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Key Points 32 

Question: Clinical validity of molecular relapse detection with circulating tumor DNA (ctDNA) 33 

analysis in early stage breast cancer. 34 

Findings: We present the results of an independent prospective, multi-center, validation 35 

study of ctDNA mutation tracking in early breast cancer. Detection of ctDNA during follow-up 36 

had a median lead-time of 10.7 months over clinical relapse, anticipating relapse in all major 37 

breast cancer subtypes. Brain only metastasis was detected less frequently by ctDNA 38 

analysis, potentially requiring alternative surveillance. 39 

Meaning: Molecular relapse detection has high levels of clinical validity. Clinical trials of 40 

treatment initiated on molecular relapse, without waiting for incurable metastatic disease to 41 

develop, are required. 42 

 43 

Abstract 44 

Importance: The majority of patients presenting with early stage, primary breast cancer are 45 

cured by current treatment. Better techniques are required to identify which patients are at 46 

risk of relapse.  47 

Objective: Small proof-of-principle studies have demonstrated that detection of circulating 48 

tumor DNA (ctDNA) in follow-up associates with future relapse. We assessed the clinical 49 

validity of molecular relapse detection with an independent validation study. 50 

Design: A prospective, multicenter sample collection study conducted in 5 UK centers. 51 

Setting: Patients with early stage breast cancer, irrespective of hormone receptor and HER2 52 

status, receiving either neoadjuvant chemotherapy followed by surgery, or surgery prior to 53 

adjuvant chemotherapy. 54 
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Participants: The study recruited 170 women, with mutations identified in 101 patients 55 

forming the main cohort. Secondary analyses were conducted on a combined cohort of 144 56 

patients, including 43 patients previously analyzed in a prior proof-of-principle study. 57 

Interventions: Primary tumor was sequenced to identify somatic mutations, and 58 

personalized tumor specific digital PCR assays were used to monitor these mutations in 59 

serial plasma samples taken every three months for the first year of follow-up, and 60 

subsequently every six months.  61 

Main Outcome and Measure: The primary endpoint was relapse free survival analyzed with 62 

Cox proportional hazards models. 63 

Results: In the main cohort with median follow-up of 35.5 months, detection of ctDNA in 64 

follow-up was strongly prognostic (relapse free survival time-dependent Hazard Ratio (HR) 65 

25.2, 95% Confidence Interval (CI) 6.7-95.6, P<0.001). Detection of ctDNA at diagnosis, 66 

prior to any treatment, was also associated with relapse free survival (HR 5.8, 95% CI 1.22-67 

27.1, P=0.013). 68 

In the combined cohort, ctDNA detection had a median lead-time of 10.7 months (95% CI 69 

8.1-19.1) over clinical relapse, and was highly prognostic in all breast cancer subtypes. 70 

Distant extra-cranial metastatic relapse was detected in 96% (22/23) of patients. Brain only 71 

metastasis was less commonly detected (P=0.0003), suggesting relapse sites less readily 72 

detectable by ctDNA analysis. 73 

Conclusions and Relevance: Detection of ctDNA in follow-up is associated with a very high 74 

risk of future relapse in early-stage breast cancer. Prospective studies are required to 75 

assess the potential of molecular relapse detection to guide adjuvant therapy. 76 

 77 

Introduction 78 

Breast cancer is the most frequently diagnosed cancer worldwide, with approximately 95% 79 

of women presenting with early stage breast cancer without macroscopic metastatic disease. 80 

There is substantial need to develop better tools to establish who is at risk of relapse. 81 

Detecting which patients have molecular residual disease (MRD) that has not been 82 
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eradicated by treatment would allow clinical trials of adjuvant therapies focused on those 83 

who are at highest risk. Several small proof-of-principle studies have also shown that 84 

detection of circulating tumor DNA (ctDNA) may present a strategy to identify MRD in 85 

patients with breast,1,2 colon3,4 and lung cancer.5,6  86 

 87 

Here we assess the potential of MRD detection in a prospective, multi-center series of 88 

patients with primary breast cancer, demonstrating that ctDNA analysis can accurately 89 

detect MRD and identify patients at high risk of relapse. 90 

 91 

Methods 92 

Patients and Sample Collection 93 

One hundred and seventy patients were recruited from five hospitals in the UK into two 94 

prospective ctDNA sample collection studies, the ChemoNEAR study and Plasma DNA 95 

study approved by Research Ethics committees (East of England – Essex and London – and 96 

Bromley, respectively). Written informed consent was obtained from all participants. All 97 

patients had primary breast cancer without evidence of distant metastatic disease, with 98 

staging scans conducted as per local guidelines. Patients scheduled to receive standard 99 

treatment with neoadjuvant chemotherapy followed by surgery (N=140) consented for 100 

sample collection prior to chemotherapy, and patient scheduled to received adjuvant 101 

chemotherapy (N=30) consented after surgery and before chemotherapy. Plasma samples 102 

were collected every three months for the first year of follow-up, and subsequently every six 103 

months until five years (eMethods, eFigure1). 104 

Sample analysis 105 

Tumor DNA was extracted from the diagnostic biopsy, and sequenced to identify somatic 106 

mutations to track in plasma with a breast cancer driver gene panel (eMethods). 107 

Personalized digital PCR (dPCR) assays were designed to track individual somatic 108 

mutations in plasma samples. Plasma DNA was extracted and analyzed on a Bio-Rad QX-109 

200 system (eFigure 2). dPCR analysis criteria were pre-specified.1 110 
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Statistical analysis 111 

The primary study objective was to assess whether patients with ctDNA detected in follow-112 

up blood samples had worse Relapse Free Survival (RFS) than patients without ctDNA 113 

detected, using Cox proportional hazards models both standard and time-dependent 114 

(eMethods). Secondary endpoints included lead-time between ctDNA detection and relapse 115 

using Kaplan-Meier methods, and association between detection of ctDNA in the diagnosis 116 

sample prior to neoadjuvant chemotherapy using a Cox proportional hazard model. 117 

 118 

Results 119 

Patient cohort 120 

Primary tumor from the 170 patients was sequenced to identify somatic mutations, 121 

identifying a mutation in 101 patients, which formed the primary analysis cohort (eFigure3, 122 

eTable1). In total, 165 mutations were identified, 78 patients (77.22%) with one mutation and 123 

23 patients (22.78%) with multiple mutations, with median allele frequency (AF) of 26% 124 

(eFigure4A). Validated personalized dPCR assay were developed for 150 (91.46%) 125 

mutations from 101 patients (eFigure5). 126 

Plasma DNA was extracted from 695 samples (median/patient=7, inter-quartile range (IQR)= 127 

5-8) and analyzed for presence of ctDNA. Buffy coat DNA was analyzed to control for Clonal 128 

Hematopoiesis of Indeterminate Potential (eMethods), with CHIP detected in 2.97% (3/101) 129 

patients (eFigure6). In blood samples taken at diagnosis prior to any treatment, ctDNA was 130 

detected in 51% (41/80) patients, at median AF 0.36% (eFigure4B). Detection of ctDNA at 131 

diagnosis associated with relapse free survival (RFS, hazard ratio (HR) 5.8, 95% confidence 132 

interval (CI) 1.2-27.1, Figure1A). 133 

Mutation tracking to identify molecular residual disease and anticipate relapse 134 

At median follow-up of 35.5 months, MRD was detected in 16 patients at median AF 0.16% 135 

(eFigure4C). Median RFS of patients with ctDNA detected MRD was 38.0 months (95% CI 136 
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20.8-undetermined) with median not reached in patients without ctDNA detected (standard 137 

HR:16.7, 95% CI 3.45-80.5, P<0.001, Figure1B). The majority of patients with ctDNA 138 

detected were negative at the first time-point in follow-up, and became ctDNA positive in a 139 

follow-up sample (Figure1B and 1C). To account for this, a Cox time-dependent model was 140 

fitted (time-dependent HR:25.2, 95%CI:6.7-95.6, P<0.001, eFigure7). MRD detection 141 

remained highly prognostic in a multi-variable model (time-dependent HR:35.7, 95%CI:6.0–142 

212, P<0.001) (eTable 2), adjusted for clinical-pathological factors (subtype, tumor size, 143 

nodal status and tumor grade), pathological complete response, and ctDNA detection at 144 

diagnosis. 145 

Mutation tracking in breast cancer subtypes 146 

To investigate individual breast cancer subtypes we conducted a combined analysis of the 147 

current study with our prior proof-of-principle study (eFigure8).1 The combined cohort of 144 148 

patients had 210 trackable mutations (eTable3, eFigure9) and 36.3 months median follow–149 

up. MRD was detected in 29 patients, highly prognostic in a standard (HR:17.4, 95%CI:6.3-150 

47.8, P<0.001, eFigure10) and time dependent model (HR:32.8, 95%CI:13.5–79.2, P<0.001, 151 

eFigure10), with median lead-time between ctDNA detection and relapse of 10.7 months 152 

(95%CI:8.1–19.1, eFigure10). Detection of ctDNA in follow-up was highly prognostic in all 153 

major breast cancer subtypes (Figure 2). 154 

We investigated the characteristics associated with ctDNA detection at diagnosis in samples 155 

taken prior to treatment. TNBC patients had the highest level of ctDNA (median:4.96 156 

copies/ml, IQR:0-17.0), HER2+ intermediate (median:0.81 copies/ml, IQR:0-5.4), and 157 

ER+HER2- the lowest (median:0 copies/ml, IQR:0-4.4) (p=0.0036, eFigure11, eTable4). 158 

Detection at diagnosis also associated with larger tumor size (p=0.012) and higher grade 159 

(p=0.045). 160 

Metastatic sites not detected by mutation tracking 161 
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Of the 26 relapsed patients, 23 (88.4%) relapsed with prior ctDNA detection, whereas 6 162 

(21.6%) patients relapsed without ctDNA detection prior to, nor at, the time of relapse. All six 163 

patients had a single site of relapse; three brain only relapse without extracranial relapse, 164 

one ovarian solitary metastasis and two solitary locoregional relapse (P=0.016, Table1). 165 

Brain only relapse was unlikely to be detected (P=0.0003, Table1), similar to the low rates of 166 

ctDNA detection in primary brain tumors7-9 167 

Discussion 168 

We present the results of an independent prospective, multi-center, validation study of 169 

mutation tracking. Detection of ctDNA in follow-up was strongly prognostic for future relapse, 170 

overall and in all major breast cancer subtypes, with ctDNA detected prior to relapse in 96% 171 

(22/23) patients with extra-cranial distant metastatic relapse. TNBC cancers had the highest 172 

ctDNA level at diagnosis, likely representing high proliferative rates and cell turnover. 173 

Detection of ctDNA at diagnosis, before any treatment, was also associated with risk of 174 

relapse, suggesting the potential for incorporation of this feature into future prognostic 175 

models if validated in future studies. 176 

Clonal haematopoiesis of indeterminate potential (CHIP) is common with increasing age,10,11 177 

potentially causing false positives in ctDNA analysis.12-14 We prospectively assessed controls 178 

detecting CHIP, all TP53 mutations, in three patients that would otherwise had generated 179 

false-positive ctDNA results. These patients remained relapse free after 18.4, 42.3 and 50.7 180 

months follow-up.  181 

Our results demonstrate a high level of clinical validity for ctDNA mutation tracking with 182 

dPCR but do not demonstrate clinical utility. Without evidence that mutation tracking can 183 

improve patient outcome, our results should not be recommended yet for routine clinical 184 

practice. For example protein tumor marker assessment, with lead times of just few months, 185 

did not improve overall survival when assessed in large studies.15 186 
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Prospective clinical trials are now required to assess whether detection of ctDNA can 187 

improve outcome for patients, and we have initiated a phase II interventional trial in triple 188 

negative breast cancer (NCT03145961). This may develop a new treatment paradigm for 189 

treating breast cancer, where treatment is initiated on molecular relapse, without waiting for 190 

symptomatic incurable metastatic disease to develop. 191 

 192 
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Figure Legends 250 

 251 

Figure 1: Relapse free survival in patients with ctDNA detected molecular residual 252 

disease 253 

(A) Relapse free survival by ctDNA detection at diagnosis prior to any treatment, in patients 254 

who subsequently received neoadjuvant chemotherapy. 255 

(B) Relapse free survival in 101 patients with ctDNA detected molecular residual disease in 256 

follow-up and patients without ctDNA detected (left). The population consisted of 35 257 

estrogen receptor positive and HER2 negative (ER+HER2-), 41 HER2 positive, and 25 triple 258 

negative breast cancers (TNBC, eTable1) 259 

(C) Relapse free survival for individual patients with or without ctDNA detection along the 260 

study (right). Censored patients did not have a clinical relapse at the time of the data 261 

collection. 262 

 263 

 264 
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 265 

Figure 2: Relapse free survival by tumor subtype in patients with ctDNA detected 266 

molecular residual disease.  267 

(A) In the combined cohort, relapse free survival in the major subtypes of breast cancer. 268 

ER+HER2- breast cancer - HR was not definable as no patients relapsed in the ctDNA 269 

negative group (N=51, P<0.001) with median lead-time 13.3 months (95%CI:2.1–undefined). 270 

HER2+ breast cancer - HR 15.2 (N=55, 95%CI:4.0–58.1, P<0.001) with median lead-time 271 
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14.5 months (95%CI:7.5-undefined). Triple negative breast cancer (TNBC) - HR 27.6 (N=38, 272 

95%CI:5.9–128.8, P<0.001) with median lead-time 10.6 months (95%CI:0.6–19.1). 273 

(B) Relapse free survival for individual patients, in the major subtypes of breast cancer, from 274 

study entry and during follow-up. Censored patients did not have a clinical relapse at the 275 

time of the data collection. 276 

 277 

 278 

 279 

 280 

 281 

 282 

 283 

 284 
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 Recurrence 
without ctDNA 

detection 

ctDNA detected 
recurrence 

P value 

N 6 23  
    
Median Age (range) 55 (43-65) 51 (45-59) 0.72* 
    
Sites of recurrence    
  Single 6 8 0.016 
  Multiple 0 14  
    
  Brain only 3 0 0.006 
  Extra-cranial 3 23  
    
  Brain only or loco-
regional 

5 1 0.0003 

  Distant extra-cranial 1 22  
    
Pathology    
  IDC 5 19 1 
  Non-IDC 1 4  
    
Histological Grade    
  Grade 2 0 7 0.28 
  Grade 3 5 15  
    
Subtype    
  ER+ HER2- 0 7 0.25

+
 

  HER2+ 3 6  
  Triple Negative 3 10  
    
Clinical size at 
presentation (cT) 

   

  T2 4 12 0.66 
  T3/4 2 11  
    
Nodal status at 
presentation 

   

  Positive 3 6 0.34 
  Negative 3 17  
    
 286 

Table 1: Clinical and pathological factors associated with lack of ctDNA detection 287 
prior to disease relapse.  288 

P values Fisher's exact text, with the exception of * Mann-Whitney U test and + ChiSquare 289 
test. 290 

 291 


