA library quanti�cation kits were used to quantify the
�nal concentration. The �nal DNA library was sequenced with the following Illumina platforms: Illumina
MiSeq Reagent Kit v2, 2 x 150 bp reads or Illumina NextSeq 550 system Mid-Output Kit, 2 x 150 bp reads.

Postsequencing analysis

Previously, we have constructed the analytic pipeline of post‐NGS bioinformatics[20]. First, BWA software
(version 0.5.9) was used to align the raw sequencing data to the reference human genome (Feb. 2009,
GRCh37/hg19; SAMtools (version 0.1.18)). Picard (version 1.54) was used to perform the necessary data
conversion, sorting, and indexing. GATK was used for variant calling with the Mutect2 and
VariantFiltration parameters. Finally, ANNOVAR was used to annotate the genetic variants. Pathogenic
and likely pathogenic variants were de�ned according to the American College of Medical Genomics and
Genetics (ACMG) guidelines[21]. The presence of ctDNA was determined by the presence of pathogenic
and likely pathogenic variants, which are also considered tumor mutations. For variants of uncertain
signi�cance, if the prevalence of the variants in the normal population was less than 0.01 in a genomic
database (1000 Genomics, ESP6500 and ExAC) and predicted to be deleterious by computer software
(SIFT, PolyPhen2, and CADD), then they were classi�ed as “highly suspected deleterious”. The above
�ltering analyses can remove the germline variants as much as possible[22]; these variants were highly
suspected to originate from tumors, and the detection of these variants could be considered indicative of
ctDNA.

Analysis of copy number changes

Since the Her2, c-Myc, CCND1 and S100A genes can be ampli�ed in some breast cancer tumors, we
decided to use copy number alterations to indicate the presence of ctDNA[23-25]. Copy number variation
(CNV) was analyzed by OncoCNV (https://github.com/BoevaLab/ONCOCNV) according to the authors’
instructions. The baseline control consisted of 14 healthy people who were enrolled to generate their
ctDNA BAM �les. The ctDNA BAM �les from breast cancer patients were compared to the BAM �les from
the control population by using OncoCNV’s default cghseg segmentation algorithm[26]. The sequencing
region of each targeted gene was divided into several segments. When the mean of all segments of each
gene was signi�cantly different from the baseline, such as when the copy number predicted was greater
than three copies or fewer than one copy from the baseline, we considered that to indicate a CNV
alteration, which indicated the presence of ctDNA.

Statistics
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The chi-squared test and Fisher’s exact test were used to calculate the signi�cance of the variance
between each group. Survival was estimated by Kaplan-Meier analysis. Cox proportional hazards
regression analysis was used to estimate the hazards ratios of RFS with a corresponding 95% con�dence
interval (CI) for various factors. All p values are two-sided, and p-values less than 0.05 were considered
statistically signi�cant.

Results
Evaluation of assay performance

First, to con�rm the accuracy of the NSG-based deep sequencing, we checked whether this method could
distinguish the true existence of low-abundance mutants from background errors arising from
polymerase chain reaction (PCR) or sequencing process. We constructed a TP53 mutant (NM_000546.6:
c.844C>A) as a reference sample; then we utilized this TP53 mutant with serial concentrations of 100%,
10%, 1%, and 0.1% to test whether the experimental method could detect these mutants at these
concentrations (Supplementary Methods). The results demonstrated that the signal from 0.1% mutant
was signi�cantly higher than background errors (Supplementary Figure S1A), suggesting NGS testing
accurately detected mutants present at 0.1%. In addition, the mutation level could be measured with a
linear fashion (R2 = 0.9997, Supplementary Figure S1B).

Second, in deep cell-free analyses, another source of variants that make it hard to distinguish cancer
mutations is clonal hematopoiesis of indeterminate potential (CHIP)[27-29]. Although CHIP mutations
mostly occur in the DNMT3A, TET2, ASXL1 and TP53 genes, pathogenic variants of TP53 are the main
mutations in breast cancer tissue[30]. We examined the concordance of TP53 genetic alterations between
ctDNA and DNA from diagnostic tumor biopsies, and 100% of them were compatible (Supplementary
Figure S2), suggesting that genetic alterations of ctDNA originated from tumors.

Patients

A total of 95 patients were enrolled in this study. The median age was 50.0 years old. Forty-one patients
had ER(+) Her2(-) breast cancer, 29 patients had Her2(+) breast cancer, and 25 patients had triple-
negative breast cancer (TNBC). Before NAT, tumors with T1, T2 and T3-4 size classi�cations were found
in three, 54 and 38 patients of each population, respectively. Eighty-two patients had positive axillary
lymph nodes. According to standard clinical practice, ER(+) Her2(-) breast cancer patients with large
tumors were treated with NAT. Out of the 95 patients, 77 patients received anthracycline while 80 patients
received taxane in their NAT regimens. All Her2(+) patients received only trastuzumab or trastuzumab in
combination with pertuzumab. After NAT, 13 patients achieved a pCR of their primary breast tumors; 82
patients had a non-pCR status. Among the 13 pCR patients, there was one ER(+) Her2(-), six Her2(+) and
six TNBC patients. The frequency of pCR was signi�cantly higher in patients with Her2(+) breast cancer
or TNBC than ER(+)Her2(-) patients (p = 0.002). CtDNA was detected in 60 patients before NAT and 31
patients after NAT. All of the clinical and pathologic characteristics are shown in Table 1.
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Genetic alterations in tumor ctDNA

Among the 95 patients, 19 patients were found to have ctDNA before and after NAT; 41 patients had
ctDNA only before NAT, 12 patients had ctDNA only after NAT, and 23 patients had ctDNA neither before
nor after NAT (Supplementary Table S1). The most common genetic variants were in the TP53 (n = 28),
followed by PIK3CA (n = 16), CDH1 (n = 15), and Her2 (n = 7) genes. Eighteen patients had altered CNVs
in their ctDNA, including of AKT1, CCND1, CDH1, c-MYC, Her2, PIK3CA, S100A, and ZNF703, either before
or after NAT (Supplementary Table S1 and Figure 1). Before NAT, Patient #73 (Figure 1A) and Patient #24
(Figure 1B) exhibited copy number gains of the S100A and Her2 genes in ctDNA, respectively; after NAT,
the copy numbers of these genes in ctDNA returned to normal levels. Patient #3 (Figure 1C) had a new
copy loss of the PTEN gene after NAT. We observed gains of Her2 and c-MYC in patient #27 (Figure 1D)
before NAT that were only partially resolved after NAT.

Association between ctDNA and clinical characteristics

Patients in whom ctDNA was detected before NAT tended to have a larger tumor size than those in whom
ctDNA was not detected (mean 5.0 cm vs. 4.3 cm, p = 0.104, Supplementary Figure S3). However, the
presence of ctDNA after NAT did not correlate with the tumor size or LN numbers after NAT. Although the
difference was not signi�cant, patients with pCR had a lower proportion of patients with detected ctDNA
after NAT than patients with no pCR (patients with pCR vs. non-pCR: 15.4% vs. 35.4%, p = 0.132).
(patients with pCR vs. non-pCR: 15.4% vs. 35.4%, p = 0.132). Additionally, the presence of ctDNA was not
correlated with the molecular type of breast cancer.

Impact of clinical factors and ctDNA on RFS

The median follow-up time of the entire cohort was 5.1 years, and the 5-year recurrence-free survival
(RFS) was 58% (95% CI 48.0 – 68.0%). For clinical factors, Kaplan-Meier analysis showed that the
residual tumor size after NAT and N classi�cation after NAT were prognostic factors for RFS; patients
who achieved a pCR tended to have a better RFS than patients who did not achieve a pCR (Figure 2A – C
and Table 2). On the other hand, patients with ctDNA after NAT had signi�cantly inferior RFS (p < 0.001,
Figure 2D). Other factors, such as age, ctDNA detection before NAT, molecular type, initial tumor size
before NAT and N classi�cation before NAT, did not in�uence RFS. RFS was similar between patients with
and without TP53, PIK3CA and CDH1 mutations (Table 2).

We then analyzed the clinical and pathologic characteristics of patients with and without ctDNA after
NAT, and no difference was found between the two patient groups (Supplementary Table S2). After
incorporating the residual tumor size, N classi�cation after NAT, pCR and ctDNA after NAT, multivariate
analysis showed that an N3 classi�cation and ctDNA positivity after NAT were independent risk factors
that predicted tumor recurrence (N3, hazard ratio (HR) 3.352, 95% CI 1.267 – 8.870, p = 0.015; ctDNA, HR
4.135, 95% CI 2.014 – 8.491, p < 0.0001). Other factors did not signi�cantly impact RFS (Table 2).
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Next, we analyzed the 72 patients who had detected ctDNA, either before or after NAT. Patients with
ctDNA positivity after NAT had a signi�cantly inferior RFS compared to those without detectable ctDNA
(Supplementary Figure S4, p<0.001). After adjusting for tumor size (after NAT), N classi�cation (after
NAT) and pCR, multivariate analysis with the Cox model revealed that ctDNA positivity after NAT was the
most signi�cant risk factor that predicted tumor recurrence (HR 8.02, 95% CI 3.24 – 19.86, p < 0.0001)
(Supplementary Table S3).

The impact of ctDNA on disease recurrence in different molecular types of breast cancer

The median RFS of all the patients with ctDNA positivity after NAT was 1.19 years. When strati�ed by the
molecular type, ctDNA positivity after NAT was associated with a signi�cantly inferior RFS for ER(+)
breast cancer or TNBC patients and a trend of higher recurrence rates for patients with the Her2 subtype
(Figure 3A – 3C). The median RFS of ER(+) breast cancer, Her2 (+) breast cancer and TNBC patients with
ctDNA positivity after NAT were 0.90, 2.52 and 0.74 years, respectively.

The impact of ctDNA on disease recurrence in patients with and without a pCR

For the entire cohort, the presence of ctDNA after NAT was a signi�cant risk factor associated with
recurrence in both pCR and non-pCR patients (Figure 3D and 3E, all p < 0.001). Because pCR was
previously reported as a surrogate marker for survival in patients with Her2(+) and TNBC[7], we analyzed
these patient subgroups. Between the two patient populations, pCR was related to a trend of improved
survival than non-pCR (HR 3.328, 95% CI 0.777 – 14.243, p = 0.105, Supplementary Table S4).
Multivariate analysis showed that advanced nodal status and ctDNA after NAT were independently
correlated with high risk (N2-3, HR 3.753, 95% CI 1.146–12.297, p = 0.029; ctDNA, HR 3.123, 95% CI. 1.139
– 8.564, p = 0.027), and pCR status did show a not signi�cant correlation with recurrence (Table 3). A
potential reason for this phenomenon is that pCR only represents the therapeutic e�cacy of local breast
tumor and the ctDNA may indicate that an occult lesion is present that is not effectively treated with NAT.
In our study, 13 patients achieved a pCR after NAT, and among those patients, two exhibited ctDNA
positivity after NAT. One patient (case #50) had TNBC and received neoadjuvant docetaxel/epirubicin
(four cycles) and achieved a pCR for their primary breast and axillary tumors. However, she had hepatic
metastases at 6 months after mastectomy (Supplementary Figure S5). The other patient (case #5) had
Her2-positive breast cancer and received neoadjuvant docetaxel/trastuzumab (four cycles) and
epirubicin/cyclophosphamide (four cycles). The pathology showed no residual tumors. Trastuzumab was
continuously maintained for one year. At the end of trastuzumab treatment (13 months after
mastectomy), a cerebellar metastasis was found. The other 11 patients who achieved a pCR did not have
ctDNA after NAT nor did they experience recurrence or metastasis.

Discussion
Our data suggested that the presence of ctDNA after NAT is a prognostic factor that predicts breast
cancer recurrence after mastectomy. Traditionally, the therapeutic response to NAT was considered a
marker for predicting prognosis[7]. In our study, multivariate analysis showed a greater predictive value
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for ctDNA than the response of the primary breast tumor to NAT treatment. ctDNA seems more
representative of the therapeutic e�cacy of primary and potential micrometastatic tumors treated with
NAT.

During the median 5.1-year follow-up, the overall positive predictive value of ctDNA positivity after NAT
for disease relapse was 70.9%, which was higher than the predictive value of 48.8% for relapse in non-
pCR patients. After stratifying patients into pCR and non-pCR populations, ctDNA positivity after NAT
remained a signi�cant risk factor for RFS among the two patient groups (Fig. 3D and 3E). Although non-
pCR patients usually had a signi�cantly inferior RFS than pCR patients, ctDNA negativity after NAT in
non-PCR patients was associated with a better RFS (Fig. 3E), compatible with previous �ndings that
ctDNA clearance associated with the improved survival in non-pCR patients[31]. In contrast, pCR after
NAT was a surrogate marker for predicting disease-free Her2(+) and TNBC patients. However, in our
cohort, two patients (one Her2(+) and one TNBC) who achieved a pCR and exhibited ctDNA positivity
after NAT developed distal metastasis at six months and one year, respectively. A possible reason is that
the pCR was assessed using only primary breast tumor detection without evaluating systemic
micrometastatic tumor cells. ctDNA is more suitable than pCR for representing the overall disease state
and could be a robust marker for predicting the survival rate.

Although patients with ctDNA positivity after NAT had inferior RFS, the length of RFS varied among
patients with different molecular types. Among patients with ctDNA positivity after NAT, patients with
Her2-type breast cancer had a signi�cantly longer RFS than patients with TNBC and luminal breast
cancers. The maintenance of anti-Her2 antibody therapy and the potential long-term preservation of
antibody-dependent cellular cytotoxicity may explain the risk attenuation and delayed relapse of Her2-
positive breast cancer patients[32]. In this study, all twelve Her2-positive breast cancer patients received
postmastectomy adjuvant anti-Her2 therapy; one received trastuzumab emtansine, another received
trastuzumab plus pertuzumab, and the remaining patients received trastuzumab for one year. For the
eight TNBC patients, only one received adjuvant chemotherapy. Out of the eleven patients with ER(+)
breast cancer, six received adjuvant chemotherapy, and all of them received hormone therapy. Notably,
the median RFS of TNBC and ER(+) breast cancer patients was less than one year. This result might
suggest that current standard chemotherapy and hormone therapy treatments were not effective for
these patients. CtDNA has the potential to identify actionable genetic variants that provide sensitivity or
resistance mechanisms for chemotherapy and/or targeted therapy; this information can be used to guide
personalized therapy in the future[33]. Alternative adjuvant therapy options can be explored for these
patients.

The concordance between pCR and the clearance of ctDNA was moderate. The ctDNA concentration
usually decreases after NAT[18, 34]. In a previous report, the decrease in ctDNA levels in patients who
achieved a pCR was greater than that in those who did not achieve a pCR[34]. Similarly, our data revealed
that a lower proportion of patients who achieved a pCR exhibited ctDNA positivity after NAT than that in
non-pCR patients (pCR vs. non-pCR: 15.4% vs. 35.4%, p = 0.132). Among the 72 patients with ctDNA
positivity (before and after NAT), 81.0% of responders had a decrease in ctDNA (de�ned as a tumor size
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reduction of more than 30% of the original size)[35], whereas 58.9% of nonresponders had a decrease in
ctDNA concentrations (Pearson’s chi-squared, p = 0.088, Fig. 4A and 4B).

A limitation of this study was that we only examined ctDNA before and after NAT and did not perform
longitudinal monitoring; as a result, we were not able to detect late recurrence. In our cohort, 42 patients
had disease recurrence. Out of those 42 patients, 22 exhibited ctDNA positivity after NAT. The 22 patients
with ctDNA positivity had a signi�cantly shorter time to recurrence than those with ctDNA negativity (with
ctDNA vs. without ctDNA: 1.31 vs. 2.64 years, p = 0.004, Fig. 4C). A single-time point sample of ctDNA
after NAT was a only signi�cant predictor of only early recurrence. Longitudinally tracking ctDNA may
improve the predictive value for both early and late recurrence[34].

Conclusions
We showed that ctDNA detection after NAT has great clinical utility potential as a prognostic marker in
patients with breast cancer. CtDNA detection can identify and de�ne a subset of high-risk patients. The
next step is to determine the type of adjuvant therapy strategies that can effectively reduce recurrence.
Since actionable genetic variants can be detected by ctDNA, further prospective trials should focus on
incorporating ctDNA detection and exploring how to guide patient treatment, which could maximize the
utility of ctDNA detection.
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Triple-negative breast cancer

Declarations



Page 11/23

Ethics approval and consent to participate

Ethical approval was obtained from ethical committees of National Taiwan University Hospital (IRB
number: 201704009RINC). All patients provided written informed consent. The study was conducted in
accordance with the Declaration of Helsinki.

Consent for publication

Not applicable.

Availability of data and materials

The data on genetic variants in ctDNA are included in the supplementary information �les. Other datasets
used and/or analyzed during the current study are available from the corresponding author upon
reasonable request.

Competing interests

PH Lin reports receiving unrelated sponsored research grants, lecture fees and travel support from
AstraZeneca and P�zer. CS Huang reports receiving advisory board fees from Amgen, Eli Lilly, P�zer and
Roche and receiving travel support from Amgen, AstraZeneca, P�zer and Roche. The other authors
declare no competing interests.

Funding

This work was supported, in part, by research grants from the National Taiwan University Hospital (NTUH.
107-004068 and 108-004128) and the Ministry of Science and Technology (MOST 104-2314-B-002-106-
MY3 and MOST 109WFA0111726). We also thank the National Applied Research Laboratories for
providing access to their high-performance computer to analyze the post-NGS data.

Author contributions:

CS Huang had full access to all the data in the study and takes responsibility for the integrity of the data
and the accuracy of the data analysis. Study concept and design: PH Lin and CS Huang. Patient
collection: PH Lin, MY Wang, LW Tsai, C Lo, SS Kuo and CS Huang. Performing experiments and
bioinformatics: TC Yen, TY Huang, CK Chen, K Yang, WC Huang and SC Fan. Acquisition, analysis, or
interpretation of data: all authors. Drafting of the manuscript: PH Lin and CS Huang. Critical revision of
the manuscript for important intellectual content: all authors.

Acknowledgments

This work was supported, in part, by research grants from the National Taiwan University Hospital (NTUH.
107-004068 and 108-004128, to Po-Han Lin) and the Ministry of Science and Technology (MOST 104-
2314-B-002-106-MY3 to Chiun-Sheng Huang, and MOST 109WFA0111726 to Po-Han Lin). We also thank



Page 12/23

the National Applied Research Laboratories for providing access to their high-performance computer to
analyze the post-NGS data.

References
1. DeSantis CE, Fedewa SA, Goding Sauer A, Kramer JL, Smith RA, Jemal A: Breast cancer statistics,

2015: Convergence of incidence rates between black and white women. CA: a cancer journal for
clinicians 2016, 66(1):31-42.

2. Siegel RL, Miller KD, Jemal A: Cancer statistics, 2016. CA: a cancer journal for clinicians 2016,
66(1):7-30.

3. Redig AJ, McAllister SS: Breast cancer as a systemic disease: a view of metastasis. Journal of
internal medicine 2013, 274(2):113-126.

4. Hudis CA, Gianni L: Triple-negative breast cancer: an unmet medical need. The oncologist 2011, 16
Suppl 1:1-11.

5. Anders CK, Zagar TM, Carey LA: The management of early-stage and metastatic triple-negative
breast cancer: a review. Hematology/oncology clinics of North America 2013, 27(4):737-749, viii.

�. Gupta G, Lee CD, Guye ML, Van Sciver RE, Lee MP, Lafever AC, Pang A, Tang-Tan AM, Winston JS,
Samli B et al: Unmet Clinical Need: Developing Prognostic Biomarkers and Precision Medicine to
Forecast Early Tumor Relapse, Detect Chemo-Resistance and Improve Overall Survival in High-Risk
Breast Cancer. Ann Breast Cancer Ther 2020, 4(1):48-57.

7. von Minckwitz G, Untch M, Blohmer JU, Costa SD, Eidtmann H, Fasching PA, Gerber B, Eiermann W,
Hilfrich J, Huober J et al: De�nition and impact of pathologic complete response on prognosis after
neoadjuvant chemotherapy in various intrinsic breast cancer subtypes. J Clin Oncol 2012,
30(15):1796-1804.

�. van Hagen P, Wijnhoven BP, Nafteux P, Moons J, Haustermans K, De Hertogh G, van Lanschot JJ,
Lerut T: Recurrence pattern in patients with a pathologically complete response after neoadjuvant
chemoradiotherapy and surgery for oesophageal cancer. Br J Surg 2013, 100(2):267-273.

9. Dawson SJ, Tsui DW, Murtaza M, Biggs H, Rueda OM, Chin SF, Dunning MJ, Gale D, Forshew T,
Mahler-Araujo B et al: Analysis of circulating tumor DNA to monitor metastatic breast cancer. N Engl
J Med 2013, 368(13):1199-1209.

10. Figg WD, 2nd, Reid J: Monitor tumor burden with circulating tumor DNA. Cancer biology & therapy
2013, 14(8):697-698.

11. Rothe F, Laes JF, Lambrechts D, Smeets D, Vincent D, Maetens M, Fumagalli D, Michiels S, Drisis S,
Moerman C et al: Plasma circulating tumor DNA as an alternative to metastatic biopsies for
mutational analysis in breast cancer. Annals of oncology : o�cial journal of the European Society for
Medical Oncology / ESMO 2014, 25(10):1959-1965.

12. Lau E, McCoy P, Reeves F, Chow K, Clarkson M, Kwan EM, Packwood K, Northen H, He M, Kingsbury Z
et al: Detection of ctDNA in plasma of patients with clinically localised prostate cancer is associated



Page 13/23

with rapid disease progression. Genome Med 2020, 12(1):72.

13. Lee B, Lipton L, Cohen J, Tie J, Javed AA, Li L, Goldstein D, Burge M, Cooray P, Nagrial A et al:
Circulating tumor DNA as a potential marker of adjuvant chemotherapy bene�t following surgery for
localized pancreatic cancer. Annals of oncology : o�cial journal of the European Society for Medical
Oncology / ESMO 2019, 30(9):1472-1478.

14. Oxnard GR, Paweletz CP, Kuang Y, Mach SL, O'Connell A, Messineo MM, Luke JJ, Butaney M,
Kirschmeier P, Jackman DM et al: Noninvasive detection of response and resistance in EGFR-mutant
lung cancer using quantitative next-generation genotyping of cell-free plasma DNA. Clinical cancer
research : an o�cial journal of the American Association for Cancer Research 2014, 20(6):1698-
1705.

15. Bachet JB, Blons H, Hammel P, Hariry IE, Portales F, Mineur L, Metges JP, Mulot C, Bourreau C, Cain J
et al: Circulating Tumor DNA is Prognostic and Potentially Predictive of Eryaspase E�cacy in
Second-line in Patients with Advanced Pancreatic Adenocarcinoma. Clinical cancer research : an
o�cial journal of the American Association for Cancer Research 2020, 26(19):5208-5216.

1�. Darrigues L, Pierga JY, Bernard-Tessier A, Bieche I, Silveira AB, Michel M, Loirat D, Cottu P, Cabel L,
Dubot C et al: Circulating tumor DNA as a dynamic biomarker of response to palbociclib and
fulvestrant in metastatic breast cancer patients. Breast Cancer Res 2021, 23(1):31.

17. Tie J, Wang Y, Tomasetti C, Li L, Springer S, Kinde I, Silliman N, Tacey M, Wong HL, Christie M et al:
Circulating tumor DNA analysis detects minimal residual disease and predicts recurrence in patients
with stage II colon cancer. Science translational medicine 2016, 8(346):346ra392.

1�. Garcia-Murillas I, Schiavon G, Weigelt B, Ng C, Hrebien S, Cutts RJ, Cheang M, Osin P, Nerurkar A,
Kozarewa I et al: Mutation tracking in circulating tumor DNA predicts relapse in early breast cancer.
Science translational medicine 2015, 7(302):302ra133.

19. Narayan A, Carriero NJ, Gettinger SN, Kluytenaar J, Kozak KR, Yock TI, Muscato NE, Ugarelli P, Decker
RH, Patel AA: Ultrasensitive measurement of hotspot mutations in tumor DNA in blood using error-
suppressed multiplexed deep sequencing. Cancer Res 2012, 72(14):3492-3498.

20. Lin PH, Chen M, Tsai LW, Lo C, Yen TC, Huang TY, Chen CK, Fan SC, Kuo SH, Huang CS: Using next-
generation sequencing to rede�ne BRCAness in triple-negative breast cancer. Cancer Sci 2020,
111(4):1375-1384.

21. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, Grody WW, Hegde M, Lyon E, Spector E et
al: Standards and guidelines for the interpretation of sequence variants: a joint consensus
recommendation of the American College of Medical Genetics and Genomics and the Association for
Molecular Pathology. Genetics in medicine : o�cial journal of the American College of Medical
Genetics 2015, 17(5):405-424.

22. He MM, Li Q, Yan M, Cao H, Hu Y, He KY, Cao K, Li MM, Wang K: Variant Interpretation for Cancer
(VIC): a computational tool for assessing clinical impacts of somatic variants. Genome Med 2019,
11(1):53.



Page 14/23

23. Goh JY, Feng M, Wang W, Oguz G, Yatim S, Lee PL, Bao Y, Lim TH, Wang P, Tam WL et al:
Chromosome 1q21.3 ampli�cation is a trackable biomarker and actionable target for breast cancer
recurrence. Nat Med 2017, 23(11):1319-1330.

24. Naab TJ, Gautam A, Ricks-Santi L, Esnakula AK, Kanaan YM, DeWitty RL, Asgedom G, Makambi KH,
Abawi M, Blancato JK: MYC ampli�cation in subtypes of breast cancers in African American women.
BMC Cancer 2018, 18(1):274.

25. Lundberg A, Lindstrom LS, Li J, Harrell JC, Darai-Ramqvist E, Sifakis EG, Foukakis T, Perou CM, Czene
K, Bergh J et al: The long-term prognostic and predictive capacity of cyclin D1 gene ampli�cation in
2305 breast tumours. Breast Cancer Res 2019, 21(1):34.

2�. Page K, Guttery DS, Fernandez-Garcia D, Hills A, Hastings RK, Luo J, Goddard K, Shahin V, Woodley-
Barker L, Rosales BM et al: Next Generation Sequencing of Circulating Cell-Free DNA for Evaluating
Mutations and Gene Ampli�cation in Metastatic Breast Cancer. Clin Chem 2017, 63(2):532-541.

27. Ptashkin RN, Mandelker DL, Coombs CC, Bolton K, Yelskaya Z, Hyman DM, Solit DB, Baselga J, Arcila
ME, Ladanyi M et al: Prevalence of Clonal Hematopoiesis Mutations in Tumor-Only Clinical Genomic
Pro�ling of Solid Tumors. JAMA Oncol 2018, 4(11):1589-1593.

2�. Coombs CC, Gillis NK, Tan X, Berg JS, Ball M, Balasis ME, Montgomery ND, Bolton KL, Parker JS,
Mesa TE et al: Identi�cation of Clonal Hematopoiesis Mutations in Solid Tumor Patients Undergoing
Unpaired Next-Generation Sequencing Assays. Clinical cancer research : an o�cial journal of the
American Association for Cancer Research 2018, 24(23):5918-5924.

29. Heuser M, Thol F, Ganser A: Clonal Hematopoiesis of Indeterminate Potential. Dtsch Arztebl Int 2016,
113(18):317-322.

30. Cancer Genome Atlas N: Comprehensive molecular portraits of human breast tumours. Nature 2012,
490(7418):61-70.

31. Magbanua MJM, Swigart LB, Wu HT, Hirst GL, Yau C, Wolf DM, Tin A, Salari R, Shchegrova S, Pawar
H et al: Circulating tumor DNA in neoadjuvant-treated breast cancer re�ects response and survival.
Annals of oncology : o�cial journal of the European Society for Medical Oncology / ESMO 2021,
32(2):229-239.

32. Nami B, Maadi H, Wang Z: Mechanisms Underlying the Action and Synergism of Trastuzumab and
Pertuzumab in Targeting HER2-Positive Breast Cancer. Cancers (Basel) 2018, 10(10).

33. Zhou Q, Perakis SO, Ulz P, Mohan S, Riedl JM, Talakic E, Lax S, Totsch M, Hoe�er G, Bauernhofer T et
al: Cell-free DNA analysis reveals POLR1D-mediated resistance to bevacizumab in colorectal cancer.
Genome Med 2020, 12(1):20.

34. McDonald BR, Contente-Cuomo T, Sammut SJ, Odenheimer-Bergman A, Ernst B, Perdigones N, Chin
SF, Farooq M, Mejia R, Cronin PA et al: Personalized circulating tumor DNA analysis to detect residual
disease after neoadjuvant therapy in breast cancer. Science translational medicine 2019, 11(504).

35. Eisenhauer EA, Therasse P, Bogaerts J, Schwartz LH, Sargent D, Ford R, Dancey J, Arbuck S, Gwyther
S, Mooney M et al: New response evaluation criteria in solid tumours: revised RECIST guideline
(version 1.1). Eur J Cancer 2009, 45(2):228-247.



Page 15/23

Tables
Table 1. Clinical and pathologic characteristics of enrolled patients strati�ed by molecular type
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  All ER(+)Her2(-) ER(±)Her2(+) TNBC

Number 95 41 29 25

Age (mean ± SD) 50.0 ± 8.8 49.2 ± 7.8 49.3 ± 8.7 52.0 ± 10.2

T classi�cation (before NAT)        

T1 3 0 1 2

T2 54 19 16 19

T3-4 38 22 12 4

N classi�cation (before NAT)        

N-negative 13 4 6 3

N-positive 82 37 23 22

T classi�cation (after NAT)        

no tumor 13 1 6 6

T1 32 10 13 9

T2 29 16 6 7

T3-4 21 14 4 3

N classi�cation (after NAT)        

N0 34 7 16 11

N1 29 9 10 10

N2 22 17 2 3

N3 10 8 1 1

Response        

pCR 13 1 6 6

non-pCR 82 40 23 19

NAT regimen        

Anthracycline 77 33 24 20

Taxane 80 29 29 22

Trastuzumab/pertuzumab 29 0 29 0

Presence of ctDNA        

before NAT 60 33 15 12
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after NAT 31 11 10 10

Table 2. Univariate and multivariate analysis of recurrence-free survival of the entire cohort
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variables univariate multivariate

  HR lower upper P value HR lower upper P value

Age (>50 vs. <50) 0.962 00.525 1.763 .899        

T classi�cation (before NAT)              

T1-2 1              

T3-4 1.026 .553 1.903 0.936        

N classi�cation (before NAT)              

N-negative 1              

N-positive 2.266 0.700 7.336 0.172        

T classi�cation (after NAT)              

no tumor 1       1      

T1 2.536 0.568 11.333 0.223 1.963 0.333 11.575 0.456

T2 4.842 1.112 21.083 0.036 2.435 0.450 13.186 0.302

T3-4 4.158 0.929 18.604 0.062 2.338 0.488 11.202 0.288

N classi�cation (after NAT)              

N0 1       1      

N1 0.953 0.401 2.263 0.914 1.378 .526 3.606 0.514

N2 1.750 0.798 3.838 0.163 1.418 .611 3.293 0.416

N3 3.055 1.246 7.487 0.015 3.352 1.267 8.870 0.015

Response                

pCR                1       1      

non-pCR 3.656 0.883 15.134 0.074 2.230 0.468 10.623 0.314

Molecular type                

ER/PR(+)Her2(-) 1              

ER/PR(+)Her2(+) 0.611 0.284 1.314 0.207        

  TNBC 1.294 0.639 2.622 0.474        

ctDNA                

before NAT* 0.700 0.378 1.298 0.257        

after NAT* 3.894 2.113 7.177 <0.001 4.135 2.014 8.491 <0.001
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Genes                

TP53# 1.156 0.609 2.197 0.657        

CDH1# 0.669 0.263 1.704 0.399        

PIK3CA# 1.313 0.607 2.837 0.489        

*The presence of ctDNA vs. nonpresence of ctDNA; #gene mutation vs. nonmutation

Table 3. Multivariate analysis of recurrence-free survival in patients with Her2(+) breast cancer and TNBC

Variables HR lower upper P value

T classi�cation (after NAT)        

no tumor 1      

T1 0.909 0.167 4.952 0.912

T2 2.461 0.435 13.917 0.308

T3-4 4.082 0.756 22.038 0.102

N classi�cation (after NAT)        

N0 1      

N1 1.845 .633 5.378 0.262

N2-3 3.753 1.146 12.297 0.029

Response        

pCR 1      

non-pCR 4.082 0.756 22.038 0.102

ctDNA after NAT        

undetected 1      

detected 3.123 1.139 8.564 0.027

Figures
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Figure 1

The CNV of four patients before and after NAT (A – D). The red dots represent the CNV before NAT, and
green dots represent the CNV after NAT.
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Figure 2

Kaplan-Meier analysis estimated the recurrence-free survival of the entire cohort according to (A) the
tumor size after NAT (p = 0.021), (B) N classi�cation after NAT (p = 0.011), (C) pCR (p = 0.055) and (D)
ctDNA after NAT (p < 0.001).
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Figure 3

The prognostic impact of ctDNA after NAT in patients with (A) ER(+) breast cancer, (B) Her2(+) breast
cancer and (C) TNBC. ctDNA after NAT predicted RFS in (D) pCR and (E) non-pCR patients.
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Figure 4

(A and B) Changes in the fraction of ctDNA in patients who did and did not respond. (C) The duration of
RFS in patients with (detected) and without (undetected) ctDNA after NAT.
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