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Summary| Large, prospective patient cohorts incorporating comprehensive longitudinal plasma 83 

sampling, detailed clinical genomic annotations and long follow-up are required to decipher the role 84 

of circulating tumour DNA (ctDNA) as a phylogenetic biomarker in early-stage non-small-cell lung 85 

cancer (NSCLC).  Here, we developed high-resolution ctDNA methods tracking a median of 200 86 

tumour-specific mutations, across 1069 plasma samples collected from 197 patients enrolled in the 87 

lung TRACERx study. We show that preoperative ctDNA detection specifically identified lung 88 

adenocarcinomas with poor survival outcomes displaying chromosomal instability, copy-number 89 

aberration and upregulation of proliferation related transcriptomic pathways. Postoperative plasma 90 

analyses were performed and interpreted within the context of standard of care radiological 91 

surveillance and administration of adjuvant therapy. Landmark analysis of plasma samples collected 92 

within 120 days post-surgery revealed ctDNA detection in 23% of patients, including 45% of all 93 

patients who experienced clinical relapse. A landmark positive status associated with early-NSCLC 94 

relapse within the first postoperative year and 3 to 6 monthly ctDNA surveillance of patients (for up 95 

to 5 years) identified impending disease relapse in 22% of landmark ctDNA negative patients. 96 

Establishing a postoperative ctDNA positive status could guide definitive treatment (such as 97 

radiotherapy) at equivocal radiological sites. We developed and validated an informatic tool 98 

(ECLIPSE) for non-invasive tracking of subclonal architecture at ctDNA levels less than 1%. ECLIPSE 99 

identified patients with polyclonal metastatic dissemination, which was associated with poor clinical 100 

outcomes. Subclones seeding future metastases post-operatively could be differentiated from non-101 

metastatic subclones through ECLIPSE estimates of cancer cell fraction in preoperative plasma. 102 

Phylogenetic ctDNA tracking will support (neo)adjuvant trial advances and ECLIPSE establishes a 103 

foundation for non-invasive biomarker strategies focused on clonal deconvolution of relapsed NSCLC 104 

using liquid biopsy. 105 

 106 



Introduction| ctDNA is a multi-faceted biomarker, pre-surgical ctDNA levels reflect relapse risk in 107 

early-stage (stage I-III) NSCLC1–3 and postoperative ctDNA detection highlights impending NSCLC 108 

recurrence2–6. TRACERx (NCT01888601) is tasked with assessing clonal evolution in early-stage 109 

NSCLC and represents a centrally-monitored, prospective study with longitudinal follow-up of 110 

patients within the UK National Health Service, treated according to common health technology 111 

appraisal approved care-pathways (NICE)7,8. Patients are followed for 5 years post primary NSCLC 112 

with primary tumours subject to multi-region sequencing to capture intratumoral heterogeneity. All 113 

patients undergo preoperative plasma sampling, then in the postoperative setting plasma sample 114 

collection is scheduled at 3-monthly intervals in the first 2-years then at 6-monthly intervals 115 

between year 3 and 5, with additional samples requested at disease recurrence. In a prior analysis of 116 

96 TRACERx patients we demonstrated that postoperative ctDNA detection achieved through 117 

tracking a maximum of 30 mutations identified recurrent NSCLC in 13 / 14 patients who relapsed 118 

and provided insight into the clonal structure of relapsing disease5. Here, we report analyses of 1069 119 

plasma samples from 197 TRACERx patients. All 197 patients had preoperative plasma analyses 120 

performed, 141/197 patients (including 75 with NSCLC recurrence) had longitudinal postoperative 121 

plasma analyses performed (median of 6 postoperative time points). We developed new 122 

phylogenetic tracking technologies including patient specific anchored-multiplex PCR (AMP)9 cell-123 

free DNA (cfDNA) enrichment chemistry tracking a median of 200 tumour-specific clonal and 124 

subclonal mutations combined with a novel informatic tool (ECLIPSE) to extract clonal composition in 125 

the context of the low ctDNA levels (<1%) encountered in patients with recurrent NSCLC10. Median 126 

follow-up of event-free patients in this cohort was 4.6 years, encompassing the postoperative period 127 

where the majority of NSCLC disease-free survival events (DFS) are expected11. We address 128 

histology-specific variation in prognostic implications of pre-operative ctDNA detection in NSCLC, 129 

postoperative ctDNA detection as an indicator of impending relapse and the capability of 130 

phylogenetic tracking to define polyclonal metastatic dissemination and identify metastatic 131 

competent subclones prior to surgery. 132 
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ctDNA detection using AMP-PCR| AMP patient specific cfDNA enrichment panels (PSPs) tracked a 133 

median of 200 mutations pre-identified in multi-region primary tumour exome data (range 72 to 134 

201). A median of 126 clonal mutations were tracked, enabling sensitive identification of ctDNA; a 135 

median of 64 subclonal mutations (representing a median of 88% of primary tumour subclones) 136 

were tracked to infer subclone evolution at relapse including clonal sweeps, identify high-risk 137 

subclones in the preoperative setting and determine which primary tumour subclones seed 138 

recurrent disease (see Figure 1a, Extended figure 1a-b, Supplementary Table 1). Median cfDNA input 139 

into the AMP-PCR assay across 1069 analysed samples was 23ng (interquartile range [IQR] 15 to 140 

33ng, Extended figure 1c, Supplementary Table 2). AMP incorporates Unique Molecular Identifier 141 

(UMI) indices to facilitate in-silico generation of single-stranded consensus reads (see methods), only 142 

single stranded consensus reads were analysed to reduce background sequencing error.  Distribution 143 

of UMI-corrected sequencing depth and association of this parameter with cfDNA input are 144 

summarised in Extended figure 1d-e.  A molecular residual disease (MRD) detection algorithm 145 

evaluated background (non-variant) sequencing positions to estimate intra-library trinucleotide 146 

context dependent error rates, to enable ctDNA detection (methods, see Figure 1a and Extended 147 

figure 1f-g). An MRD algorithm P-value threshold of 0.01 was determined optimal in terms of overall 148 

accuracy through analyses of a 10 patient TRACERx pilot cohort (described in Supplementary Note, 149 

Extended figure 2a-d). Analytical validation of variant DNA detection in 707 contrived spike-in 150 

samples at assay DNA inputs of 2ng to 80ng was performed using 50-variant PSPs (Extended figure 151 

2e-h, Supplementary Table 3). Sensitivity for variant DNA detection at 0.01% allele frequency (AF, 152 

consistent with ctDNA levels observed in MRD positive samples4,10) was >90% at DNA inputs of 20ng 153 

and above, below 20ng input sensitivity for 0.01% variant DNA declined (58% at 10ng input and 17% 154 

at 5ng input). Analytical specificity of the locked MRD algorithm was 100% in analyses of 48 normal 155 

samples. Orthogonal validation of preoperative ctDNA positive calls was performed using digital 156 

droplet PCR (Supplementary Note and Extended figure 2i-j, Supplementary Table 4).  157 

https://paperpile.com/c/U2fQ56/K9zgW+WKvP


Clinical predictors of preoperative ctDNA detection| Preoperative cfDNA was analysed across 197 158 

TRACERx patients including the 10 TRACERx pilot-patients used to set MRD algorithm detection 159 

thresholds (Supplementary Table 5-6 summarise clinical demographics, Extended figure 3a details 160 

cohort design). 189 patients had a single primary NSCLC (Figure 1b) and 8 patients had synchronous 161 

primary NSCLCs at diagnosis (Extended figure 3b). In agreement with prior findings1,5, we observed 162 

higher rates of ctDNA detection in squamous and other NSCLC histologies compared with lung 163 

adenocarcinoma (41/99 solitary lung adenocarcinomas exhibited ctDNA detection versus 83/90 non-164 

adenocarcinomas, Figure 1b). Within 8/197 patients with synchronous primary NSCLC at diagnosis, 165 

5/8 had preoperative ctDNA detection. In 4/5 cases variants from both primaries were tracked yet 166 

only ctDNA from one tumour was detected, in 3 of these cases the largest primary tumour 167 

(CRUK0622) or the tumour with squamous histology in cases of synchronous adenocarcinoma and 168 

squamous cell carcinoma (CRUK0223, CRUK0555) led to ctDNA detection (Extended figure 3b). 169 

Across the complete cohort, preoperative ctDNA detection was associated with an increased 170 

number of pack-years smoked (P=0.012, median pack-year history in ctDNA negative patients 34.8 171 

versus 44.2 in ctDNA positive patients, Wilcoxon-test, Extended figure 3c, Figure 1b). Preoperative 172 

ctDNA detection associated with clinically occult mediastinal (N2) nodal disease in adenocarcinoma 173 

(87 adenocarcinomas were clinical N0/1 stage, 86/87 underwent pathological nodal staging [no N2 174 

nodes sampled at surgery - CRUK0406] and 14/86 were upstaged to pN2 disease; 11/14 (79%) pN2 175 

upstaged patients were ctDNA positive versus 21 of 72 (29%) not upstaged to pN2 disease (P=0.001, 176 

Chi-square test, Figure 1b). Therefore, preoperative ctDNA detection could guide extensive 177 

mediastinal surgical resection or administration of postoperative radiotherapy. 178 

Preoperative ctDNA detection and postoperative outcomes| Previous findings demonstrate 179 

association between preoperative ctDNA detection and postoperative outcome in NSCLC1. Given 180 

variation in ctDNA detection across NSCLC histology we assessed preoperative ctDNA status 181 

(negative, low or high; low equates to clonal ctDNA levels less than the cohort median) as a risk 182 

biomarker separately in single (non-synchronous) adenocarcinomas (n=94) and single non-183 
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adenocarcinomas (n=86) evaluable for survival analyses (see methods). In patients with 184 

adenocarcinoma, ctDNA detection category was associated with OS (log-rank P <0.001, Figure 1c). 185 

Absence of preoperative ctDNA detection identified adenocarcinoma patients with excellent 186 

postoperative outcome (91% 2-year OS [95% CI:84 to 99%], n=56) compared with ctDNA low (60% 2-187 

year OS [95% CI: 44 to 83%], n=26) or high adenocarcinoma (31% 2-year OS [95% CI: 13 to 75%], 188 

n=12, Figure 1c). There was no association of preoperative ctDNA status and OS in patients with non-189 

adenocarcinoma histologies (log-rank p=0.31, Figure 1c, even when the 7 ctDNA negative patients 190 

were excluded from analyses [n=32 ctDNA low, versus n=47 ctDNA high, log-rank P = 0.2]). Similar 191 

findings were observed in freedom from recurrence (FFR) analyses (Extended figure 3d). In 192 

multivariable survival analysis including pTNM stage, adjuvant therapy status, age and unique 193 

sequencing coverage, preoperative ctDNA status associated with FFR and OS in adenocarcinoma, but 194 

not in non-adenocarcinoma (Extended figure 3e). In patients with adenocarcinoma, 19/22 (86%) 195 

extrathoracic recurrences occurred in preoperative ctDNA positive patients compared with only 8/19 196 

(42%) intrathoracic-only recurrences (Chi-squared test, P=0.008, Extended figure 3f). Recurrences in 197 

preoperative ctDNA positive patients with adenocarcinoma associated with poor post-relapse 198 

survival compared with those occurring in ctDNA negative patients with adenocarcinoma (log-rank P 199 

= 0.004, Extended figure 3e). These data highlight preoperative ctDNA detection in adenocarcinoma 200 

as a predictor of future extrathoracic metastatic dissemination and poor survival outcome. 201 

Genomic predictors of preoperative ctDNA detection in adenocarcinoma| Computed Tomography 202 

(CT) volumetric data was available in 159 / 189 patients with single primary NSCLC (volumetric 203 

exclusion details in Extended figure 4a, Supplementary Table 6). Relatively high tumour volumes 204 

were present in ctDNA negative solitary adenocarcinomas (mean volume 18.8cm3 , n=51, range 1.0 205 

to 259.8cm3) with 21/51 patients exhibiting tumour volumes above 10cm3 (Extended figure 4b). 206 

Since 10cm3 tumour volume is associated with clonal ctDNA levels of ~0.1%1,4,5 (which lies above 207 

AMP-PCR assay limit of detection, Extended figure 2e-f), the absence of ctDNA detection in high 208 
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volume adenocarcinomas suggested a low-ctDNA shedding phenotype. This prompted investigation 209 

of biology related to absence of detectable ctDNA in lung adenocarcinoma.  210 

Using a regression model incorporating tumour volume and NSCLC histology subtype to predict 211 

clonal ctDNA levels (developed on the 101 ctDNA positive patients in this cohort, Extended figure 212 

4c), we predicted clonal ctDNA levels in 51 ctDNA negative adenocarcinomas categorising these 213 

tumours as either low-shedders (ctDNA detection expected based on tumour volume, but not 214 

observed [36 of 51 cases]) or probable technical negatives (low tumour volume predicted for ctDNA 215 

levels possibly below assay limit of detection [15/51 cases], Extended figure 4d and methods). The 216 

latter group was excluded from analyses of ctDNA detection and tumour biology, since absence of 217 

ctDNA detection in these cases may have been secondary to low tumour volume. 218 

We conducted multi-region transcriptomic analyses comparing 34 ctDNA positive adenocarcinoma 219 

to 33 low-shedder adenocarcinomas (Figure 2a, Supplementary table 7-8). Genes upregulated in 220 

ctDNA positive adenocarcinomas included mitotic spindle genes and others associated with M-221 

phase, cell cycle and DNA repair (Figure 2b-c, Supplementary table 9). Gene Set Variation Analysis 222 

(GSVA12) using the Hallmark genesets (which summarise 50 biological states13) revealed upregulation 223 

of proliferation and cell cycle associated gene sets in ctDNA positive adenocarcinomas, compared to 224 

low-shedders (Figure 2d). No difference in purity of tumour tissue samples was observed between 225 

ctDNA positive and low-shedder adenocarcinomas (Extended figure 4e). We evaluated our published 226 

prognostic biomarker associated with outcomes in lung adenocarcinoma (ORACLE14) and noted 227 

preoperative ctDNA positive adenocarcinomas demonstrated higher ORACLE scores relative to 228 

negative adenocarcinomas (P < 0.0001, Figure 2e). We explored somatic driver mutations associated 229 

with ctDNA detection in lung adenocarcinoma and observed no difference between ctDNA positive 230 

adenocarcinoma and low-shedders when we analysed subclonal and clonal somatic driver mutations 231 

(Extended figure 4f, showing top 12 most mutated cancer genes), or when summarising to pathway 232 

level (Extended figure 4g). To explore if chromosomal instability (CIN) associated with increased 233 
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ctDNA shedding, we calculated the weighted genome integrity index15 (wGII), the fraction of loss of 234 

heterozygosity (FLOH)16, and determined genome-doubled status for each tumour. We observed 235 

that ctDNA positive adenocarcinomas showed increased levels of both wGII and FLOH relative to 236 

low-shedders (P = 0.0100 & P = 0.0006, Figure 2f-g). We observed an increased percentage of ctDNA 237 

positive adenocarcinomas had experienced genome doubling (any GD compared to none, 86% 238 

versus 61%, P = 0.016, Extended figure 4h). We investigated the link between CIN and increased cell 239 

proliferation using GISTIC217 to obtain a positive-selection score (G-score) for each cytoband (see 240 

methods). We determined the G-score difference (GSD) between ctDNA positive adenocarcinomas 241 

and low shedders. We observed 21 amplified cytobands and four deleted cytobands enriched in 242 

ctDNA shedders (FDR q-value < 0.05) with a GSD of at least 0.5 (Figure 2h-i), a previously defined 243 

threshold for comparing two sample sets18. Within these cytobands a total of 968 genes are located 244 

with 26 listed in the COSMIC gene census19 as cancer genes (Supplementary table 10), including 245 

proliferation-associated genes CCND1 (11q13.3), CDK4 (12q14.1), MDM2 (12q15) and CCNE1 246 

(19q12). No cytobands were enriched in low-shedder adenocarcinomas.  247 

To ensure results were not primarily driven by higher tumor volume in ctDNA positive versus low-248 

shedder cases, we excluded the bottom quartile of tumor volumes from low-shedding 249 

adenocarcinomas and largely reproduced the above findings, including 847/935 significantly 250 

differentially expressed genes and 17/25 cytobands significantly altered in ctDNA positive 251 

adenocarcinomas (Supplementary Note, Extended figure 4i-k). 252 

Postoperative ctDNA detection is specific for relapsing NSCLC| Postoperative cfDNA samples from 253 

45 recurrence-free patients (Figure 3a) and 21 patients who subsequently developed new primary 254 

cancers (based on histological or clinical findings) during follow-up were analysed to assess AMP-PCR 255 

clinical specificity (PSPs are specific to the excised primary NSCLC and are not expected to detect 256 

new primary cancers, Figure 3b, Supplementary Table 11). 471 of 481 (97.9%) postoperative samples 257 

from these patients were negative for ctDNA detection, 3 of 66 (5%) patients exhibited 258 
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postoperative ctDNA detection (Figure 3a-b); CRUK0086 was ctDNA positive prior to radiation 259 

therapy, CRUK0269 was ctDNA positive post-surgery and developed a new primary NSCLC and 260 

CRUK0498 had false positive ctDNA detection at 7 of 8 postoperative timepoints due to PSP-261 

mistargeting of variants associated with a lymphoid expansion, carrying clonal haematopoietic (CH) 262 

variants (Extended figure 5a). CH-variant mistargeting was identified through application of 263 

CRUK0498’s PSP to peripheral blood mononuclear cells (PBMCs) isolated alongside cfDNA (Extended 264 

figure 5b, Supplementary Table 12). The CH-mutations existed at high AFs in tumour tissue but 265 

below the 1% germline exome detection threshold in PBMC DNA, explaining why they were 266 

misclassified tumour derived by tissue exome analyses and included in PSP design. For example, 267 

mutation ATP2C1:T>G (detected in 6 postoperative cfDNA samples) was present at an AF of 16.6% in 268 

tumour region 2; yet max AFs in postoperative cfDNA and PBMC DNA were only 0.57% and 0.86% 269 

respectively (Extended figure 5b). Histological examination of CRUK0498’s tumour revealed 270 

lymphoid cells, likely representing a source of these CH mutations (Extended figure 5c). To address 271 

whether PSPs frequently mistargeted CH-variants present in tumour tissue, we evaluated PBMC DNA 272 

from 21 patients using their PSPs. Application of the MRD detection algorithm to these PBMC 273 

samples revealed no variant DNA detection (pan-library MRD detection algorithm P-values above 274 

0.01, Extended figure 5d). At the level of individual mutations, 13 of 3978 (0.3%) PSP-targeted 275 

mutations were detected in PBMC DNA, only 2 of these 13 mutations were present in preoperative 276 

cfDNA and not filtered by the MRD detection algorithm (Extended figure 5e, Supplementary Table 277 

13). 278 

Postoperative ctDNA detection in recurrent NSCLC| 391 postoperative plasma samples were 279 

analysed from 75 patients who suffered either recurrence of their NSCLC (n=71) or incomplete 280 

resection (macroscopic residual disease, n=4, Figure 3c-e, Supplementary Table 11). Extended clinical 281 

follow-up and protocol-specified plasma collection 3-monthly for the first 2 years followed by 6-282 

monthly intervals between year 3 and 5, enabled evaluation of relapse events occurring up to 1363 283 

days post-surgery. ctDNA was detected postoperatively in 64/75 (85%) relapsing patients, 3/11 284 



patients relapsing without postoperative ctDNA detection lacked plasma sampling within 100 days of 285 

clinical relapse (CRUK0303, 0495, 0570). In patients with plasma sampled close to recurrence,  2/11 286 

had unresected nodal disease (CRUK0230, 234), 4/11 had intracranial recurrences (CRUK0331, 0407, 287 

0567, 0736) and 2 patients had intrathoracic recurrences (CRUK0329, 0490, Figure 3c-e, 288 

Supplementary Table 14). Intracranial recurrence has previously been associated with lack of 289 

postoperative ctDNA detection20, in this cohort 17 patients experienced brain metastases within 180 290 

days of relapse; 14/17 patients had extracranial imaging at relapse allowing categorisation of brain 291 

recurrence as isolated (intracranial disease only) or non-isolated (involvement of extra- and 292 

intracranial sites). Postoperative ctDNA was detected at recurrence in 3/7 patients with isolated 293 

intracranial recurrence versus 7/7 patients with non-isolated intracranial recurrence (Figure 3c-e, 294 

Extended figure 6a). 295 

Landmark MRD analysis| We explored postoperative ctDNA detection within a landmark analysis 296 

framework4,21. 118/141 patients with postoperative plasma sampling performed were evaluable for 297 

MRD landmark analysis based on ≥ 1 plasma sample obtained within 120 days of surgery, prior to 298 

adjuvant therapy or relapse (if relevant); the remaining 23/141 patients were landmark unevaluable 299 

(Figure 3a-e). Within this landmark window, 27/118 patients (23%) exhibited 1 (or more) positive 300 

ctDNA calls, Figure 3d). 25/27 landmark positive patients experienced either NSCLC recurrence 301 

(n=23) or were diagnosed with incompletely resected disease (n=2; positive predictive value of 302 

landmark for relapse 93%, sensitivity of landmark for relapse 45%, Figure 3c). Landmark positive 303 

status associated with higher pathological TNM stage (5/45 stage I, 8/39 stage II and 14/34 stage III 304 

patients landmark positive, chi-squared test P=0.006) and earlier NSCLC recurrence events (15/23 305 

[65%] recurrence events occurring within 1 year of surgery landmark positive versus 8/29 [26%] 306 

events occurring later than 1-year post-surgery, 4 patients with incompletely resected disease 307 

excluded, chi-squared test P=0.02, Figure 3c). Median clonal ctDNA level at the initial point of ctDNA 308 

detection in landmark positive patients who recurred or had incompletely resected disease was 309 

0.08% (range 0.002% to 2.41%, n=25, Extended figure 6b). In 112/118 patients evaluable for survival 310 
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analyses (see methods), landmark positive patients exhibited a HR of 4.8 (95% CI 2.7 to 8.4, P<0.001 311 

log-rank test) for OS and an HR of 6.1 for FFR (95% CI 3.5 to 10.7, P<0.001 log-rank test) compared to 312 

landmark negative patients (Extended figure 6c-d). 31/91 landmark negative patients experienced 313 

either NSCLC recurrence (n=29) or were diagnosed with incompletely resected disease (n=2) and 314 

20/31 of these patients emerged to be ctDNA positive during surveillance prior to, or at, clinical 315 

relapse after a median of 2.5 negative plasma samples (range 1 to 9); a median of 337 days 316 

postoperatively (range 120 to 929 days, Figure 3d) at a median clonal ctDNA level of 0.02% (range 317 

0.003% to 6.67%. Extended figure 6b). Within the remaining 11/31 landmark negative recurrent 318 

patients, 2/11 emerged to be ctDNA positive post-clinical relapse (CRUK0146, 0296) and 9/11 319 

exhibited no postoperative ctDNA detection (Figure 3d). 320 

ctDNA lead-times| To assess ctDNA lead-times (time from ctDNA detection to recurrence) we 321 

assigned patients without postoperative ctDNA detection or with initial detection following clinical 322 

relapse, lead-times of 0 days and excluded incompletely resected patients (n=4) and patients with no 323 

ctDNA sampling before clinical recurrence (n=3, CRUK0516, 0557 and 0640). Landmark positive 324 

patients had longer lead-times (median 228 days [0 to 1137 days], n=23) than landmark negative 325 

patients (median 77 days, [0 to 980 days], n=29, P=0.004, Wilcoxon-test) and landmark unevaluable 326 

patients (median 56 days, [0 to 477 days], n=16, P=0.005, Wilcoxon-test, Extended figure 6e).  327 

ctDNA kinetics during adjuvant therapy| 12 patients were MRD positive before adjuvant therapy 328 

(treatment data, Supplementary Table 15). CRUK0086 was MRD positive at day 2 post-surgery, 329 

following adjuvant radiotherapy the patient was ctDNA negative at four further plasma sampling 330 

timepoints (Days 130, 193, 284 and 375 postoperatively) remaining disease-free until non-cancer 331 

associated death 869 days after surgery (Figure 3a, Extended figure 6f). The remaining 11 pre-332 

adjuvant MRD positive patients relapsed with a median lead-time of 302 days (78 to 1022 days); 333 

despite 5/11 patients clearing ctDNA following completion of adjuvant therapy (CRUK0022, 0242, 334 

0245, 0385, 0702). This suggests that ctDNA clearance with adjuvant therapy does not prevent 335 



impending disease relapse. 4/5 of these patients re-emerged as ctDNA positive before disease 336 

recurrence whereas CRUK0245 cleared MRD and had no further plasma sampling performed (Figure 337 

3, Extended figure 6f). 338 

Imaging and MRD detection| We assessed utility of postoperative ctDNA detection in the context of 339 

standard of care extracranial imaging surveillance in the adjuvant setting, 386 extracranial 340 

surveillance clinical imaging-reports from 131/141 patients who underwent postoperative cfDNA 341 

analyses were reviewed (343 CT scans, 7 Magnetic Resonance Imaging scans and 36 whole-body 342 

Positron Emission Tomography scans, Figure 3a-e, Supplementary Table 16); 10/141 patients had no 343 

surveillance imaging reports available. In patients who eventually experienced NSCLC relapse we 344 

identified 44 surveillance scans from 23 patients that showed no new abnormalities compared to 345 

prior imaging (Figure 3c-e). 22/23 patients had plasma sampling performed prior to the scan(s) 346 

showing no new abnormalities, 9 of these patients were ctDNA positive before the scan and 8 / 9 347 

patients suffered eventual recurrence at sites covered by the extracranial scans (CRUK0590 348 

experienced intracranial recurrence, Figure 3c-e, Extended figure 6g). This suggests postoperative 349 

ctDNA positive status can precede new abnormalities on imaging in some cases. New equivocal 350 

imaging abnormalities were common, observed on 152 occasions in 90 patients (Figure 3, Extended 351 

figure 6h). Postoperative ctDNA detection before these abnormalities occurred in 23 patients, 20/23 352 

suffered subsequent NSCLC recurrence (Extended figure 6f). Prior to surveillance scan(s) showing 353 

new equivocal lymphadenopathy, 14 patients were ctDNA positive and 21 patients were ctDNA 354 

negative. 11 / 14 (79%) ctDNA positive patients eventually relapsed with lymph node involvement at 355 

the equivocal site versus 7 / 21 (33%) patients ctDNA negative before the scan (CRUK0234 was 356 

diagnosed with an incompletely resected lymph node was ctDNA negative and included in the latter 357 

category; Fisher’s test P = 0.015, Extended figure 6i). Therefore, ctDNA could guide early definitive 358 

therapeutic intervention such as radiotherapy or ablation at anatomical sites deemed equivocal by 359 

imaging.  360 



ctDNA-based characterisation of subclonal architecture using ECLIPSE | To estimate tumour 361 

subclonal composition from deep targeted sequencing of plasma cfDNA we developed ECLIPSE 362 

which leverages and background noise estimates and tumour tissue derived copy number 363 

information to assess the presence or absence of specific tumour subclones and calculate their 364 

respective cancer cell fractions (CCFs) from low tumour content cfDNA data (Figure 1a, Extended 365 

figure 7, Supplementary Methods, Supplementary Note). Plasma samples with clonal ctDNA levels 366 

greater than 0.1% (64% of ctDNA positive samples in the cohort) had a minimally detectable CCF of 367 

20% for a representative subclone (Supplementary Methods, Extended figure 8a-d). To validate the 368 

detection rate for small subclones at this threshold we leveraged mutant DNA spike-in experiments 369 

constructing 76,263 subclones in-silico from this data with ground truth CCFs, clonal ctDNA levels, 370 

numbers of tracked mutations and DNA assay inputs. We estimated a detected rate of 94% for 20% 371 

subclones in 0.1% clonal ctDNA level plasma with 4 tracked mutations and 10ng DNA input 372 

(Extended Figure 8e). We observed a significant drop off in detection rates when DNA input 373 

decreased below 10ng. Therefore, we considered ‘high subclone sensitivity’ samples as those with 374 

>0.1% clonal ctDNA level and >=10 ng cfDNA input, which were used to analyse clonal composition 375 

with ECLIPSE in further analyses.  376 

Comparison of time-matched plasma and tissue-based estimates of subclonal architecture | 377 

ECLIPSE measures of subclonal CCF from preoperative plasma samples were proportional to tumour 378 

exome multi-region sequencing measures of subclonal CCF sampled at surgery (Pearson R = 0.78, m 379 

= 1, median clonal ctDNA level analysed = 0.9%, Extended Figure 9a-b, Supplementary Note), 380 

indicating that ECLIPSE could estimate CCF values from low ctDNA level plasma samples. The 381 

detection rate in pre-operative plasma was higher for subclones with a larger CCF and there was a 382 

correlation between the number of subclones detected and the clonal ctDNA level (Spearman’s Rho 383 

0.72, P<0.001, Extended Figure 9c). However, the detection rate of small subclones was lower than 384 

expected given our estimates of subclone sensitivity using spike-in experiments (39% sensitivity in 385 

preoperative plasma for 20% CCF subclones at 0.1% clonal ctDNA level vs 94% using spike-in 386 



experiments for equivalent subclones). In addition, we observed that subclones discovered in a 387 

single tumour region had a consistently lower CCFs in plasma compared to tissue, unlike subclones 388 

which were present across multiple regions (Extended Figure 9d-e) and that detection rates 389 

increased for small subclones spread across multiple tumour regions compared to those confined to 390 

a single tumour region (Extended Figure 9f). These data are consistent with oversampling of small, 391 

spatially constrained subclones discovered in tissue samples when compared to the whole tumour 392 

mass due to detection bias, as previously described22 (Extended Figure 9g, Supplementary Note)22 393 

Refining estimates of tumour clonality from a single biopsy using ctDNA | In the TRACERx 421 394 

cohort23 a median of 12% of variants were determined to be present in all cancer cells of at least one 395 

tumour region but were absent from other regions of the tumour, therefore exhibiting a clonal 396 

illusion (Figure 4a). ctDNA may be released from several regions of the tumour and hence resolve 397 

the true subclonal nature of variants displaying a clonal illusion tracked from a single standard of 398 

care biopsy. In 71 patients with high subclone sensitivity samples available preoperatively, plasma-399 

based CCFs of clonal illusion variants were lower compared to variants ubiquitous across all tumour 400 

regions (Wilcoxon test, P<0.001, Figure 4a) and plasma CCFs could predict clonal illusion with an AUC 401 

of 0.81 (95% CIs: 0.79-0.82, Extended Figure 9h). These data show that pre-operative ctDNA is 402 

derived from many different primary tumour regions and suggests that collection of plasma 403 

alongside a single tumour biopsy can overcome sampling bias, potentially increasing accuracy of 404 

future ITH-based clinical biomarkers such as clonal tumour mutation burden (a potential biomarker 405 

of immune checkpoint inhibitor efficacy)24,25. 406 

Preoperative subclones detected at high CCF forecast metastatic potential| Predicting the 407 

subclonal nature of the subsequent metastatic recurrence at the time of surgery could inform 408 

precision adjuvant therapies against subclone(s) driving subsequent disease relapse. In 26 relapsing 409 

NSCLC patients with high subclone sensitivity samples available both pre- and postoperatively, 410 

primary tumour subclones detected in postoperative cfDNA displayed significantly larger CCFs in 411 
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plasma samples taken prior to surgery when compared to subclones that were not detectable 412 

postoperatively (Wilcoxon test, P<0.0001, Figure 4b). These metastatic subclones tended to expand 413 

further at relapse (Wilcoxon test P=0.027). This result indicates that primary tumour subclonal 414 

expansion measured non-invasively using ctDNA is associated with metastatic potential, 415 

complementing results in our companion manuscript26 which show metastatic subclones are larger 416 

and more often spread across primary tumour regions compared to subclones which do not 417 

metastasise.  418 

Identification of complete clonal sweeps at recurrence | In 18/42 (43%) patients with a high 419 

subclone sensitivity postoperative plasma sample available, we estimated that subclones tracked 420 

from the surgically resected tumour had undergone a complete clonal sweep at recurrence, where a 421 

subpopulation of cells expands to become clonal across all tumour sites (see methods). This 422 

phenomenon led to increased clonal tumour mutation burden (median 14% increase; Extended 423 

figure 10 a-b) and increased clonal neoantigen burden at recurrence (median of 11% increase; 424 

Extended figure 10c) which we have previously linked to the efficacy of immunotherapy24. Only 3/18 425 

patients contained a known subclonal driver involved in the clonal sweep including mutations in 426 

SMARCA4 (p.D881A & p.G1194E), KMT2D (p.G4182), CTNNB1 (p.S37C) and an amplification in 427 

MDM4. 428 

Non-invasive characterisation of metastatic seeding patterns | Comprehensive tissue sampling is 429 

challenging in the early-relapse setting, particularly when more than one metastatic site is involved. 430 

44% of relapse patients had a tissue sample obtained at relapse in our cohort however we obtained 431 

high subclone sensitivity samples at relapse in 61% of relapse patients with a mean of 2.0 such 432 

samples per patient. 38% of patients had high subclone sensitivity samples at relapse but lacked a 433 

relapse tissue sample (Extended Figure 10d). In 26 patients with both high subclone sensitivity 434 

postoperative plasma and recurrence tissue sampled, we found high concordance between 435 

subclones detected in recurrence tissue and postoperative cfDNA samples (98% sensitivity for 436 
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relapse tissue subclones (50/51) which were tracked in primary tumour informed cfDNA panels, 437 

Extended figure 10e-f). Additional subclones detected in ctDNA, but absent from relapse tissue were 438 

found in 6/26 patients (20 subclones), which may have evaded tumour biopsy detection due to 439 

under-sampling of metastatic sites at relapse (Supplementary Note). This is consistent with our 440 

companion manuscript26 which suggests a single metastatic biopsy is not sufficient to confidently 441 

capture the metastatic seeding events. While we have previously published methods for detecting 442 

subclones present in cfDNA at relapse5, calculation of subclone CCFs along with increased fraction of 443 

tracked subclones and increased subclone detection sensitivity allowed for estimation of seeding 444 

patterns from the primary tumour to relapse using ctDNA (Supplementary Note 1). Tumours were 445 

categorised by the number of relapse-seeding clones (monoclonal = 1, polyclonal = >1) and relapse 446 

seeding phylogenetic tree branches (monophyletic = 1, polyphyletic = >1, see Figure 1a, methods). 447 

Longitudinal plasma- and tissue-based clonal composition estimates from surgery to relapse are 448 

presented for 44 patients with high subclone sensitivity plasma at relapse (methods) alongside 449 

clonal composition measurements from matched tissue samples (Figure 5a, Extended figure 1). We 450 

found an increased frequency of polyclonal relapse seeding when using cfDNA compared to 451 

metastatic biopsy whole exome sequencing data, driven by detection of cfDNA-unique subclones 452 

(10% polyclonal using tissue versus 24% polyclonal using cfDNA, in the 22 high subclone sensitivity 453 

plasma and relapse tissue matched patients where phylogenetic trees could be built, Extended 454 

figure 10g). Overall, 31/44 recurrent tumours were defined as monoclonal and 13/44 as polyclonal 455 

(4 polyclonal monophyletic and 9 polyclonal polyphyletic). Shorter OS from study registration and 456 

from the first MRD positive timepoint was observed in patients exhibiting polyclonal dissemination 457 

versus monoclonal dissemination (Figure 5B, post-registration OS: HR=4.07, 95% CIs=1.82 to 9.07, 458 

Extended figure 10h: post-MRD OS, HR 4.09 95% CIs = 1.88 to 8.89; univariable cox regression, 459 

N=44). OS from registration remained significant after adjustment for maximum postoperative clonal 460 

ctDNA level,pathological stage at surgery, histology and pre-operative ctDNA detection in a 461 

multivariable cox regression model (HR=3.25, 95% CIs=1.21-8.74, Extended Figure 10i). 462 
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Longitudinal tracking of clonal evolution | We addressed whether high resolution tumour informed 463 

phylogenetic tracking could detect changes in subclonal composition through adjuvant and post-464 

recurrence treatment, which may represent therapy-induced shifts in selection pressure. We 465 

observed several shifts in clonal composition in CRUK0484 concurrent with treatment (Figure 5C, 466 

Supplementary Note) including extinguishing of a subclone present in more than half of tumour cells 467 

after surgery (represented in red) during adjuvant chemotherapy, and expansion of a minor 468 

subclonal lineage (represented in light green) during post-recurrence immunotherapy treatment 469 

which eventually outcompeted a parallel lineage represented in dark green). It's also notable that, 470 

despite three relapse tissue biopsies at different timepoints and metastatic sites, the dark green 471 

subclone, dominant in ctDNA after adjuvant therapy, was not detected in post-surgical tissue 472 

samples but only in a surgically excised lymph node. In CRUK0050 we observed a rapid increase in 473 

clonal ctDNA levels at D876, following treatment of recurrent lung disease with cytotoxic 474 

chemotherapy (docetaxel and nintedanib, Figure 4d). A multi-modal distribution of clonal variant 475 

allele frequencies (VAFs) was observed in plasma, which suggested 59/130 clonal mutations had 476 

altered their copy number state compared to samples taken at surgery (methods) including evidence 477 

for amplification of an oncogenic KRAS G12R mutation (84% VAF). This suggests the expansion of a 478 

new subclone during treatment, not directly tracked by our panel, which harboured significant 479 

chromosomal instability.  480 

 481 

In summary, we found that chromosomal instability, copy-number aberration and upregulation of 482 

proliferation related transcriptional pathways associate with preoperative ctDNA detection in early-483 

stage lung adenocarcinoma, providing a molecular rationale for our observations regarding ctDNA 484 

detection and poor clinical outcomes in this histological subtype. We demonstrated that 485 

preoperative ctDNA detection in adenocarcinoma associates with clinically occult mediastinal 486 

disease, with implications for planning extent of mediastinal surgical resection and administration of 487 

postoperative radiotherapy. These findings suggest that management of early-stage 488 



adenocarcinomas deemed high-risk based on ctDNA detection is inadequate, with innovation 489 

urgently needed. Measurements of clonal structure in low tumour content ctDNA using ECLIPSE 490 

overcame tissue sampling bias to refine estimates of clonal structure, identified subclones with 491 

metastatic potential prior to surgery and, in combination with multiregion primary tumour 492 

sequencing, characterised polyclonal relapse seeding patterns which were associated with poor 493 

clinical outcomes.  494 

ctDNA detection in the post-curative intent therapy setting forecasted impending NSCLC relapse, 495 

agreeing with prior findings3–6,27–29. Landmark MRD analysis was performed (analyses of plasma 496 

samples donated within 120 days of surgery)4,21. Landmark samples were ctDNA positive in 45% of 497 

patients experiencing NSCLC relapse, these patients were more likely to be higher stage at diagnosis 498 

and experience early-NSCLC relapse within the first postoperative year. Through 3 to 6 monthly 499 

plasma sampling for up to 5 years, we demonstrate the importance of longitudinal ctDNA 500 

surveillance given the identification of impending disease relapse in 22% of landmark negative 501 

patients, following up to 9 ctDNA negative plasma samples. Emergence of ctDNA during surveillance 502 

may reflect low-burden metastatic disease initially shedding ctDNA quantities below the AMP-PCR 503 

assay limit of detection (~95% sensitivity at 0.008% ctDNA level in high-cfDNA input [>30ng] 504 

samples). Landmark ctDNA detection rates will likely increase with next-generation MRD assays 505 

demonstrating ctDNA limits of detection approaching 1 part per million30,31,32,33. The degree of 506 

clinical impact conferred by improved assay sensitivity will require assessments of these 507 

technologies in large patient cohorts. Through annotation of postoperative ctDNA data with 386 508 

radiological extracranial surveillance scans, we frequently observe ctDNA detection prior to scans 509 

showing indeterminate changes eventually manifesting as disease recurrence. This suggests that a 510 

postoperative ctDNA positive status may increase physician confidence to intervene definitively 511 

(with radiotherapy or ablation) at equivocal radiological sites.  512 
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Prior publications have used high tumour purity ctDNA samples (>10%) to profile tumour 513 

clonality34,35,36. However such samples are rare10, comprising only 9% of ctDNA positive samples from 514 

14/145 (10%) ctDNA detected patients in this study. ECLIPSE, combined with AMP-PCR, enabled an 515 

estimated 94% detection sensitivity for 20% CCF subclones in plasma samples with only 0.1% tumour 516 

content, providing inferences of clonal structure in the majority of ctDNA positive plasma samples in 517 

this study (64% of ctDNA positive samples were ECLIPSE evaluable). Our tumour-informed approach, 518 

however, was not able to extract clonality of novel variants in plasma and was unable to accurately 519 

assess clonality in plasma samples with <0.1% tumour content, suggesting deeper sequencing and 520 

increased variant tracking may further improve the applicability of ECLIPSE. We demonstrate at scale 521 

that ctDNA can sample clonal structure from multiple different surgically excised tissue sites and 522 

capture additional heterogeneity at relapse when compared to analysis of relapse tissue samples. 523 

Despite this, two thirds of patients who suffered disease recurrence still harboured only one ctDNA-524 

detectable metastasising primary tumour subclone (monoclonal metastatic dissemination).  Low 525 

ctDNA levels and incomplete primary tumour sampling may limit detection of additional 526 

dissemination events however. We observed a more aggressive disease course in patients with 527 

multiple metastatic dissemination events (polyclonal metastatic dissemination) suggesting that 528 

heterogeneity in the seeding population may provide an increased ability for Darwinian adaptation 529 

to different metastatic niches, driving more rapid disease spread. However a requirement for 530 

multiregional primary tumour sequencing currently limits the feasibility for measurements of 531 

metastatic dissemination patterns using our approach in a real-world clinical setting.    532 

MRD assessment through ctDNA is poised to change (neo)adjuvant trial design, and intervention 533 

with curative intent for radiological equivocal lesions. Measurements of subclonal expansion in 534 

plasma before surgery may allow prediction of future metastatic subclones, offering the possibility 535 

for early intervention and suggesting new routes for biomarker development to target and eradicate 536 

such clones months or even years prior to relapse.  537 
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 539 

Main Figure legends 540 

Figure 1| A. ctDNA Analysis Approach: Multi-region tumour exome data is used to generate a 541 

phylogenetic representation of a patient’s primary tumour where clonal mutations (mutations 542 

present in all cancer cells) are represented by the red cluster and subclonal mutations (mutations 543 

present in only a subset of cells) are represented by the light blue, dark blue, green and yellow 544 

clusters. Bi-directional primers are synthesised to amplify genomic regions containing mutations 545 

identified through the multi-region tumour sequencing data with the aim to target mutations from 546 

all clusters. Unique molecular identifiers (UMIs) are incorporated into amplified DNA. Only deep 547 

consensus reads (reads supported by 5 or more duplicate reads based on UMI-deconvolution) are 548 

used to detect ctDNA. The position of interest where a mutation is expected (shown here as a G>T 549 

mutation) is then evaluated. The position is considered for ctDNA calling if there is no evidence of 550 

strand bias (that is variant bases are noted on both positive and reverse reads), no evidence of 551 

sequencing bias (variant bases are noted across both read 1 and read 2 during next-generation 552 

sequencing) and both forward and reverse primers are functioning. Alongside evaluating the 553 

position of interest the MRD caller evaluates background sequencing positions from the targeted 554 

variants and background sequencing positions from primers targeting 45 germline SNP primers (e.g., 555 

the TCG region highlighted in the figure). Any base errors observed in background reads are summed 556 

based on their trinucleotide context. Trinucleotide contexts with an upper 99% binomial confidence 557 

interval less than 0.01% (error rate confidently below 0.01%) are used for ctDNA calling. Passed 558 

variants are subsequently evaluated by an outlier filter, if there are 3 or less outlier variants these 559 

are removed from the ctDNA calling algorithm. For calling the presence or absence of ctDNA (panel-560 

wide MRD caller) all positions targeted by a panel are analysed and a one-sided Poisson test is 561 

performed to determine whether the observed number of error-corrected alternate reads deviates 562 



from the background error encountered by a panel. For individual subclones a subclonal caller 563 

evaluates the presence or absence of ctDNA on a per-subclonal cluster basis, this information is 564 

integrated with primary-tumour informed cancer cell fraction (CCF) estimates made through ctDNA 565 

analysis at relapse using the ECLIPSE tool (see methods) to categorise the lung cancer relapse 566 

process as either monoclonal (a single clone seeding the metastasis), polyclonal monophyletic 567 

(multiple clones seeding metastasis from a single branch of the primary tumour phylogenetic tree) 568 

or polyclonal polyphyletic (multiple clones seeding metastasis from multiple primary tumour 569 

branches of the phylogenetic tree). ECLIPSE is also able to detect the presence of a clonal sweep 570 

whereby a subclone achieves 100% CCF at recurrence. B. Heatmap summarising preoperative ctDNA 571 

analyses in 189 TRACERx patients with a single (non-synchronous) primary tumour diagnosed at 572 

enrollment. Cases are split by three histologies, adenocarcinoma, squamous cell carcinoma and 573 

other histological subtypes. The top row of the heatmap reflects the smoking pack-year history 574 

assigned to that patient. The N2 upstaging row demonstrates patients who were clinically staged 575 

with N0 (no lymph node involvement) or N1 (hilar) lymph-node involvement but after surgery were 576 

upstaged to N2 disease (mediastinal lymph node involvement, coloured dark blue), patients who did 577 

not undergo pathological mediastinal lymph-node examination are coloured grey. The pTNM row 578 

describes TNM version 7 tumour stage based on pathology examination of the excised tumour. The 579 

tumour volume row represents computed tomography measurements of tumour volume (grey fill 580 

indicates tumour volume unevaluable cases). The ctDNA detected row represents whether an MRD 581 

positive call was triggered based on the MRD Algorithm P-value cut-off of 0.01 defined in Extended 582 

figure 2. The ubiquitous/clonal and heterogenous/subclonal variant bar charts demonstrate the 583 

number of mutations in each patient’s panel being interrogated, if black the mutation was 584 

undetected (based on a per variant P value >0.01), if red the mutation was filtered by the MRD caller 585 

and if blue the mutation was detected. The subclone detection (CCF >0.1 in tissue) barchart 586 

represents the proportion of subclones with cancer cell fractions more than 10% tracked by ECLIPSE 587 

that are detected in preoperative plasma. The clonal ctDNA level per patient is shown in the bottom 588 



row of the heatmap. Patients with 0% clonal ctDNA level are given a white color in this row. C. 589 

Kaplan Meier curves demonstrating overall survival outcomes in ctDNA high (dark red), ctDNA low 590 

(blue)  and ctDNA negative (grey) single primary adenocarcinoma patients (left) and single primary 591 

non-adenocarcinoma patients (right). ctDNA high and low was categorised based on median clonal 592 

ctDNA levels across ctDNA positive cases and relates to above and below 0.16%. Log-rank P values 593 

are displayed on each plot alongside hazard ratios (HRs) that use ctDNA high patients as the 594 

reference category. 595 

Figure 2| Genomic and transcriptomic predictors of ctDNA detection in early-stage NSCLC. A. 596 

Differential gene expression analysis comparing 106 tumour regions from 35 ctDNA positive 597 

adenocarcinomas to 74 tumour regions from 32 ctDNA negative low-shedder adenocarcinomas X-598 

axis shows fold change as difference in means on log2 scale (LogFC). Red indicates significantly over-599 

expressed in ctDNA positive adenocarcinomas (n = 932 genes), blue indicates significantly over-600 

expressed in ctDNA negative low-shedder adenocarcinomas with technical non-shedders excluded (n 601 

= 939 genes). Top 15 differentially expressed genes are labelled. B and C. Reactome pathway 602 

enrichment analysis based on the 1,871 significant genes found in A) (n = 932 for ctDNA positives 603 

and n = 939 for ctDNA negatives). X-axis shows the proportion of genes involved in the pathway, Y-604 

axis notes the significantly enriched pathways. B) shows the top 15 enriched pathways in ctDNA 605 

positive patients, C) displays the only significantly enriched pathway in ctDNA negative patients. Size 606 

of points represents the number of genes included and the colour shows the FDR adjusted p-value. 607 

D. Differential enrichment analysis based on the Hallmark gene-sets.  Samples, axes and colours 608 

follow A). All significantly enriched pathways are labelled. E. ORACLE gene expression scores in 609 

ctDNA positive (n = 115 tumour and lymph node regions sampled from 35 patients) versus ctDNA 610 

negative (n = 101 tumour and lymph node regions sampled from 46 patients) adenocarcinomas. All 611 

data points are displayed. Centre lines represent the medians.   F, G. Violin-boxplots showing the 612 

wGII (F) and FLOH (G) levels of ctDNA positive adenocarcinomas (37 patients, 177 tumour and lymph 613 

node regions), ctDNA negative low-shedder adenocarcinomas (33 patients, 97 tumour regions) and 614 



squamous or other carcinomas (79 patients, 322 tumour and lymph node regions). All data points 615 

are displayed. Boxplot centre lines represent the median, p-values are FDR-adjusted. H, I. GISTIC 616 

score analysis. Red indicates amplifications, blue indicates deletions, grey indicates non-significant 617 

values. Y-axis shows the adjusted p-value and X-axis shows the GISTIC score difference. All significant 618 

alterations are labelled. Alterations are considered significant when the GISTIC score difference 619 

exceeds 0.5 and the adjusted p-value is below 0.05, cutoffs are denoted with dotted lines.  620 

Figure 3| Postoperative Minimal Residual Disease detection in early-stage NSCLC. A-D. 621 

Longitudinal data from patients with (A) no evidence of non-small-cell lung cancer (NSCLC) 622 

recurrence, n=45 and 371 pre- and postoperative plasma samples; (B) development of a second-623 

primary cancer, n=21 and 176  pre- and postoperative plasma samples; (C) recurrence of NSCLC in 624 

landmark positive patients, n=25 patients and 138 pre- and postoperative plasma samples (D) 625 

recurrence of NSCLC in landmark negative patients, n=31 patients and 227 pre- and postoperative 626 

plasma samples and (E) recurrence of NSCLC in landmark unevaluable patients, n=19 patients and 627 

101 pre- and postoperative plasma samples. and In all plots each circle represents a cfDNA sampling 628 

time point. The circles to the left of day-0 are preoperative timepoints from when the patient’s 629 

tumour was still in-situ. The circles to the right of day-0 are taken following surgical excision of the 630 

primary NSCLC. If the circle is colored dark it reflects positive ctDNA detection. The light blue 631 

rectangles represent whether a patient received chemotherapy, the dark blue rectangles represent 632 

whether a patient received radiotherapy and the orange rectangles if a patient received post-633 

recurrence surgery. The triangles represent standard of care postoperative CT, PET or MRI imaging 634 

classified as no disease (grey) equivocal images (yellow) or unequivocal imaging evidence of 635 

extracranial relapse (red). Light green triangles represent no evidence of intracranial relapse, dark 636 

green triangles indicate intracranial relapse. The vertical black lines represent the event date for a 637 

patient (if events such as death, second-primary, NSCLC recurrence occurred) otherwise the vertical 638 

line represents the TRACERx follow-up censorship date for that patient. Crosses represent patient 639 

death events. To the left of the panels the annotation plots highlight histology, pTNM (pathological 640 



tumour node metastasis) status, relapse site and details regarding whether an intracranial relapse 641 

was isolated (brain-only) or non-isolated (brain and extracranial site). 642 

Figure 4| Clonality measurements in preoperative plasma overcome sampling bias from a single 643 

tissue sample and predict metastatic seeding potential. A. Depiction of a clonal illusion where a 644 

dark blue subclone is found in 100% of cells in a single clinical tissue sample. Such clonal illusion 645 

mutations may be detected in a clinical setting using ctDNA derived from many different tumour 646 

regions to increase accuracy of ITH measurements in the clinic. Mutations which were clonal (CCF > 647 

90%) in a single, randomly selected tumour region are compared using plasma-based preoperative 648 

CCFs splitting by those truly clonal across all tumour regions in TRACERx (clonal) and those which, 649 

while they were clonal in the randomly selected region, were absent from other tumour regions 650 

(Clonal illusion). Only data from a single randomly selected region was used by ECLIPSE to generate 651 

these CCFs. Only preoperative samples with at least 0.1% clonal ctDNA level (high subclone 652 

sensitivity samples) were included (N=71)  B. Preoperative plasma subclonal CCFs split by whether a 653 

given subclone was found to be present or absent in cfDNA samples at relapse and postoperative 654 

plasma CCFs for relapse subclones at the last high subclone sensitivity timepoint. Only tumours with 655 

at least one sample >0.1% clonal ctDNA level (high subclone sensitivity) both preoperatively and 656 

postoperatively were included (N=26 tumours with CCFs from 247 subclones included).  657 

Figure 5| Longitudinal measurements of clonal evolution in plasma from surgery, through therapy 658 

and to recurrence. ctDNA purity for each clone is calculated by multiplying the clone CCF by the 659 

ctDNA purity of the plasma sample (methods) and represents the fraction of all cells from which 660 

cfDNA was derived which harbour a given tumour clone at each timepoint. Clonal nesting is based 661 

on the phylogenetic tree for each tumour. Clone maps for each tumour tissue mass are depicted 662 

above the ctDNA based clonal structure with the phylogenetic tree.  A. Depictions of longitudinal 663 

tumour evolution for examples of monoclonal, polyclonal monophyletic and polyclonal polyphyletic 664 

metastatic dissemination patterns. B. A kaplan meier plot depicting differences in overall survival 665 



between metastatic dissemination classes (N= 44 tumours with at least 1 high subclone sensitivity 666 

sample ).  C. CCFs depicted through time and therapy for CRUK0484 who had a polyclonal 667 

polyphyletic relapse. E. Variant allele fractions for mutations tracked in CRUK0050 at recurrence. 668 

NAG = Neoantigen. 669 

Extended figure Legends: 670 

Extended figure 1| TRACERx ctDNA cohort parameters – A. Stacked bar plot of patient specific 671 
panels designed from primary tumour sequencing data showing the number of clonal (red) and 672 
subclonal (mauve) variants per panel. Variants lacking clonality information are displayed in gray 673 
(median of 3 variants per patient [1-20], these mutations are either no longer called by TRACERx or 674 
called by ArcherDx but not TRACERx, see methods) A median of 126 clonal variants (range 21 to 195) 675 
and 64 subclonal variants (range 2 to 174) were tracked by the patient specific panels. Clonality was 676 
determined by PyClone analyses of multi-region exome data (see methods), in the absence of 677 
PyClone data, variants present in all multi-region sequenced tumour samples were called clonal. B. 678 
Violin plot demonstrating the % of subclonal clusters derived from multi-region tumour exome data 679 
tracked by patient specific panels on a per patient basis, a median of 88% of the subclonal mutation 680 
clusters present in each patient’s multi-region exome derived phylogenetic tree were tracked [range 681 
0-100]. 191 tumours with phylogenetic trees were included. C.Distribution of cfDNA input values for 682 
the cohort, median input of 23ng, n=1069 samples. Capping at 60ng input was performed for some 683 
of the cohort, for the remainder of the cohort all cfDNA extracted was input into assay (colours 684 
represent different cfDNA input categories and match panel h. D. Histogram demonstrating the 685 
distribution of per variant unique coverage values across the cohort, unique coverage refers to 686 
error-controlled coverage (at least 5 unique molecular identifier (UMI) matched reads required to 687 
create an error-controlled read, see methods). The median unique coverage per-variant was 2226x 688 
(range 0 to 53789x, n=201910 variants). E.Correlation between cfDNA input (Y axis) into the assay 689 
and the median UMI-corrected depth across 1069 plasma timepoints (Y-axis). Spearman’s R value = 690 
0.63 and P value <0.001. F-G. Boxplots demonstrating the error-rates (%, y axis) per each of 96 691 
mutation trinucleotide contexts (X axis, 192 mutation trinucleotide contexts simplified to 96 reverse-692 
complement identical mutation types), plots divided by transition event (F) and transversion event 693 
(G); background position data from n=1069 cell-free DNA libraries utilised to generate plots, variants 694 
predicted to exhibit low background error-rates from pilot data analyses were prioritised for PSP 695 
design. Hinges correspond to first and third quartiles, whiskers extend to the largest/smallest value 696 
no further than 1.5x the interquartile range. H. Correlation between median deduplication ratio 697 
achieved in a sample (y axis) and cfDNA input into the assay (X axis), duplication ratio refers to the 698 
median number of duplicate UMI-supported reads within a read family. Resequencing of samples 699 
where the median duplication ratio was less than 10 was performed where possible to maximise 700 
recoverable information from cfDNA samples, given that 5 UMI-supported reads are required to 701 
make a UMI family. 17 of 1069 evaluated cfDNA samples exhibited a final median deduplication ratio 702 
less than 5 (corresponds to the horizontal line on the plot). Colours correspond to different cfDNA 703 
input categories and match panel C. 704 

Extended figure 2| MRD calling thresholds and analytical validation A. postoperative MRD caller P-705 
values observed in n=5 patients who did not have recurrence of their NSCLC, all n=55 samples had P-706 
values in excess of P 0.1 threshold meaning that they were deemed negative for ctDNA. B. 707 



postoperative ctDNA caller P-Values observed in n=5 patients who had relapse of their NSCLC, 1 of 708 
13 calls was made between MRD P values of 0.1 and 0.01, the remaining 12 calls were made at a P-709 
value less than 0.01. C. preoperative ctDNA calls from n=10 pilot cohort, 7 patients had positive 710 
ctDNA in plasma prior to surgery, all calls were made at a P-value <0.01. D. In-silico simulation 711 
analysis to assess ctDNA caller specificity, 3157 mock MRD panels were generated within the 712 
evaluable pilot patient libraries and ctDNA caller P-values assessed. At a P-Value <0.1 threshold 713 
121/3157 simulated mock panels were ctDNA positive (in-silico specificity of 96.2%) at a P-Value 714 
<0.01 22/3157 simulated mock panels were ctDNA positive (in-silico specificity of 99.3%). E. 715 
Analytical validation of 50-variant MRD detection panel (representative of a clinic-ready Anchored 716 
Multiplex PCR Personal Cancer Monitoring assay). Fragmented DNA with a known single nucleotide 717 
polymorphism (SNP) profile was spiked into a second background of fragmented DNA with a 718 
different SNP profile and a 50- variant candidate patient specific panel was designed targeting 50 719 
alternate positions in the spiked in DNA. 559 data points were generated across 8 different DNA 720 
input quantities to establish the limit of detection plots. The vertical axis demonstrates sensitivity 721 
(defined as the proportion of all repeats that resulted in MRD detection using an alpha of 0.01). The 722 
confidence intervals on the plot are Clopper-Pearson confidence intervals (95% Cis), the horizontal 723 
axis shows the quantity of variant germline DNA that was spiked into each repeat expressed as a 724 
percentage of total DNA in that sample. F. Circulating tumour DNA samples with high variant allele 725 
fractions were spiked into a different cell free DNA background, 3 different total cell free DNA inputs 726 
were analysed (10ng, 25ng and 60ng) using 50 variant MRD detection panels. Axis are the same as 727 
(E). G. Data from analyses of 48 blank samples donated by healthy participants, MRD algorithm P-728 
values are displayed. H. Barplot demonstrating the intended allele frequencies and the measured 729 
allele frequencies in the different spike-ins presented in part E) and part F), only data from ctDNA 730 
positive samples presented. The colors of the barplot represent different DNA input masses as 731 
shown by the legend. The error bars on the plot represent the mean value of all positive spike-in 732 
samples plus/minus the standard deviation of the values. Where the error bar is absent this is 733 
because at this spike-in level and DNA input mass only one positive sample was observed, where the 734 
error bar led to an observed mean AF less than 0 the error bar was stopped at 0 for visualisation 735 
purposes in the 0.05% spike-in, 2ng input mass case. The horizontal dashed lines correspond to 736 
0.1%, 0.05% and 0.01% spike-in categories. I. Comparison between the content of cell-free DNA 737 
input into ddPCR reactions (yellow) and AMP PCR reactions (blue) – significantly more cell free DNA 738 
was input into ddPCR reactions (paired Wilcox test P=0.014). J. Orthogonal comparison between 739 
ctDNA detection based on AMP-PCR panels used in TRACERx and ddPCR against a single clonal 740 
variant. ddPCR ctDNA positive call threshold was two mutant droplets (left table) and 1 mutant 741 
droplet (right table). Percentage positive agreement (PPA) and percentage negative agreement 742 
(NPA) using ddPCR as the comparator is displayed on the table. 743 

Extended figure 3| Preoperative ctDNA detection A. Flow diagram demonstrating different cohorts 744 
analysed in this manuscript, the top part of the flow diagram shows the total number of plasma 745 
samples that were intended to be analysed (n=1095 from 197 patients) which reduced to 1069 746 
samples due to single nucleotide polymorphism mismatches between cfDNA and tissue exome data 747 
in 26 cases suggesting sample swap. These samples were analysed in 3 main cohorts, the pilot cohort 748 
(left), the preoperative cohort (middle) and the postoperative cohort (right). The postoperative 749 
cohort was divided into different categories based on landmark evaluability (relating to samples 750 
donated within 120 days of surgery to enable a landmark ctDNA analysis). Below the preoperative 751 
and postoperative cohorts the number of ECLIPSE evaluable patients are demonstrated. B.Heatmap 752 
demonstrating tumour specific clonal ctDNA fractions in patients with synchronous primaries 753 
diagnosed at baseline. The annotation rows of the heatmap show the ctDNA call present in that 754 



sample across all variants interrogated by the MRD caller, the highest pathological TNM stage, the 755 
individual histology and individual tumour volumes of the two synchronous tumours present at 756 
baseline. C. Boxplot demonstrating the difference in pack-year history across all 197 preoperative 757 
ctDNA positive NSCLC patients and preoperative ctDNA negative NSCLC patients. Hinges correspond 758 
to first and third quartiles, whiskers extend to the largest/smallest value no further than 1.5x the 759 
interquartile range. D.  Kaplan Meier curves demonstrating freedom from recurrence outcomes in 760 
ctDNA high (dark red), ctDNA low (blue)  and ctDNA negative (grey) single primary adenocarcinoma 761 
patients (left) and single primary non-adenocarcinoma patients (right). ctDNA high and low was 762 
categorised based on median clonal ctDNA levels across ctDNA positive cases and relates to above 763 
and below 0.16%. Log-rank P values are displayed on each plot alongside hazard ratios (HRs) that use 764 
ctDNA high patients as the reference category. Freedom from recurrence refers to lung cancer 765 
relapse events only. E. Multivariate cox regression analyses of Overall Survival and freedom from 766 
recurrence (defined as recurrence only) in patients with single (non-synchronous) NSCLC, evaluating 767 
ctDNA detection status, pTNM stage (tumour Node Metastasis pathological stage version 7, 768 
categories I, II or III), whether adjuvant therapy was administered, age and log10-transformed 769 
unique sequencing depth as predictors in adenocarcinomas and non-adenocarcinomas separately. F. 770 
Heatmap showing the site of relapse in NSCLC cases divided by whether preoperative ctDNA was 771 
detected (right) or undetected (left). Intrathoracic (mediastinum, locoregional, ipsilateral lung, 772 
distant lung – red colors) or extrathoracic (bone, brain, liver, adrenal, extrathoracic lymph-nodes or 773 
other extrathoracic site – dark blue colors) sites of relapse are shown (sites shown are metastatic 774 
sites diagnosed within 180 days of clinical relapse).  Heatmap is annotated by tumour Node 775 
Metastasis pathological version 7 stage, histology and is divided by ctDNA detection outcome. This 776 
heatmap demonstrates that patients with preoperative ctDNA detection are more likely to suffer an 777 
extrathoracic relapse. G. Kaplan Meier curves demonstrating post-relapse survival in recurrent 778 
adenocarcinoma patients stratified by whether they were preoperative ctDNA positive (red) or 779 
preoperative ctDNA negative (grey).Log-rank P values are displayed on each plot alongside hazard 780 
ratios (HRs) that use ctDNA negative  patients as the reference category.  781 

Extended figure 4|Volume and phenotypic analysis of  ctDNA positive and ctDNA negative 782 
adenocarcinomas - A. Flow chart demonstrating patients available for volumetric analyses and 783 
reasons for exclusion. B. Histogram showing number of NSCLC cases by volume, with ctDNA positive 784 
samples shown as red bars, and ctDNA negative samples shown as grey bars. n=159 volume 785 
evaluable cases. C. Correlation plot with each individual TRACERx case that was ctDNA positive as a 786 
dot and coloured by adenocarcinoma status (dark red) and squamous or other histology (dark blue). 787 
D. Based on a multivariable linear regression model fitted to the data in C) (see methods), we 788 
categorised ctDNA negative adenocarcinomas as biological low-shedders or technical non-shedders, 789 
if tumour volume predicted for a clonal mutation ctDNA level above the clonal ctDNA level a library 790 
could detect (95% lower confidence interval for estimated clonal ctDNA level based on tumour 791 
volume is above detectable clonal ctDNA level the preoperative cfDNA library from that patient case 792 
classed as a probable biological low-shedder (red on histogram) otherwise the case was classed as a 793 
probable technical non-shedders (blue on histogram). Y axis represents the lower 95% confidence 794 
estimate for clonal mutation ctDNA level divided by the minimally detectable clonal mutation ctDNA 795 
level for that patient's panel. The X axis is each individual patient analysed. E. Violin box-plots 796 
comparing tumour purity in ctDNA low-shedder adenocarcinomas (blue, n = 97 tumour regions from 797 
33 patients) and ctDNA positive adenocarcinomas (red, n = 177 tumour and lymph node regions 798 
from 37 patients).  F. Barplots showing gene-level driver alterations between ctDNA positive 799 
adenocarcinomas (n = 41 patients) and ctDNA negative low-shedder adenocarcinomas (n = 36 800 
patients). Colors denote ctDNA detection status. Y axis shows the top 12 most frequently altered 801 



genes, X-axis shows the percentage of patients carrying an alteration in the gene per detection 802 
category. G. Pathway-level driver mutations between ctDNA positive adenocarcinomas (n = 41 803 
patients) and ctDNA negative low-shedder adenocarcinomas (n = 36 patients). X axis shows patient 804 
IDs, Y axis shows pathways following the Sanchez-Vega definition. Top bar denotes ctDNA detection 805 
status (dark red represents ctDNA positives, blue represents biological low-shedders). Heatmap 806 
colours display mutations, blue denote clonal mutations and red denote subclonal mutation. No 807 
pathway showed significant enrichment in either ctDNA shedder or non-shedder adenocarcinomas. 808 
H. Genome doubling status per tumour comparing ctDNA positive adenocarcinomas to ctDNA 809 
negative low-shedder adenocarcinomas. Yellow represents the number of tumours subjected to 810 
genome doubling in at least one region, turquoise represents tumours without any genome 811 
doublings. I. Volume by ctDNA shedding status. Biological non-shedders in red represent the 812 
smallest quartile samples. After removal of these from the analysis no significant difference in tumor 813 
volume was found between ctDNA positive and ctDNA low-shedder. J. Venn diagram showing the 814 
overlap between significantly differentially expressed genes between ctDNA positive and ctDNA low 815 
shedder adenocarcinomas obtained from the full dataset, relative to the volume-adjusted dataset. K. 816 
Venn diagram showing the overlap between significantly altered cytobands as called by GISTIC, 817 
comparing ctDNA positive to ctDNA low shedder adenocarcinomas obtained from the full dataset, 818 
relative to the volume-adjusted dataset.  819 

Extended figure 5| Exploration of unexpected MRD positive results in non-relapse patients. A) 820 
Table demonstrating details of unexpected ctDNA positive results in patients who did not suffer 821 
disease recurrence. B. These dot-plots represent confidently detected individual variants at pre (day-822 
0) and postoperative cfDNA sampling timepoints (left) or various normal, control and Peripheral-823 
blood mononuclear cell (PBMC) samples (middle) and tumour tissue mutant allele frequencies (right) 824 
from patient CRUK0498. Notably MRD calls were made at 8 of 9 timepoints in this patient yet they 825 
did not recur from their NSCLC. The four variants in the legend (variants in genes ATP2C1, DDIT4L, 826 
EYS and TUSC3) represent variants confidently called at 50% or more of timepoints across the cfDNA 827 
samples (note that confidently called means an individual variant Poisson p-value of <0.01) - these 828 
variants are also detected across the normal and PBMC DNA samples from the same patient (but not 829 
control genome in a bottle DNA [GIAB], middle plot first category), suggesting that they are not 830 
tumour derived or technical artefacts and likely to be clonal haematopoietic variants, yet the 831 
variants were present at high variant allele frequencies in tumour tissues (right) C. A representative 832 
haematoxylin and eosin image from patient CRUK0498’s tumor where exome analysis detected the 833 
variants in genes ATP2C1, DDIT4L, EYS at high variant allele-frequencies. This image shows dense 834 
lymphocyte infiltration in this tumour-region again suggestive that these variants were in-fact 835 
haematopoietic in origin rather than associated with CRUK0498’s neoplasm. D. A further 21 836 
preoperative PBMC samples were analysed from TRACERx patients - no confident panel-wide variant 837 
DNA calls were made in these patients’ PBMC samples using the MRD calling algorithm. E. Variant-838 
level analyses of the 21 preoperative samples analysed in panel (D) highlighted that 13 of 3978 839 
variants interrogated by the panels were detected (variant level P value <0.01), 9 of 13 detected 840 
variants were removed from MRD caller algorithm in cell-free DNA analyses (cfDNA) due to 841 
triggering filters highlighted in the heatmap annotation, only 2 of the 4 remaining variants carried 842 
deep alternate reads in the respective patients’ preoperative cfDNA sample (red arrows). The 843 
heatmap shows the cfDNA variant allele frequency and the WBC variant allele frequency of the 844 
detected variants. Two mistargeted germline variants are highlighted for patient CRUK0296 – these 845 
variants were targeted in error by the industry panel design pipeline but not by the TRACERx exome 846 
pipeline (see methods) and were filtered from the MRD calling algorithm due to triggering the 847 
outlier filter (dao_imbalance, dark red) or the strand bias filter (dark green). 848 



Extended figure 6| Expanded postoperative ctDNA and imaging surveillance analysis. A. Dotplot 849 
analysis of 10 patients who experienced intracranial relapse, had extracranial imaging and the point 850 
of relapse to define whether the brain relapse was isolated and who were positive for ctDNA in a 851 
postoperative blood sample. The X axis shows the clonal ctDNA level at the point of postoperative 852 
ctDNA detection and the Y axis shows the day of postoperative ctDNA detection. Points are coloured 853 
based on whether the intracranial relapse was solitary (green) or accompanied by another 854 
extracranial site (red). Points are shaped by landmark ctDNA status.  B. Heatmap of clonal mutation 855 
ctDNA level data at first postoperative ctDNA detection. The annotation rows show the landmark 856 
ctDNA status of the patient (landmark positive, ctDNA detected within 120 days postoperatively; 857 
landmark negative, ctDNA negative within 120 days postoperatively; unevaluable, landmark status 858 
cannot be established), the day ctDNA was detected, the histology of the primary tumour and  lead-859 
time (time from ctDNA detection to clinical relapse, heatmap ordered based on this annotation bar) 860 
where lead time was not applicable (for example unresected disease, ctDNA detected post-relapse) 861 
lead-time is coloured grey. The next two rows (bar charts) demonstrate the number of clonal or 862 
subclonal mutations tracked by an AMP patient-specific-panel (PSP), if the bar is blue it represents 863 
confident detection of an individual variant (based on an individual variant P-value of <0.01), if the 864 
bar is black it represents absence of confident calling of a variant, if the bar is red it represents that a 865 
variant was filtered by the MRD calling algorithm. The final row represents the mean clonal ctDNA 866 
level at the first ctDNA detection time point for a patient. This is on a log-10 scale as displayed in the 867 
heatmap legend. C-D. Kaplan Meier curves in the landmark evaluable population (patients who 868 
donated blood within 120 days post-surgery before treatment or clinical recurrence, n=112/118 869 
evaluable for survival analysis) showing overall survival (OS,D) or freedom from recurrence (FFR,E) 870 
outcomes for landmark positive (dark red) versus landmark negative (grey) patients. Log-rank P-871 
values and hazard ratios with landmark negative patients as the reference displayed on curves.  E. 872 
Boxplots showing the distribution of lead-times (times from ctDNA detection to clinical recurrence) 873 
categorised by patient landmark ctDNA status. Kruskal-Wallis test P=0.036 and Wilcoxon-tests 874 
compare individual categories. F. Longitudinal per patient plots in 12 patients who were ctDNA 875 
positive prior to adjuvant therapy. Plots are annotated with lead-time (L-t), scans performed and 876 
treatment administered (see legend). The vertical axis represents clonal ctDNA levels and each 877 
square on the plot represents a blood sampling timepoint. If the square is red it indicates that the 878 
blood samples was positive for ctDNA using the MRD caller. The horizontal access displays days post-879 
surgery, samples to the left of day 0 were taken preoperatively. G. Pie charts demonstrate the 880 
number of occurrences of specified ctDNA detection statuses (red – MRD negative, green – MRD 881 
positive, blue – no ctDNA status preceding scan), preceding a scan showing no new changes (left) or 882 
new equivocal extracranial changes (middle). The MRD positive and negative categories are then 883 
broken down further into a patient-level analysis showing the outcomes of patients who 884 
experienced the occurrence of the specified imaging and ctDNA status event(s). H. Bar-chart 885 
showing the count of specific equivocal changes noted on scans showing new equivocal changes, 886 
equivocal lung lesions and lymph nodes were the most common abnormal equivocal findings on 887 
NSCLC surveillance imaging. I. Barplot of eventual site of relapse and MRD status in 34 patients with 888 
MRD status established prior to surveillance imaging showing new equivocal lymph node 889 
enlargement. The x axis shows the patient ctDNA detection status preceding surveillance scans 890 
(patient CRUK0090 exhibited occurrences of both negative and positive ctDNA statuses prior to 891 
separate equivocal lymphadenopathy scans and is present in both ctDNA positive and negative 892 
categories). The barcharts are filled with recurrence status of patients in these categories. Recurred 893 
with LN refers to lymph node involvement at relapse (dark red color). Recurred with no LN refers to 894 
recurrence with no lymph node involvement (green color). 895 



Extended figure 7| ECLIPSE methodology. A) A conceptual overview of the ECLIPSE method and 896 
data input types. CCF; Cancer Cell fraction and VAF; Variant allele fraction. B) Equation to calculate 897 
tumour purity (also termed ‘cellularity’ or ‘aberrant cell fraction’) using clonal mutations. C) Equation 898 
to calculate cancer cell fraction (CCF). Multiplicity = the number of mutated DNA copies in each 899 
mutated cell, CNt = total copy number in the tumour, CNn = total copy number in normal (non-900 
tumour) cells, VAF = variant allele fraction, P =  tumour purity (the % of cells from which the DNA 901 
was extracted which are tumour cells or cellularity).  D) Percentage change in mean multiplicity of 902 
clonal mutations comparing measurements in surgical excised tissue samples to tissue samples 903 
taken at relapse. E) A comparison between mean clonal vaf of mutations and ctDNA tumour purity 904 
as calculated by ECLIPSE where data points (samples) are coloured by the average copy number of 905 
tracked mutations (measured using tissue sequencing). Multi-tumour patients and samples with 906 
evidence of copy number of instability at relapse are excluded.   907 

Extended figure 8| Subclone detection sensitivity of ECLIPSE. A) Minimally detectable CCF for each 908 
ctDNA positive sample compared to clonal ctDNA levels for each sample. All ctDNA positive samples 909 
included (N=354). Minimally detectable CCF was calculated using the minimum number of required 910 
reads for a positive (P<0.01) clone detection call (see supplementary methods). B) Minimally 911 
detectable CCF over time for each patient with a horizontal line indicating the threshold for high 912 
subclone sensitivity samples (20% CCF). All ctDNA positive samples included (N=354). 61% of 913 
preoperative MRD positive samples were considered high subclone sensitivity and 66% of 914 
postoperative samples were considered of high subclone sensitivity (overall 64% of samples). C) A 915 
histogram of clonal ctDNA levels for all ctDNA positive samples (N=354) with vertical lines indicating 916 
thresholds for ECLIPSE evaluability and for traditional clonal deconvolution evaluability used for 917 
TRACERx tissue samples. D) A histogram of maximum clonal ctDNA levels observed in post-operative 918 
samples for each patient with vertical lines indicating thresholds for ECLIPSE evaluability and for 919 
traditional clonal deconvolution evaluability used for TRACERx tissue samples. E) Validation of 920 
ECLIPSE detection rates across varying subclonal mutation number, clonal ctDNA level, subclone 921 
cancer cell fraction and DNA input amount into the assay. Subclones were constructed using ground 922 
truth in vitro spike-in experiments in replicates with known mutant allele fractions which were then 923 
mixed in silico to construct 76,263 subclones varying across these parameters. Data from these 924 
experimentally derived subclones were then run through ECLIPSE and subclone detection rates 925 
across each of these parameters depicted. 926 

Extended figure 9| Time-matched comparisons between subclonal structure measured in plasma 927 
and in tissue at surgery. A) Correlation between cancer cell fractions (CCFs) as measured in 928 
preoperative plasma samples with >0.1% clonal ctDNA level & >=10ng DNA input (high subclone 929 
sensitivity samples) with ECLIPSE and those measured with multi region tissue sequencing (M-seq) at 930 
surgery. All preoperative samples with phylogenetic data and at least 0.1% clonal ctDNA level (high 931 
subclone sensitivity samples) were included (N=71 patients included). B) Copy number unaware CCFs 932 
calculated only using VAFs (methods) compared to tissue CCF from M-seq. All preoperative samples 933 
with phylogenetic data and at least 0.1% clonal ctDNA levels were included (N=71). C) A scatter plot 934 
demonstrating the relationship between clonal ctDNA level and the proportion of multi-region 935 
tumour exome (M-seq) defined subclones detected by ECLIPSE based on varying cancer cell fractions 936 
of a subclone. Spearman Rank analysis reveals an association between clonal mutation ctDNA level 937 
and percentage of >10% cancer cell fraction subclones detected in preoperative plasma by ECLIPSE 938 
(Spearman's Rho=0.7, P<0.001), loess lines are fitted to the plots. n= 117 ctDNA positive tumours. D) 939 
A comparison of pre-operative plasma CCFs and the average CCFs across all tissue regions sampled 940 
at surgery for clones that were unique to one tumour tissue region and for clones that were 941 
distributed across several tumour tissue regions. E) A comparison of pre-operative plasma CCFs and 942 



the average CCFs across all tissue regions sampled at surgery for clones that were unique to one 943 
tumour tissue region separated between small (<20cm^3), medium (>20cm^3 & <100cm^3) and 944 
large (>100cm^3) tumours as measured on pre-operative PET/CT scans. F) A comparison of 945 
detection rates in pre-operative plasma for 20% CCF subclones across a range of clonal ctDNA levels 946 
split by whether the subclones were spread across multiple primary tumour tissue regions or were 947 
limited to only a single primary tumour tissue region. G) A map of tumour clones with areas of 948 
multiregional tissue sampling indicated and clones which are over and under sampled highlighted. 949 
Most of the undersampled clones are in fact not in the sampled areas creating a bias towards 950 
oversampling in clones which we are able to detect, an effect also called the ‘winner’s curse’. H) A 951 
ROC curve describing the sensitivity and specificity of detecting clonal illusion mutations using 952 
plasma based CCFs using 95% confidence intervals generated using bootstrapping across 500-fold 953 
cross validation (N= 71 tumours). 954 

Extended figure 10 | Clonal composition measurements in ctDNA after surgery A). The frequency 955 
of high confidence subclonal to clonal bottlenecks (methods) at the latest possible plasma sample 956 
time point with sufficient clonal ctDNA level (high sensitivity subclone samples, N = 44 tumours) and 957 
which of these subclones harbour subclonal neoantigens (NAGs) which therefore become clonal at 958 
relapse. B) In cases of clonal bottlenecking at relapse, the percentage increase in the number of 959 
clonal mutations is shown with the absolute number of new clonal mutations (N = 18 tumours). C) In 960 
cases of clonal bottlenecking at relapse the percentage increase in the number of clonal NAGs is 961 
shown with the absolute number of new clonal NAGs (N = 18 tumours). D) An overview of clonal 962 
structure evaluability at relapse for TRACERx patients in our cohort (N = 75 tumours) using either cell 963 
free DNA or metastatic tissue. E) ctDNA detection status post operatively of subclones split by 964 
detection status in metastatic tissue. Untracked subclones were those without any mutations 965 
included in the PSP panels and therefore could not be assessed (N = 26 tumours). F) Clonal (detected 966 
in 100% of cells) vs subclonal (detected in <100% of cells) status at relapse of primary tumour 967 
subclones by whether they were detected in cfDNA and metastatic tissue or cfDNA alone (N = 26 968 
tumours). G) Metastatic dissemination class determined by tissue and by cfDNA in 22 cases with a 969 
metastatic biopsy, a postoperative high subclone sensitivity plasma sample and a phylogenetic tree 970 
constructed. H) Overall survival kaplan meier plot demonstrating time from the first MRD positive 971 
timepoint to death stratified by ECLIPSE relapse dissemination class (monoclonal, light blue, 972 
polyclonal polyphyletic, purple and polyclonal monophyletic, green). I)  A multivariable cox 973 
proportional hazards model to predict overall survival including the clonality of relapse 974 
dissemination, stage, maximum ctDNA purity (clonal ctDNA level) at relapse, average DNA assay 975 
input, histology and whether the first plasma sample after surgery was ctDNA positive including only 976 
relapse patients. 977 

Supplementary figure 1| Longitudinal subclonal analyses across all relapsing patients with 978 
available phylogenetic trees at at least one post-operative time point with high subclone 979 
sensitivity, N = 44). ctDNA purity (CCF of each clone multiplied by ctDNA purity for each sample) is 980 
depicted for each detected clone at each time point as well as depiction of the clonal structure of 981 
matched tissue samples and the timepoints of their collections. Treatment, scan outcomes and 982 
biopsies received by each patient are also depicted.  983 
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Methods  991 

Patients and tissue samples| The TRACERx study (https://clinicaltrials.gov/ct2/show/NCT01888601) is a 992 
prospective observational cohort study that aims to transform our understanding of non-small cell lung cancer 993 
(NSCLC) the design of which has been approved by an independent research ethics committee (13/LO/1546). 994 
Informed consent for entry into the TRACERx study was mandatory and obtained from every patient. All 995 
patients were assigned a study identity number that was known to the patient. These were subsequently 996 
converted to linked study identities such that the patients could not identify themselves in study publications. 997 
All human samples (tissue and blood) were linked to the study identity number and barcoded such that they 998 
were anonymized and tracked on a centralised database, which was overseen by the study sponsor only. The 999 
ctDNA cohort represents 188 TRACERx 421 cohort eligible patients and 9 additional patients (the following 9 1000 
patients were excluded from the final TRACERx T421 cohort [after ctDNA analyses were performed] and were 1001 
analysed in this manuscript: CRUK0230, 0234, 0291,  0335,  0387, 0480, 0490, 0498, 0622). Reasons for 1002 
exclusion from final T421 cohort are: CRUK0480,0490: C>A artefact uncovered in exome data (excluded from 1003 
ECLIPSE analyses), CRUK0291, 0234, 0230, 0387, 0622: Incomplete resection of NSCLC; CRUK0335: Concurrent 1004 
oesophageal primary present at diagnosis; CRUK0498:1 of 2 tumor regions contained lymphoid associated 1005 
variants. Remaining preoperative plasma from 19 patients published in Abbosh et al. 20175 was also analysed 1006 
in this manuscript. Extended figure 3a describes the structure of the patient cohort analysed. Multi-region 1007 
tumour sampling was performed as previously described7, relapse tissue samples, excess to diagnostic 1008 
requirements, were also acquired. Sample extraction from tissue and whole blood followed the protocol in the 1009 
TRACERx 100 cohort and exome sequencing was performed as previously described7. 1010 

Analyses of surveillance and relapse scan reports| Relapse site data was collected from anonymised standard 1011 
of care imaging scan reports that occurred within 180 days of confirmed clinical relapse (Supplementary Table 1012 
14). Each report was reviewed by two clinicians and sites of disease documented. This central review of 1013 
reports was performed blinded to a patient’s disease and death status and where questions regarding 1014 
interpreting the report arose there was a dialogue with the cancer centre to establish an agreed 1015 
assessment. 2 patients lacked available scan reports (CRUK0311 and 0452) for these two patients data was 1016 
gathered from TRACERx case report forms. Where an anatomical site was not covered by a recurrence scan 1017 
this was marked as not evaluable. Anonymised surveillance (pre-relapse) scan reports were collected from 1018 
patients who had donated longitudinal plasma samples. These reports were categorised as showing no new 1019 
abnormality compared to previous imaging, new equivocal abnormality (an equivocal abnormality was defined 1020 
as any new change compared to a previous scan, equivocal changes were categorised as being related to new 1021 
lung tissue abnormality including nodules, enlarging lymph-nodes, pleural abnormality or pleural effusion, lung 1022 
atelectasis or collapse or other changes) or new unequivocal abnormality: scans showing a change that was 1023 
viewed as definitive malignancy and resulted in a change in clinical management (Supplementary Table 16). 1024 

Plasma samples| Blood samples were collected and processed to plasma as previously described 5, up to 4ml of 1025 
plasma per case was evaluated for the study (range 0.5 to 4ml, median 4ml, see Supplementary Table 2). For 1026 
1074 of 1095 samples circulating cell-free DNA was purified from plasma using the MagMAX™ Cell-Free DNA 1027 
Isolation Kit in conjunction with the KingFisher™ Flex Purification System (ThermoFisher Scientific). KingFisher™ 1028 
24-deepwell processing plates were prepared according to the manufacturer’s instructions (plate setup option 1029 
for KingFisher™ Flex Magnetic Particle Processor 24DW, 4 mL of plasma, 75 uL elution volume).  Automated 1030 
cfDNA isolation was performed on the KingFisher™ Flex.  For the remaining 21 samples, cfDNA was extracted as 1031 
previously described5. Eluted cfDNA samples were quantified on the Qubit 3.0 Fluorometer using the Qubit 1032 
dsDNA HS Assay Kit (ThermoFisher Scientific) according to the manufacturer’s instructions. The single nucleotide 1033 
polymorphism (SNP) profile of cfDNA from a patient was matched back to normal exome data and samples 1034 
exhibiting discordant SNP profiles were excluded as sample swaps (n=26 / 1095 plasma samples analysed). 1035 
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 1036 
Volumetric analyses| tumour volume was determined on the basis of pretreatment (PET-) CT scans using 3D 1037 
Slicer. Contours of the primary tumour were manually segmented on each axial CT slice. Window settings were 1038 
adjusted if necessary to exclude vessels, lymph nodes or adjacent mediastinal tissue. If no accurate delineation 1039 
of the primary tumour was possible (e.g. pleural effusion or atelectasis), the patient was excluded from volume 1040 
analysis. These steps were performed by a trained resident and all contours were confirmed and edited where 1041 
necessary, by an experienced radiologist. Relevant clinical demographics including gender and tumour location 1042 
were cross checked with imaging appearances for each scan analysed. Volumetric data is in Supplementary Table 1043 
6). 1044 
 1045 
Library preparation using Anchored-multiplex PCR| Anchored-Multiplex PCR (AMP) is a nested multiplex – 1046 
PCR enrichment chemistry that incorporates strand specific priming and the incorporation of unique molecular 1047 
identifiers (UMIs) into sequenced reads9. Cell-free DNA, fragmented peripheral blood mononuclear cell (PBMC) 1048 
DNA (60ng) or fragmented normal tissue DNA (60ng)  was end-repaired phosphorylated and A-tailed. An 1049 
adapter containing a universal priming site, the indexes for multiplexing and a UMI is then ligated onto DNA. 1050 
One round of target specific PCR was performed with a gene-specific primer 1 (GSP1) which amplifies against 1051 
the P5 primer in the adapter, and a further round of PCR was then performed with a second nested gene-1052 
specific primer (GSP2) and a primer that  incorporates a second primer containing a P7 index. Strand-specific 1053 
priming is performed in both rounds of amplification facilitating the identification of positive and negative 1054 
strand input DNA molecules during informatic analyses.  1055 
 1056 
For cfDNA libraries, indexed libraries were quantified on either the ViiA 7 Real-Time PCR System or 1057 
QuantStudio Dx Real-Time PCR Instrument (ThermoFisher Scientific) using the KAPA Library Quantification Kit 1058 
(Roche).  Libraries were individually normalized on the Fluent 1080 Automated Workstation (Tecan), then 1059 
symmetrically pooled and adjusted to a final concentration of 2 nM or 1.25 nM for standard or Xp NovaSeq 1060 
loading workflows, respectively.  Library pools were prepared and sequenced on the NovaSeq 6000 System 1061 
(Illumina) according to the manufacturer's protocol. We aimed to sequence each library to ~10 million reads. 1062 
The on-target deduplication ratio of the library, which describes the ratio of raw on-target reads to unique 1063 
molecular identifier [UMI] supported on-target reads (UMI supported reads contained 5 or more supporting 1064 
raw reads with a matched molecular index) was then evaluated. In samples where initial sequencing depth 1065 
resulted in on target de-duplication ratio less than 10:1, additional sequencing was performed to maximise 1066 
recovery of unique molecular index (UMI) families; this quality control step was introduced to maximise 1067 
recovery of UMI-families (which require at least 5 UMI-supported reads) from high complexity samples to 1068 
ensure maximum recoverable information from these samples, thereby reducing bias (given that only UMI 1069 
families are considered in our analyses). This QC step resulted in the majority of cfDNA libraries (1052/1069) 1070 
having median de-duplication ratios more than 5 (Extended Figure 1). PBMC and normal tissue libraries were 1071 
either sequenced on the NovaSeq 6000 system (Illumina) or the NextSeq system (Illumina). 1072 

MRD Calling Algorithm |  We generated an MRD caller that investigated background sequencing noise on an 1073 
intra-library basis (Figure 1a). The MRD caller utilised the Archer informatic pipeline to clean input reads and 1074 
generate deduplicated UMI supported reads. The cleaned, deduplicated, and error corrected UMI-supported 1075 
reads were aligned to hg19 and used to evaluate alternate observations at predefined positions where 1076 
tumour-specific variants were present in the patient’s tumour (tumour-informed positions). Only ”deep” 1077 
consensus reads supported by 5 or more PCR duplicates (UMI-corrected) were used to infer expected 1078 
sequencing noise as well as calculate signal for the MRD calling algorithm. 1079 

Alternate bases at tumour-informed positions were subject to a strict set of quality filters consisting of an off 1080 
target filter, a read strand bias filter, a sequencing strand bias filter, background error rate filter, and variant 1081 
allele frequency outlier filter to remove artefactual signals. The variant allele frequency outlier filter 1082 
functioned by performing PAM (partitioning around medoids) clustering of the variant allele frequencies 1083 
(VAFs)  of the tumour informed positions that passed previously described filters, K was set to 2 in the 1084 
clustering algorithm, thus yielding a high VAF group and a low VAF group. If one of the the two clusters had 1085 
significantly higher VAFs, as indicated by non-overlapping confidence intervals of the highest VAF of the low 1086 
VAF cluster and the lowest VAF of the higher VAF cluster, and contained 2 or fewer tumour specific variants 1087 
those variants were removed from consideration downstream in the algorithm.  1088 
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Next, intra-library background error-rates (ERs) were calculated. ERs were used to establish the level of noise 1089 
present in each library that had to be confidently exceeded to allow an MRD call to be made. To calculate 1090 
background library ERs, the number of UMI-supported alternate observations (DAOs, deep alternate 1091 
observations) were tallied across the assay’s region of interest (ROI) for each trinucleotide context (TNC) and 1092 
for each possible alternate position based on the plus strand of the reference sequence.  The ER corresponding 1093 
to each TNC alternate was calculated as DAO/DDP (DDP, deep UMI-corrected depth across a TNC alternate). In 1094 
order to measure only PCR and sequencing error, a position in the ROI was not included in the TNC ER 1095 
calculation if the VAF at that position for a particular alternate is > 1% (on the basis this could represent a 1096 
clonal haematopoiesis associated mutation or single nucleotide polymorphisms).  1097 

A mapping of tumour observed variants and their accompanied TNC ERs was generated. Any tumour observed 1098 
variant with a corresponding TNC ER upper confidence interval that was above 0.01% was filtered from the 1099 
MRD calling algorithm. PAM clustering was used to generate 4 “D-groups” of TNC error-rates from qualified 1100 
TNCs.  The population weighted average TNC error-rate was calculated for each of the four D-groups based on 1101 
the product of the TNC error-rates included in each D-group cluster and the total DDP for each TNC. The 1102 
generation of 4 D-groups ensured that there was sufficient intra-library DDP coverage of each D-group to make 1103 
precise estimations regarding ERs for variants within each group. 1104 

To determine whether ctDNA was present in the sample, the total observed DAOs summed across tumour 1105 
specific positions remaining after filters were  compared to the number of DAOs that were expected due to 1106 
background ERs as dictated by the D-groups. A one-tailed exact Poisson test was applied where the total 1107 
remaining observed DAOs served as the value being tested and the expected number of DAOs due to error 1108 
served as the lambda of the Poisson distribution. If the resulting P-value of the test is below a pre-specified 1109 
alpha threshold set to 0.01 then the sample is classified as MRD positive. Supplementary Methods contain 1110 
details regarding how the pre-specified alpha threshold of 0.01 used in these analyses was generated.   1111 

To investigate whether a single mutation targeted by a panel was present we utilised the specific trinucleotide 1112 
error-rate corresponding to the mutation of interest and a one-tail Poisson test to assess if the number of 1113 
DAOs across the mutation of interest was above expected background ER. If the number of DAOs was above 1114 
higher than expected background error using an alpha threshold of 0.01 then a variant was deemed 1115 
confidently detected. Supplementary Tables 11 and 18 contain sample and variant level outputs of the MRD 1116 
caller pipeline. 1117 

Data inputs for ECLIPSE | For each mutation ECLIPSE requires mutation identifiers (Chromosome, position, 1118 
reference allele, alternative allele), a sample identifier, the number of supporting reads, sequencing depth, 1119 
estimated background error rate, clone identifier, a binary call for whether the mutation is clonal or subclonal, 1120 
mutation multiplicity, total copy number at the mutated locus in tumour cells, total copy number at the 1121 
mutated locus in non-tumour cells (default = 2) and several optional inputs including variants to be filtered for 1122 
clone and tumour present calls due to high background error, variants that should be filtered from all analysis 1123 
for a specific sample and a measurement for the maximally expected normalised standard deviation of CCF in 1124 
high confidence clones used to identify clones with incoherent CCF distributions which may represent 1125 
mutation clusters that are not true clones. The background error rate is the probability, for any given read, to 1126 
observe the specified mutation due to sequencing error. For application of ECLIPSE to our TRACERx data we 1127 
estimate this using trinucleotide context specific error rates at non-mutated loci in the deep targeted 1128 
sequencing data (see MRD Calling Algorithm section). The clone identifier, clonal vs subclonal status, mutation 1129 
multiplicity and total copy number in tumour cells can be calculated using standard copy number extraction 1130 
and clonal deconvolution methods (ASCAT, Battenberg, Pyclone, DpCLust) used for high tumour purity (>10%) 1131 
samples, for example from tissue samples, which can then be used as estimates for these variables at the time 1132 
of ctDNA sampling. Clonal status can be more accurately and comprehensively extracted from the sequencing 1133 
of multiple high purity samples from the same patient, as is performed in TRACERx, but is not essential. See 1134 
Application of ECLIPSE to the TRACERx cfDNA data section for further details.  1135 
 1136 
 1137 
Stepwise description of ECLIPSE  1138 
 1139 



1. VAF denoising. Variant allele frequencies (VAFs) are denoised by subtracting the estimated 1140 
background error, provided to ECLIPSE for each variant. For a description of estimating background 1141 
error in this dataset see MRD calling algorithm section. Variants in each clone are grouped into 1142 
clusters (k-means clustering) with similar background error profiles where the number of groups is 1143 
determined by the sum of the error estimated across all variants, so that if equally dividing the total 1144 
error from all variants of a clone each group would have a combined error of at least one mutant 1145 
read. Therefore, if a clone has a total combined error of less than two mutant reads only one cluster 1146 
will be used. A maximum number of clusters is set to four as default which was used for this dataset. 1147 
The average background error of each group per variant is subtracted from the number of supporting 1148 
reads for all variants in each group and divided by the sequencing depth to calculate denoised VAFs.  1149 

2. ctDNA tumour purity calculation. Deniosed VAFs are used with mutation multiplicities, total copy 1150 
number at the mutated locus and clonal vs subclonal mutation status for each mutation provided to 1151 
ECLIPSE to calculate an estimate of ctDNA tumour purity (see above) using the equation shown in 1152 
Supplementary Figure 7b for each clonal mutation. The equation shown in sup figure 7c is a 1153 
rearrangement of that shown in sup figure 7b for clonal mutations where CCF = 1. We summarise the 1154 
mean of these values to provide a final estimate of ctDNA tumour purity per sample.  1155 

3. CCF calculation per mutation and subclone.  For all mutations the sample’s ctDNA tumour purity, 1156 
denoised VAF, multiplicity and total copy number at the mutated locus used in equation show in 1157 
Supplementary Figure 7c to calculate an estimate of CCF for each mutation in a given plasma sample. 1158 
The clone identities for each mutation are provided to ECLIPSE and should be calculated 1159 
independently using standard methods which leverage SNP coverage applicable to high purity 1160 
samples37–39. A mean of the per-mutation CCFs is used as a CCF estimate for each clone.  1161 

4. Poor quality clone identification. Mutation clustering using standard methodologies are imperfect 1162 
and are fitted to high purity samples (usually matched tissue samples) used for clustering, excluding 1163 
lower purity samples which ECLIPSE is able to analyse with deep targeting sequencing. Clusters which 1164 
are not real, i.e. for which the mutations are not in the same cells, may not continue to track at similar 1165 
CCFs in data from new samples. To capture such clusters the distribution of ECLIPSE calculated CCFs in 1166 
each clone in a ctDNA sample are quantified using normalised standard deviations (SDs). This can 1167 
then be compared to the expected CCF distributions of high confidence clones, for example clonal 1168 
clusters in higher purity plasma samples. In our data we quantified the normalised SD of all clonal 1169 
clusters in samples of greater than 5% purity and took the upper 95% confidence interval for this data 1170 
calculated at 0.56. Subclonal clusters with normalised SDs for CCFs > 0.56 were considered of poor 1171 
quality and were not considered for analysis. This identified 2.6% of clones in the TRACERx data as of 1172 
poor quality. Expected CCF distributions will be highly dependent on the input data for ECLIPSE and 1173 
should therefore be benchmarked on each data set. A function in the ECLIPSE R package is provided 1174 
to calculate an upper 95% CI of normalised SDs for CCFs in clonal clusters in high purity samples as 1175 
was performed for this dataset.  1176 

5. Clone present calling. Determination of whether each clone was present or absent from each sample 1177 
(see High specificity subclone detection section) by comparing the sum of expected background error 1178 
to the sum of observed signal across all variants in the subclone with a one-sided Poisson test. 1179 
Mutations with high error that should be excluded from these calculations can be specified.  1180 

6. tumour present calling.  Determination of whether any tumour cells were present for each sample 1181 
(see above) by comparing the summed expected background error to the summed observed signal 1182 
across all variants tracked in the sample with a Poisson test. Mutations with high noise that should be 1183 
excluded from these calculations can be specified.  1184 

7. Minimal detectable CCF estimation for each subclone. Determination of the CCF equivalent to the 1185 
minimal number of supporting reads across all variants in a subclone that would be required for a 1186 
significant clone present Poisson test (P<0.01, see High specificity subclone detection section).  1187 

8. Minimal detectable CCF estimation for an average subclone for each sample.  Determination of the 1188 
CCF equivalent to the minimal number of supporting reads across all variants in a representative 1189 
subclone that would be required for a significant clone present Poisson test (P<0.01, see High 1190 
specificity subclone detection section). The background is taken as an average of the background 1191 
error in all subclonal mutations tracked in a given sample and is representative for a subclone tracked 1192 
by four mutations as default, the average number tracked in this dataset. This value allows 1193 
comparisons of minimally detectable CCF limits across samples. 1194 

https://paperpile.com/c/U2fQ56/noOh7+8IZrr+X2myQ


9. Minimal detectable purity estimation for each sample. Determination of the purity equivalent to the 1195 
minimal number of supporting reads across all tracked variants that would be required for a 1196 
significant tumour present Poisson test (P<0.01).  1197 

10. Testing for the absence of a complete clonal sweep for each subclone. A subclone which is detected 1198 
in high purity samples used for mutation clustering may expand through a full clonal sweep later in 1199 
the disease course. We would therefore expect to observe CCFs of 100%, indistinguishable from CCFs 1200 
of clonal mutations after such an event. For each subclone in each sample, a Wilcoxon test is 1201 
performed to compare the CCFs of each subclone to the CCFs of clonal mutations in the same sample. 1202 
The resulting P value indicates whether there is significant evidence that the subclone has significantly 1203 
<100% CCF and therefore is only present in the minority of tumour cells, without a full clonal sweep.  1204 

Minimal detectable CCF estimates for each subclone | To quantify our limits of detection of CCF in each 1205 
sample and subclone, ECLIPSE calculates the number of supporting reads for an all mutations in each subclone 1206 
that would be required for a positive clone detected call (P<0.01 threshold) based on the number of expected 1207 
background error reads using the qpois function in R. This value is then divided by the mean depth of all 1208 
variants in a subclone to simulate a representative minimal detectable VAF for mutations in a given subclone 1209 
and these values are input into equation in Supplementary Figure 7c to calculate the equivalent CCF, using an 1210 
average of the mutation multiplicity and total copy number across all mutations in the given subclone and the 1211 
ctDNA purity of the sample (see Determination of ‘tumour purity’ in plasma section, supplementary methods). 1212 
These minimally detectable CCF thresholds are highly dependant on the number of variants tracked in each 1213 
subclone, hence to provide a single representative and comparable value for each plasma sample we also 1214 
simulated the minimal detectable CCF for a subclone containing four mutations, which for this study is the 1215 
median number of mutations tracked in each subclone in this study but can be altered as an argument in 1216 
ECLIPSE. The minimal detectable number of supporting reads in these four mutations was estimated using the 1217 
average background error profile of all subclonal mutations in a given sample.  1218 
 1219 
High specificity subclone detection | We took a similar approach to detecting subclones with high specificity 1220 
in ctDNA has has been undertaken for detection of MRD in this study by estimating the background 1221 
sequencing error in a trinucleotide context specific manner leveraging non-mutated positions in the target 1222 
regions of the sequencing library (see MRD calling section). These background error estimates were then 1223 
provided to ECLIPSE. These background noise rates were multiplied by depth to calculate the expected number 1224 
of background reads alternate at each mutated position. These expected background read counts were then 1225 
summed for all variants in a clone and used as the background lambda for a Poisson test comparing the sum of 1226 
the observed number of reads across the same mutations. A P-value threshold of 0.01 was chosen to call a 1227 
clone present to match the threshold determined for MRD calling with in vitro spike in experiments and the 1228 
pilot cohort of patients comparing post-surgery samples to relapse status (refer to other methods section).  1229 
 1230 
Application of ECLIPSE to the TRACERx cfDNA data | Inputs to ECLIPSE were prepared from the TRACERx 421 1231 
cfDNA and exome sequencing data as follows for all analyses unless otherwise specified. For inputs extracted 1232 
from matched tissue exome sequencing data all available samples were used including from relapse tissue 1233 
where possible. Clonal vs subclonal status, cluster identities and multiplicity status were extracted using 1234 
presence and absence informed clustering as previously described26 which builds upon the PyClone 1235 
algorithm39. Total copy number in each tumour sample at each mutated locus was extracted as previously 1236 
described26. Normal CN was presumed to be diploid. For metrics calculated per sample purity-adjusted 1237 
averages (sum of metric per sample multiplied by sample purity divided by sum of all sample purities) were 1238 
calculated across the whole tumour for input into ECLIPSE for multiplicity and total tumour copy number. The 1239 
number of variant supporting reads and depth in each cfDNA sample was calculated considering only unique 1240 
reads with at least 5 supporting duplicates to minimise background error. Trinucleotide specific error 1241 
estimates were used as input to the background error per variant. ‘Hard filtered’ variants (those excluded from 1242 
all ECLIPSE analyses) were those with ‘failed filters’ of "primer_abundance_filter", "primer_strand_bias", 1243 
'sequence_strand_bias', 'dro_cutoff' and 'dao_imbalance’. Additionally ‘mid filtered’ variants were those with 1244 
‘failed filters’ ‘tnc_error_rate’ where the background error was considered to high for inclusion in estimates of 1245 
MRD (see MRD determination NAME section) and were also excluded for estimates for clone presence or 1246 
absence in ECLIPSE (see steps of ECLIPSE section).  1247 
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 1248 
Validation of ECLIPSE CCFs vs tissue exome M-seq CCFs | To compare ECLIPSE estimated CCFs to those 1249 
estimated using using validated methods used for tissue sequencing at a matched time point we compared 1250 
purity adjusted averages (see Application of ECLIPSE to the TRACERx cfDNA data section) of surgically excised 1251 
tumour tissue based CCFs for each subclone from presence and absence informed clustering26, a benchmarked 1252 
variant of PyClone39 to subclone CCFs estimated in ECLIPSE (supplementary figure 9a) for high subclone 1253 
sensitivity preoperative samples which are defined as those with at least 0.1% clonal ctDNA level. These were 1254 
samples with an estimated minimally detectable CCF of at least 20% (see power analysis in supplementary 1255 
figure 8a) compromising 61% of MRD positive preoperative samples from 67 patients. While a formal method 1256 
for CCF estimation in deep targeted sequencing data has not been previously published for comparison, we 1257 
compared ECLIPSE to a VAF only method for CCF estimation, naive to copy number statuses where the mean 1258 
VAF of each subclonal cluster was divided by the mean VAF of the clonal cluster in each sample 1259 
(supplementary figure 9b) which caused a consistent underestimation of CCF relative to estimates from tissue 1260 
exome sequencing driven by the higher average multiplicity of clonal mutations compared to subclonal 1261 
mutations which more commonly occur before large scale copy number amplifications, for example whole 1262 
genome duplication, which therefore increase mutation multiplicities. 1263 
 1264 
Validation of subclone detection rates using our data and ECLIPSE | To further investigate the sensitivity of 1265 
subclone detection at different frequencies using ECLIPSE, we have analysed data generated using in vitro 1266 
spike-in experiments described in Supplementary Figure 2. To generate these data different mutation allele 1267 
fractions were spiked into wildtype DNA and different total DNA amounts inputted into our AMP PCR NGS 1268 
assay, including 12 replicates for each spike-in mutation fraction and input amount combination. In total this 1269 
comprised 398 spike-in samples, each with 50 spiked in mutations, which were then subject to our AMP PCR 1270 
NGS pipeline, identical to that applied to our plasma-derived cell free DNA samples. We subsampled mutations 1271 
from each of these spike-in experiments in silico to represent subclones with 1, 2, 4, 10 and 20 mutations (a 1272 
median of 4 mutations were tracked per subclone in our TRACERx ctDNA panels). Each of these ‘subclones’ 1273 
was combined in silico with data from spike-in mutations at higher mutant allele fractions to represent clonal 1274 
mutations. This allowed us to construct in silico subclones with various cancer cell fractions (determined by the 1275 
ratio of spiked in mutant allele fraction of the subclonal mutations to the spiked in mutant allele fraction of the 1276 
clonal mutations), across various clonal ctDNA levels (the spiked in mutant allele fraction of the clonal 1277 
mutations) across a range of total DNA inputs to the assay (see below). Although these data derive from 1278 
mixing mutations together from different experiments in silico, the concentrations of DNA are known from 1279 
ground truth, hence these mixtures provide a deeper level of validation, controlling for various sources of 1280 
noise in the assay and providing technical replicates. In total we constructed 76,263 subclones from these data 1281 
which varied in the cancer cell fraction (CCF), clonal ctDNA level, number of mutations per subclone and assay 1282 
DNA input amount. We ran these data through ECLIPSE using background noise estimates from the same 1283 
libraries to determine how the rate of subclone detection varies with these four parameters. We focused on 1284 
the lower DNA inputs (<= 10ng) as the greatest variety of allele fractions were spiked in for these inputs, 1285 
enabling construction of a wider range of CCFs, and these samples represented the most challenging scenarios 1286 
for subclone detection.  We calculated the fraction of subclones detected for each experimental replicate at 1287 
each specified clonal ctDNA level and at each CCF. We then used the resulting distribution of detection rates 1288 
across experimental replicates, for each clonal ctDNA level and CCF, to calculate 95% confidence intervals. 1289 
 1290 
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 1291 
 1292 
Clonal illusion analyses | For analysis of clonal illusion we reran ECLIPSE for each TRACERx patient considering 1293 
only data from a single randomly selected tumour sample to simulate a clinic biopsy including multiplicity and 1294 
total copy number estimates. Clonal status was recalculated using a CCF 90% CCF threshold in the selected 1295 
region and only mutation specific, rather than clone specific, estimates of CCF were analysed removing the 1296 
requirement for subclonal cluster status. To analyse clonal illusions all mutations which would be considered 1297 
clonal in the randomly selected region were selected and split by their clonal status in the presence and 1298 
absence informed clustering across all TRACERx regions into those truly clonal mutations in all regions (labelled 1299 
Clonal) and those mutations which were in fact subclonal when other tumour regions were considered and 1300 
therefore harboured Clonal illusion in the randomly selected region. ECLIPSE estimates (using only data from 1301 
the randomly selected region as described) were then plotted for these two mutation groups in Figure 4A. To 1302 
calculate AUC and ROC curve for the sensitivity and specificity of clonal illusion detection all apparently clonal 1303 
mutations (>90% CCF) in the randomly selected region were used with the ROCIT R package with scores 1304 
inputted as the mutation specific single region ECLIPSE CCF estimates and final classes considered as the Clonal 1305 
or Clonal Illusion status leveraging all tumour regions in TRACERx.  1306 
 1307 
Longitudinal depictions of clonal evolution in cfDNA and tissue | Representations of clonal evolution over 1308 
time were depicted using the ECLIPSE plasma CCFs per subclone, the subclonal CCFs in matched tissue samples 1309 
extracted either at surgery and the phylogenetic subclone relationships calculated from tissue multi-regional 1310 
exome sequencing as described26. ECLIPSE plasma subclone dynamics were plotted using modified code from 1311 
the fishPlot R package40 and clonal structure of tissue samples were plotted using an R package developed in 1312 
house called cloneMap41 distributed on GitHub (https://github.com/amf71/cloneMap). Only clones with at 1313 
least one cfDNA tracked mutation which was not hard filtered (see Application of ECLIPSE to the TRACERx 1314 
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cfDNA data section) in all samples were shown in the ctDNA and tissue clonality representations and the 1315 
phylogenetic trees. Clonal dynamics in cfDNA were represented by ctDNA clone purity which was calculated by 1316 
multiplying the CCF of each clones by the ctDNA tumour purity of each cfDNA sampling therefore presenting 1317 
the proportion of cfDNA derived cells (including normal hematopoietic cells) which belong to a specific 1318 
subclone. 44 patients which relapsed from their primary disease and where phylogenetic trees were available 1319 
from tissue exome sequencing were depicted in figure 5 and supplementary figure 1. In figure 5C CCFs rather 1320 
than ctDNA clone purities are plotted as purities in this patient vary over several orders of magnitude hence 1321 
making depiction of change in clonal composition impossible to distinguish on a linear scale required for 1322 
intuitive interpretation of such area plots. Sample purities are depicted in this case as grey circles below the 1323 
CCFs. 1324 
 1325 
Definition & detection of clonal sweeps at relapse | Subclones undergoing a clonal sweep were those which 1326 
expanded after surgery, when they were first detected in tissue WES, to 100% CCF, ie such previously 1327 
subclonal mutations were now estimated to be present in every tumour cell and parallel subclonal lineages 1328 
were estimated to have been extinguished. To call instances of a clonal sweep ECLIPSE performs a Wilcoxon 1329 
test comparing the CCF all mutations in a given subclone to clonal mutation in each sample. The resulting p-1330 
value indicates the probability that the subclone has undergone a clonal sweep with a null hypothesis of a 1331 
clonal sweep being present. We considered a clonal sweep present when this p-value was greater than 0.05 1332 
and absolute mean subclone CCF was at least 90%. For each patient the latest possible time point with high 1333 
subclone sensitivity (ie a clonal ctDNA level of at least 0.1%) was used to determine clonal sweeps at relapse. 1334 
To estimate how these clonal sweeps at relapse modified the tumour trunk we added all mutations and 1335 
neoantigen in relapse clonal sweep subclones (including those clustered together in exome sequencing but not 1336 
tracked in cfDNA) to the clonal mutations for re-estimation of clonal tumour mutational burden and clonal 1337 
neoantigen burden at relapse.  1338 
 1339 
Determination of phylogenetic metastatic dissemination class | Phylogenetic metastatic dissemination 1340 
classes were determined in tissue and cfDNA for each relapse patient in this study where a high subclone 1341 
sensitivity postoperative samples (>0.1% clonal ctDNA level) considering relapse disseminations detected at 1342 
timepoints after surgery. Work current under review26 has focused on metastatic disseminations estimated 1343 
from tissue including disseminations detected at surgery to local lymph nodes which were excised with 1344 
curative intent but cannot be estimated in cfDNA alone as preoperative ctDNA may derive from either 1345 
metastatic lymph nodes or the primary tumour. For tissue based metastatic dissemination classes seeding 1346 
clones specifically for postoperative relapse we extracted using subclones which were shared between the 1347 
primary tumour and relapse samples from tissue sequencing of metastatic tissue26. These clones were used to 1348 
determine whether single clone or multiple clones seeded the tissue metastasis (monoclonal and polyclonal 1349 
dissemination respectively) and using the phylogenetic tree in polyclonal cases we determined whether clones 1350 
were direct descended from one-another in the same clade (polyclonal monophyletic) or if there is branching 1351 
between the disseminating clones into different clades (polyclonal polyphyletic). In cfDNA patients if all 1352 
primary tumour subclones detected in postoperative ctDNA were direct descants in the phylogenetic tree and 1353 
were present at 100% CCF the relapse was considered Monoclonal, If any subclone was present at < 100% 1354 
(using Wilcoxon test comparing clonal cluster CCFs to each CCFs in each subclonal cluster, P < 0.05 and also 1355 
requiring a mean subclone CCF < 90%) then the metastatic dissemination was considered polyclonal. In 1356 
polyclonal cases, if the subclones present at relapse were direct descendants of one-another the relapse 1357 
dissemination was considered as polyclonal monophyletic and if they were branched into separate clades they 1358 
were considered as polyclonal polyphyletic metastatic disseminations. We did not find a significant difference 1359 
between the number of tracked mutations in post-operative plasma detected compared to postoperative 1360 
plasma undetected primary tumour subclones (Wilcoxon text P=0.13, median number of variants tracked = 4 1361 
in both cases) suggesting power of detection did not strongly influence which clones were detected in relapse 1362 
cfDNA.  1363 
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Designing AMP-MRD enrichment panels| tumour-informed personalised AMP-MRD enrichment panels were 1364 
designed for 197 TRACERx patients.  A median of 50 variants per panel (range 0 to 50)  were chosen using the 1365 
ArcherDx panel design algorithm and a median of 150 variants (range 34 to 153) were chosen using variants 1366 
selected from TRACERx multi-region exome sequencing data. Due to alterations in our TRACERx exome 1367 
sequencing pipeline between panel design (2019 to 2020) and final analysis, a small fraction of mutations (3%) 1368 
targeted by patient specific panels were no longer called with high confidence in tissue exome sequencing 1369 
data. These mutations were included in MRD analyses (to align with the originally intended analysis approach 1370 
plus prevent any possible bias conferred by manually removing these variants from consideration by the MRD 1371 
caller)  but were excluded from analyses of clonal structure.   For Archer variant selection WES sequencing 1372 
data from the highest purity tumour region and from the paired germline DNA were used. The algorithm then 1373 
identified those variants for which there was high confidence that the variants were not artefacts and were 1374 
tumour specific using the following criteria:the quality of the primers targeting the variant (to ensure high 1375 
sequencing coverage of the target variant), predicted error rate for the variant in error corrected bins and 1376 
known involvement in cancer. The predicted error rates for each variant was based on an analysis of AMP 1377 
cfDNA libraries sequenced on a NovaSeq instrument.  1378 

The algorithm then determines which variants can be targeted using an ArcherDX AMP panel and from this set 1379 
of variants the 50 most informative mutations are targeted based on these criteria: the quality of the primers 1380 
targeting the variant (to ensure high sequencing coverage of the target variant), predicted error rate for the 1381 
variant in error corrected bins and mappability. The predicted error rate for each variant is based on an 1382 
analysis of AMP cfDNA libraries sequenced on a NovaSeq instrument. This error rate analysis was performed 1383 
by performing targeted variant calling on every possible SNV in a set of Archer LiquidPlex cfDNA libraries. The 1384 
TRACERx variants were selected using the TRACERx primary tumour WES pipeline7 for ranking. SNVs were 1385 
ranked based on their (1) driver designation, (2) trinucleotide context as described above, (3) mean mutation 1386 
allele count  in primary tumour. All SNVs were categorised as either “neoantigen”, “clonal” or “subclonal”. Up 1387 
to 50 variants were picked from each category. Neoantigens were additionally ranked by binding affinity42. 1388 
Subclonal mutations were picked to represent all phylogenetic mutation clusters, picking up to an equal 1389 
number of mutations from each when possible, up to a total of 50 maximum. Finally, 50 clonal variants were 1390 
picked. If the sum of subclonal and neoantigen mutations was less than 100, the difference was picked from 1391 
the list of clonal mutations. 1392 

Each personalised enrichment panel also contained 90 primers targeting 45 common single nucleotide 1393 
polymorphisms (SNPs). During analyses the zygosity of these SNPs in a cfDNA library is compared to their 1394 
zygosity in the whole exome sequencing data for that patient to confirm that a sample swap did not occur. In 1395 
addition the coverage provided by these primers helps in establishing the background PCR and sequencing 1396 
error rate for a library. These 45 SNPs were chosen based on being present in each Gnomad subpopulation at a 1397 
frequency of 25%-75% to maximise utility in detecting sample swaps. 1398 

ArcherDX variant choosing and panel design deviated from the standard workflow in two cases. In the case of 1399 
the pilot sample CRUK0297 the tumour and non-tumour samples used in design were not properly matched 1400 
and rare germline variants appeared to be tumour-specific as a result. The ArcherDX variant choices in this 1401 
panel included many germline variants. For this reason the MRD libraries for CRUK0297 underwent manual 1402 
blanking of the germline targeted variants to facilitate use of these samples in the pilot patient analyses . All 1403 
subsequent ArcherDX panel designs included a quality control step to confirm that the common population 1404 
polymorphisms in the tumour and non-tumour samples matched. The second case in which panel design 1405 
deviated from the standard ArcherDX workflow occurred in the design of CRUK0296. The variant call data for a 1406 
tumour-normal tissue pair could not be obtained in the standard format for this patient. In this case, the 1407 
standard variant caller could not produce a result so the variant caller VarDict43 was used and data was not 1408 
available for the non-tumour sample in the standard format. As a result two germline variants 1409 
(chr6:31118898:A:T and chr16:70928307:C:A) were targeted. These two variants were removed from 1410 
consideration in making the MRD call automatically by the Outlier Filter in every library prepared with this 1411 
panel (refer to the Library-specific MRD Calling section above) but were kept in all analyses and not manually 1412 
blanked. Two patients lacked Archer picked variants (CRUK0157, 0227), CRUK0157 as the exome data could 1413 
not be processed by the Archer variant picking pipeline and CRUK0227 due to an error during PSP primer 1414 
ordering. 1415 
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Neoantigen pipeline | HLAHD was used to determine the patient-specific HLA composition. 9-11mer peptides 1416 
harbouring nonsynonymous mutations coupled with patient-specific HLA were used as input to 1417 
NetMHCPan4.1. A Rnk_EL <0.5 was used to determine strong binder peptides. 1418 

Analytical validation experiments| For experiment LOD1, 634 samples of fragmented DNA with a known SNP 1419 
profile (Genome in a Bottle DNA, NA24385) were added to a background of four other fragmented Genome in 1420 
a Bottle inputs (NA24149, NA24631, NA24694 and NA24695). Six AMP enrichment panels were generated 1421 
targeting 50 SNPS heterozygous in NA24385 and absent from the other four cell lines. To generate contrived 1422 
samples NA24385 DNA was spiked into a background of the other four samples at ratios of 0.006% to 0.2% by 1423 
mass to target variant allele frequencies ranging from 0.003% to 0.1% allele frequency (since heterozygous 1424 
variants are present at 50% in the neat NA24538). As part of the same dilution series, admixtures with target 1425 
allele frequencies of 1%, 5% and 10% were made. These mixtures were used as input for AMP library 1426 
preparation to confirm that mixing based on mass achieved the desired target allele levels. The spike-in variant 1427 
level was measured in these higher AF libraries by adding the number of deep alternate reads across the 1428 
targeted SNPs and dividing by the total coverage of all deep reads across targeted SNPs. This analysis 1429 
confirmed that the spike-ins achieved the targeted AFs. Fragmented DNA inputs from 2ng to 80ng were used 1430 
in the experiment to reflect the range of DNA inputs encountered in a clinical setting. Overall 559 of 634 1431 
samples were deemed evaluable for LOD1 analysis (62 samples failed because of incorrect DNA input used, 1432 
determined by on-target read per primer per ng input of <30 or >400, 8 samples failed because they had less 1433 
than 10 million reads and 5 samples due to potential duplicate libraries). Clinical samples were used in 1434 
validation of AMP-MRD (LOD2) and were prepared using a similar method to the Genome in a Bottle mixtures. 1435 
Whole exome sequencing data from four patients was used to design patient-specific panels with the ArcherDx 1436 
panel design algorithm containing 50 SNVs. The panels were used to prepare libraries using cfDNA from each 1437 
patient and the overall tumour variant AF for each sample was calculated by adding the total number of deep 1438 
unique reads containing a targeted tumour-specific variant and dividing by the sum of the deep unique 1439 
coverage across all targeted tumour variants. All four patient cfDNA libraries had a total AF of >1%. A single 1440 
mixture was made using cfDNA from healthy donors and used to dilute the patient cfDNA. These dilutions 1441 
were performed as a serial dilution. First a dilution was made targeting a 1% total AF and libraries were 1442 
prepared using this mixture. The total AF was measured for this sample and a dilution correction factor was 1443 
calculated to account for differences in conversion efficiency between the background cfDNA. E.g. if a 1% AF 1444 
was targeted and an AF of 1.3% was observed then this would indicate that the patient cfDNA is more 1445 
efficiently converted to library than the background and more background DNA would need to be used. 1446 
Mixtures were then made to achieve AFs of 0.1%, 0.05%, 0.01%, 0.008% and 0.005%. A total of 100 libraries 1447 
were prepared at 5 AFs and 3 input masses. 48 blank samples (DNA donated from 22 healthy donors) were 1448 
analysed to assess assay specificity. Panel observed allele frequencies were calculated by taking the number of 1449 
deep alternate reads noted across the AMP panel, removing estimated background error and dividing by deep 1450 
depth across the panel. For assay sensitivities at specific spike-in categories, Clopper-Pearson binomial two-1451 
sided 95% confidence intervals were calculated in Extended figure 2e-f using the R package DescTools and the 1452 
function BinomCI. 1453 

Simulation analysis to assess specificity| Trinucleotide context of tumour-specific SNVs within each TRACERx 1454 
AMP-MRD pilot cohort panel was assessed. Based on these data mock tumour signatures (genomic positions 1455 
covered by the enrichment primers with positions of similar expected error rates of the targeted SNVs) were 1456 
generated. A mock variant was added to a mock signature if the following criteria was met: It is bi-directionally 1457 
covered by primers intended for MRD detection, It contained the same TNC-group error rate as the true MRD 1458 
variant it’s replacing, it was not a known population SNP variant as dictated by Ensemble’s Variant Effect 1459 
Predictor version 94.5, had a error-corrected coverage delta no more than 2,000 compared with the true MRD 1460 
variant, and was not used within any other mock tumour signature, including itself. Thus, the resulting mock 1461 
signatures targeted bases that are not mutated in the primary tumour and any positive MRD call from these 1462 
mock signatures was by default a false positive. 3157 mock signatures across 91 pilot cfDNA libraries were 1463 
interrogated for MRD positive calls A simulated ctDNA level was estimated for each sample by taking the 1464 
number of deep alternate reads noted across the mock signature, removing estimated background error and 1465 
dividing by deep depth across the mock signature. Data from this simulation is present in supplementary table 1466 
17. 1467 

Digital droplet PCR orthogonal validation| Digital droplet polymerase chain reaction (ddPCR) orthogonal 1468 
analyses were performed in 30 preoperative plasma samples from TRACERx patients who also had 1469 



preoperative plasma analysed by the AMP- personalised tumour informed approach and 8 negative controls 1470 
(preoperative plasma from patients diagnosed postoperatively with non-malignant disease). TRACERx patients 1471 
were selected as having clonal driver mutations that could be targeted by a single ddPCR assay. Clonal driver 1472 
mutations targeted included KRAS G12R, G12D, G12V, G12S, G12A, G12C and EGFR L858R.  The ddPCR assays 1473 
used were SAGAsafe® assays (SAGA diagnostics) and had been designed and developed on the BioRad QX200 1474 
Droplet Digital PCR system. ddPCR analyses were performed at SAGA, SAGA received plasma (median 4.8 mls, 1475 
range 2.5 to 5.2mls). cfDNA was extracted using the QiaAMP MinElute ccfDNA Midi Kit (Qiagen). cfDNA was 1476 
eluted in 40 ul of Buffer EB. The entirety of cfDNA material was input in each case and ddPCR analyses were 1477 
run in 4 replicate reaction wells per sample. All 8 negative controls (each assay tested once, KRAS G12A tested 1478 
twice exhibited no mutant droplets detectable in control cfDNA, Supplementary Table 4). 1479 

Transcriptional data analyses | Statistical data analysis was carried out using R version 4.1.2. Gene level 1480 
transcription analysis uses limma version 3.50.1. The analysis includes 106 tumour regions sampled from 35 1481 
ctDNA positive patients and 74 tumour regions sampled from 32 biological ctDNA low-shedder patients. The 1482 
analysis takes into account 18876 protein coding genes based on the HGNC database, retrieved on 1483 
03/04/2022. Genes with insufficient expression levels (count < 30) are filtered out and effective library sizes 1484 
are calculated using the TMM (trimmed mean of M values) method. Count data is then transformed to logCPM 1485 
values (log2-counts per million). Prior to linear modelling, a weight per observation is calculated based on the 1486 
association between mean and variance. In order to take into account the association between tumour regions 1487 
within patients, a per-patient consensus correlation is computed. Based on the logCPM table, the within-1488 
patient correlations and the ctDNA detection status, a linear model is fitted. A contrast matrix comparing 1489 
ctDNA positives and biological ctDNA low-shedders is constructed alongside with the associated coefficients 1490 
and standard errors, and the empirical Bayes method (eBayes) is used to calculate the differential expression. 1491 
The resulting gene-level p-values are adjusted for multiple testing using the Benjamini-Hochberg (FDR) 1492 
method. Genes are noted as significantly differentially enriched if their adjusted p-value is below 0.05.   1493 

The set of significantly overexpressed genes per detection category (n = 932 for ctDNA positives, n = 939 for 1494 
biological ctDNA low-shedders) is used to calculate Reactome pathway enrichment (ReactomePA version 1495 
1.38.0). The resulting p-values are FDR-corrected and an adjusted p-value cutoff of 0.05 is employed. 1496 

Additionally, pathway enrichment with respect to the Hallmark Gene Sets from the msigDB database was 1497 
investigated. Pathway enrichment analysis was carried out on logCPM data including 17815 protein-coding 1498 
genes using Gene Set Variation Analysis (GSVA version 1.42.0). Fold change of GSVA enrichment scores 1499 
comparing 106 tumour regions from 35 ctDNA positives and 74 tumour regions from 32 biological ctDNA low-1500 
shedders is calculated using the estimated marginal means (emmeans version 1.7.2) method, using a linear 1501 
mixed-effects (lmerTest version 3.1-3) model to take into account the patient-tumour region associations, 1502 
treating detection status as fixed effect and patient ID as random effect. The resulting pathway-level p-values 1503 
were FDR-corrected for multiple testing. 1504 

Mutation analyses| Driver mutations in 180 genes from 77 ctDNA positive and biological ctDNA low-shedder 1505 
patients (41 ctDNA positives, 36 biological ctDNA low-shedders) were included in the analysis. Clonality was 1506 
determined based as part of the TRACERx WES pipeline. If a patient carries multiple mutations in the same 1507 
gene with differing clonality, the clonal state was kept. In the gene-level analysis, the top 12 frequently 1508 
mutated genes were considered. Genes were assigned to pathways as described by Sanchez-Vega et. al44. 1509 
Fisher’s exact test was conducted in a two-tailed manner to compare the number of ctDNA positives and 1510 
ctDNA low-shedders carrying alterations in the frequently mutated genes. The resulting p-values were 1511 
corrected using the FDR method. 1512 

Chromosomal instability analyses | Copy number data including allele-specific copy numbers and purity 1513 
estimates were derived from the TRACERx WES pipeline and were available for 177 tumour and lymph node 1514 
regions collected from 64 ctDNA positive and biological ctDNA low-shedder patients. Cytoband analysis was 1515 
conducted using GISTIC 2.0, taking one sample per patient as input. For amplifications and deletions, the 1516 
maximum and minimum copy number per genomic segment were used, respectively. GISTIC score difference 1517 
of 0.5 was used as threshold for significance cutoff. Cytobands are overlapped with output from GISTIC2.0 to 1518 
get a mean GISTIC score for each cytoband. FLOH and wGII were analyzed on the region level (591 tumour and 1519 
lymph node regions from 148 patients - 177 regions from 37 ctDNA positive adenocarcinomas, 97 regions from 1520 
33 biological low-shedder adenocarcinomas and 322 regions from 79 non-adenocarcinomas). Comparing the 1521 
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chromosomal instability metrics between ctDNA positive and biological ctDNA low-shedder adenocarcinomas 1522 
and non-adenocarcinomas is performed using a linear mixed model, taking into account the within-sample 1523 
associations. Pairwise comparisons are made using the estimated marginal means method and p-values are 1524 
FDR-adjusted. Tumour regions were considered genome doubled (GD) if the fraction of the genome with 1525 
major allele >= copy number 2 was >50% as per previous publications45. Tumours were considered to have GD 1526 
if any single region harboured a GD event. GD data was available for 70 lung adenocarcinoma patients (33 1527 
biological ctDNA low-shedders, 37 ctDNA positives).  1528 

Purity analysis | Using 274 regions from 70 patients (177 regions from 37 ctDNA positives and 97 regions from 1529 
33 ctDNA negatives), we performed an estimated marginal means analysis incorporating a linear mixed model 1530 
approach to account for the within-sample associations. The analysis compares ctDNA positives with biological 1531 
ctDNA low-shedders. 1532 

ORACLE analysis|ORACLE scores were calculated by using the method developed by Biswas et al14, including 1533 
216 tumour and lymph node regions from 81 ctDNA positive and ctDNA low-shedder patients (115 regions 1534 
from 35 ctDNA positives, 101 regions from 46 ctDNA low-shedders). Pairwise comparison between the ctDNA 1535 
shedders and ctDNA low-shedders are made using the estimated marginal means method with a linear mixed-1536 
effects model to account for the within-patient associations between tumour regions. 1537 

Volume adjustment | Biological low-shedder samples are excluded from the volume-adjusted analysis if their 1538 
size falls in the lowest quartile size range (< 6415.389 mm3). Transcriptomic and GISTIC analyses are repeated 1539 
using the volume-adjusted dataset as described above. Taking into account the significantly overexpressed 1540 
genes and significant cytobands in both datasets, Venn-diagrams are constructed for comparison and 1541 
permutation test is carried out to assess the statistical significance of the overlap.   1542 

Clonal mutation ctDNA levels| Mutations that were defined as clonal by PyCloneSC or in the absence of 1543 
PyClone data that were present in every primary tumour tissue region analysed (ITH state =1) and that were 1544 
unfiltered by the MRD caller were used in clonal mutation ctDNA level estimations. For each mutation the 1545 
MRD caller estimated trinucleotide error rate associated with that mutation and the coverage of that mutation 1546 
was used to estimate the number of expected error controlled reads we would observe due to error. Clonal 1547 
mutation ctDNA level was then summarised as the total number of error-corrected reads across selected 1548 
mutations minus the expected error across these positions (rounded down to the nearest whole integer) 1549 
divided by total clonal deep coverage. 1550 

Identifying probable technical negative and low-shedding adenocarcinomas| We generated a linear model 1551 
where log-10 transformed tumour volume and histology was used to predict log-10 transformed clonal ctDNA 1552 
level in 101 ctDNA positive NSCLCs analysed in this cohort, we used this model to predict clonal ctDNA levels in 1553 
51 evaluable adenocarcinomas negative for ctDNA. We tested the capability of this model to predict clonal 1554 
mutation levels in 8 independent ctDNA positive adenocarcinomas with volume data available analysed in our 1555 
prior work using a separate assay5. In this test set 6 of 8 (75%) adenocarcinomas evaluated had mean clonal 1556 
mutation levels above the lower 95% confidence interval of the model prediction. We calculated minimal 1557 
detectable clonal ctDNA level (MDCF) in the 51 ctDNA negative adenocarcinomas by taking the minimum deep 1558 
alternate observations needed to make a call in patient cfDNA samples and subtracting the estimated deep 1559 
alternate reads that would occur due to noise in the panel (rounded down to the nearest whole integer). The 1560 
resulting number was the number of clonal deep alternate reads needed to make a ctDNA positive call (we 1561 
conservatively assumed all real deep alternate reads will be clonal). We divided this number by the clonal deep 1562 
depth across the panel to calculate the minimum clonal ctDNA level that must be exceeded to make a call and 1563 
called this value MDCF. Using the above linear model, we classified cases as probable technical negatives if the 1564 
lower 95% confidence interval for predicted clonal ctDNA level was below MDCF and as probable low-shedders 1565 
if the lower 95% confidence interval for predicted clonal ctDNA level resulting was above MDCF. 1566 

Survival analyses| Freedom from recurrence (FFR, events were lung cancer recurrence, patients experiencing 1567 
second-primary or death were right censored at last follow-up) and Overall survival (OS, death from any cause) 1568 
survival analyses were performed to assess the prognostic impact of preoperative ctDNA detection in patients 1569 
with single primary NSCLCs. 186 of 197 patients were evaluable for survival analyses (6 patients were excluded 1570 
as they died within 30 days of surgery - CRUK0115, 0196, 0223, 0312, 0487, 0681, 5 patients were excluded as 1571 
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they had confirmed unresected disease after surgery - CRUK0230, 0234, 0291, 0387, 0622). In survival analyses 1572 
related to preoperative ctDNA detection, patients with synchrnous primaries were also excluded given the 1573 
emphasis on associations with tumor histology. R packages survival (v3.2-13), survivalAnalysis (v0.3.0) and 1574 
survminer (v0.4.9) were used to generate hazard ratios, forest plots, 1- and 2-year survival data and cox 1575 
regression models in the manuscript. Differences in overall survival between relapse dissemination classes 1576 
were analysed using cox proportional hazard models from either the date of study registration and from the 1577 
date of MRD detection. A multivariable cox proportion hazard model including maximum relapse ctDNA level, 1578 
which is known to co-correlate with tumour burden and power for subclone detection, was used to account 1579 
for this confounder relative to overall survival from the date of study registration.  1580 

Code availability statement 1581 
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Figure 1| A. ctDNA Analysis Approach: Multi-region tumour exome data is used to generate a phylogenetic 
representation of a patient’s primary tumour where clonal mutations (mutations present in all cancer cells) are 
represented by the red cluster and subclonal mutations (mutations present in only a subset of cells) are 
represented by the light blue, dark blue, green and yellow clusters. Bi-directional primers are synthesised to 
amplify genomic regions containing mutations identified through the multi-region tumour sequencing data 
with the aim to target mutations from all clusters. Unique molecular identifiers (UMIs) are incorporated into 
amplified DNA. Only deep consensus reads (reads supported by 5 or more duplicate reads based on UMI-
deconvolution) are used to detect ctDNA. The position of interest where a mutation is expected (shown here 
as a G>T mutation) is then evaluated. The position is considered for ctDNA calling if there is no evidence of 
strand bias (that is variant bases are noted on both positive and reverse reads), no evidence of sequencing bias 
(variant bases are noted across both read 1 and read 2 during next-generation sequencing) and both forward 
and reverse primers are functioning. Alongside evaluating the position of interest the MRD caller evaluates 
background sequencing positions from the targeted variants and background sequencing positions from 
primers targeting 45 germline SNP primers (e.g., the TCG region highlighted in the figure). Any base errors 
observed in background reads are summed based on their trinucleotide context. Trinucleotide contexts with 
an upper 99% binomial confidence interval less than 0.01% (error rate confidently below 0.01%) are used for 
ctDNA calling. Passed variants are subsequently evaluated by an outlier filter if there are 3 or less outlier 
variants these are removed from the ctDNA calling algorithm. For calling the presence or absence of ctDNA 
(panel-wide MRD caller) all positions targeted by a panel are analysed and a one-sided Poisson test is 
performed to determine whether the observed number of error-corrected alternate reads deviates from the 
background error encountered by a panel. For individual subclones a subclonal caller evaluates the presence 
or absence of ctDNA on a per-subclonal cluster basis, this information is integrated with primary-tumour 
informed cancer cell fraction (CCF) estimates made through ctDNA analysis at relapse using the ECLIPSE tool 
(see methods) to categorise the lung cancer relapse process as either monoclonal (a single clone seeding the 
metastasis), polyclonal monophyletic (multiple clones seeding metastasis from a single branch of the primary 
tumour phylogenetic tree) or polyclonal polyphyletic (multiple clones seeding metastasis from multiple 
primary tumour branches of the phylogenetic tree). ECLIPSE is also able to detect the presence of a clonal 
sweep whereby a subclone achieves 100% CCF at recurrence. B. Heatmap summarising preoperative ctDNA 
analyses in 189 TRACERx patients with a single (non-synchronous) primary tumour diagnosed at enrollment. 
Cases are split by three histologies, adenocarcinoma, squamous cell carcinoma and other histological subtypes. 
The top row of the heatmap reflects the smoking pack-year history assigned to that patient. The N2 upstaging 
row demonstrates patients who were clinically staged with N0 (no lymph node involvement) or N1 (hilar) 
lymph-node involvement but after surgery were upstaged to N2 disease (mediastinal lymph node involvement, 
coloured dark blue), patients who did not undergo pathological mediastinal lymph-node examination are 
coloured grey. The pTNM row describes TNM version 7 tumour stage based on pathology examination of the 
excised tumour. The tumour volume row represents computed tomography measurements of tumour volume 
(grey fill indicates tumour volume unevaluable cases). The ctDNA detected row represents whether an MRD 
positive call was triggered based on the MRD Algorithm P-value cut-off of 0.01 defined in Extended figure 2. 
The ubiquitous/clonal and heterogenous/subclonal variant bar charts demonstrate the number of mutations in 
each patient’s panel being interrogated, if black the mutation was undetected (based on a per variant P value 
>0.01), if red the mutation was filtered by the MRD caller and if blue the mutation was detected. The subclone 
detection (CCF >0.1 in tissue) barchart represents the proportion of subclones with cancer cell fractions more 
than 10% tracked by ECLIPSE that are detected in preoperative plasma. The clonal ctDNA level per patient is 
shown in the bottom row of the heatmap. Patients with 0% clonal ctDNA level are given a white color in this 
row. C. Kaplan Meier curves demonstrating overall survival outcomes in ctDNA high (dark red), ctDNA low 
(blue)  and ctDNA negative (grey) single primary adenocarcinoma patients (left) and single primary non-
adenocarcinoma patients (right). ctDNA high and low was categorised based on median clonal ctDNA levels 
across ctDNA positive cases and relates to above and below 0.16%. Log-rank P values are displayed on each 
plot alongside univariable hazard ratios (HRs) that use ctDNA high patients as the reference category. 



0.
5

MR1
ATOH8

AK9

DLC1

TNXB

SLC15A2

BBS1

CX3CR1

AURKB

FAM83D

KIF4A

CENPE

T RO AP

NDC80

TPX2

NCAPG

KIF23

B UB1B

AURKA

PTTG1

B UB1

TACC3

CKAP2L

0.
00

1
0.

01
0.

1

−10 0 10
LogFC

FD
R−

ad
ju

st
ed

p−
va

lu
e

A
C FAP221

TMEM163
EFCAB14

R OBO2

C16orf89

PLA2G10

AQP3

Shedder biologyB

M
A

PK
ta

rg
et

s
/

N
uc

le
ar

ev
en

ts
m

ed
ia

te
d

by
M

A
P

ki
na

se
s

−0.025 0 0.025 0.05
GeneRatio

0.044

Adjusted
p−value

Count
8

Low−shedder biologyC

HEME
ME TABOLISM

BILE ACID
ME TABOLISM

HYP OXIA

MITO TIC SPINDLE

G2M CHECKPOINT

UNFOLDED
P R OTEIN
RESPONSE

MTORC1
SIGNALING

E2F TARGETS

MYC
TARGETS V1

MYC
TARGETS V2

G LYCO LYSIS

SPERM ATOGENESIS

0.
50

0
0.

1
0.

01
0.

00
1

−1.0 −0.5 0.0 0.5 1.0
logFC

FD
R−

ad
ju

st
ed

p−
va

lu
e

D

1
0.

05

−0.5 0.0 0.5 1.0 1.5
GISTIC score difference

P−
va

lu
e

(a
dj

us
te

d)

Not significant
ctDNA l ow−sheddersH

1q21.2

8p23.2

8p21.2
8p21.1

8p12 8q22.1

8q22.2

8q22.3
8q24.11

8q24.12
8q24.13

8q24.23

8q24.311q13.3

12q14.1

12q15

14q12

14q13.1

14q21.1

19q12
19q13.11

19q13.12
19q13.13

19q13.2

19q13.31

1
0.

05
0.

01
1e

−0
7

−0.5 0.0 0.5 1.0 1.5
GISTIC score difference

P−
va

lu
e

(a
dj

us
te

d)

Amp
Del
Not significant

ctDNA sheddersI

7.95e−05

8
9

10
11

ctDNA low-shedder
adenocarcinomas

ctDNA positive
adenocarcinomas

O
R

A
CL

E
Ri

sk
Sc

or
e

E

Mitotic Spindle
Checkpoint

Synthesis of DNA
G1/S Transition

Chromosome
Maintenance

DNA Replication

S Phase

Sepa ration of
Sister Chromatids

G2/M Checkpoints
Mitotic Anaphase

Mitotic Meta-
and Anaphase

DNA Repair

RHO GT Pase
Ef fectors

Cell Cycle
Checkpoints

M Phase

0.08 0.12 0.16
GeneRatio

2.1e−61

1.3e−24

Adjusted
p−value

Count
60
80
100
120

Mitotic G1 phase
and G1/S transition

0.01
0.0018

0.
00

0.
25

0.
50

0.
75

1.
00

ctDNA low-shedder
adenocarcinomas

ctDNA positi ve
adenocarcinomas

Squamous
or other

w
G

II

F

0.000607
1.7e−11

0.000607

0.
00

0.
25

0.
50

0.
75

1.
00

ctDNA low-shedder
adenocarcinomas

ctDNA positive
adenocarcinomas

Squamous
or other

FL
O

H

G



Figure 2| Genomic and transcriptomic predictors of ctDNA detection in early-stage NSCLC. A. 
Differential gene expression analysis comparing 106 tumour regions from 35 ctDNA positive 
adenocarcinomas to 74 tumour regions from 32 ctDNA negative low-shedder adenocarcinomas X-
axis shows fold change as difference in means on log2 scale (LogFC). Red indicates significantly over-
expressed in ctDNA positive adenocarcinomas (n = 932 genes), blue indicates significantly over-
expressed in ctDNA negative low-shedder adenocarcinomas with technical non-shedders excluded (n 
= 939 genes). Top 15 differentially expressed genes are labelled. B and C. Reactome pathway 
enrichment analysis based on the 1,871 significant genes found in A) (n = 932 for ctDNA positives 
and n = 939 for ctDNA negatives). X-axis shows the proportion of genes involved in the pathway, Y-
axis notes the significantly enriched pathways. B) shows the top 15 enriched pathways in ctDNA 
positive patients, C) displays the only significantly enriched pathway in ctDNA negative patients. Size 
of points represents the number of genes included and the colour shows the FDR adjusted p-value. 
D. Differential enrichment analysis based on the Hallmark gene-sets.  Samples, axes and colours 
follow A). All significantly enriched pathways are labelled. E. ORACLE gene expression scores in 
ctDNA positive (n = 115 tumour and lymph node regions sampled from 35 patients) versus ctDNA 
negative (n = 101 tumour and lymph node regions sampled from 46 patients) adenocarcinomas. All 
data points are displayed. Centre lines represent the medians.   F, G. Violin-boxplots showing the 
wGII (F) and FLOH (G) levels of ctDNA positive adenocarcinomas (37 patients, 177 tumour and lymph 
node regions), ctDNA negative low-shedder adenocarcinomas (33 patients, 97 tumour regions) and 
squamous or other carcinomas (79 patients, 322 tumour and lymph node regions). All data points 
are displayed. Boxplot centre lines represent the median, p-values are FDR-adjusted. H, I. GISTIC 
score analysis. Red indicates amplifications, blue indicates deletions, grey indicates non-significant 
values. Y-axis shows the adjusted p-value and X-axis shows the GISTIC score difference. All significant 
alterations are labelled. Alterations are considered significant when the GISTIC score difference 
exceeds 0.5 and the adjusted p-value is below 0.05, cutoffs are denoted with dotted lines. 
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Figure 3| Postoperative Minimal Residual Disease detection in early-stage NSCLC. A-E. 
Longitudinal data from patients with (A) no evidence of non-small-cell lung cancer (NSCLC) 
recurrence, n=45 and 371 pre- and postoperative plasma samples; (B) development of a second-
primary cancer, n=21 and 176  pre- and postoperative plasma samples; (C) recurrence of NSCLC in 
landmark positive patients, n=25 patients and 138 pre- and postoperative plasma samples (D) 
recurrence of NSCLC in landmark negative patients, n=31 patients and 227 pre- and postoperative 
plasma samples and (E) recurrence of NSCLC in landmark unevaluable patients, n=19 patients and 
101 pre- and postoperative plasma samples. and In all plots each circle represents a cfDNA 
sampling time point. The circles to the left of day-0 are preoperative timepoints from when the 
patient’s tumour was still in-situ. The circles to the right of day-0 are taken following surgical 
excision of the primary NSCLC. If the circle is colored dark it reflects positive ctDNA detection. The 
light blue rectangles represent whether a patient received chemotherapy, the dark blue rectangles 
represent whether a patient received radiotherapy and the orange rectangles if a patient received 
post-recurrence surgery. The triangles represent standard of care postoperative CT, PET or MRI 
imaging classified as no disease (grey) equivocal images (yellow) or unequivocal imaging evidence of 
extracranial relapse (red). Light green triangles represent no evidence of intracranial relapse, dark 
green triangles indicate intracranial relapse. The vertical black lines represent the event date for a 
patient (if events such as death, second-primary, NSCLC recurrence occurred) otherwise the vertical 
line represents the TRACERx follow-up censorship date for that patient. Crosses represent patient 
death events. To the left of the panels the annotation plots highlight histology, pTNM (pathological 
tumour node metastasis) status, relapse site and details regarding whether an intracranial relapse 
was isolated (brain-only) or non-isolated (brain and extracranial site). 
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Figure 4|  Clonality measurements in preoperative plasma overcome sampling bias from a single 
tissue sample and predict metastatic seeding potential. A. Depiction of a clonal illusion where a 
dark blue subclone is found in 100% of cells in a single clinical tissue sample. Such clonal illusion 
mutations may be detected in a clinical setting using ctDNA derived from many different tumour 
regions to increase accuracy of ITH measurements in the clinic. Mutations which were clonal (CCF > 
90%) in a single, randomly selected tumour region are compared using plasma-based preoperative 
CCFs splitting by those truly clonal across all tumour regions in TRACERx (clonal) and those which, 
while they were clonal in the randomly selected region, were absent from other tumour regions 
(Clonal illusion). Only data from a single randomly selected region was used by ECLIPSE to generate 
these CCFs. Only preoperative samples with at least 0.1% clonal ctDNA level (high subclone 
sensitivity samples) were included (N=71)  B. Preoperative plasma subclonal CCFs split by whether a 
given subclone was found to be present or absent in cfDNA samples at relapse and postoperative 
plasma CCFs for relapse subclones at the last high subclone sensitivity timepoint. Only tumours with 
at least one sample >0.1% clonal ctDNA level (high subclone sensitivity) both preoperatively and 
postoperatively were included (N=26 tumours with CCFs from 247 subclones included). 
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Figure 5| Longitudinal measurements of clonal evolution in plasma from surgery, through therapy 
and to recurrence. ctDNA purity for each clone is calculated by multiplying the clone CCF by the 
ctDNA purity of the plasma sample (methods) and represents the fraction of all cells from which 
cfDNA was derived which harbour a given tumour clone at each timepoint. Clonal nesting is based 
on the phylogenetic tree for each tumour. Clone maps for each tumour tissue mass are depicted 
above the ctDNA based clonal structure with the phylogenetic tree.  A. Depictions of longitudinal 
tumour evolution for examples of monoclonal, polyclonal monophyletic and polyclonal polyphyletic 
metastatic dissemination patterns. B. A kaplan meier plot depicting differences in overall survival 
between metastatic dissemination classes (N= 44 tumours with at least 1 high subclone sensitivity 
sample ).  C. CCFs depicted through time and therapy for CRUK0484 who had a polyclonal 
polyphyletic relapse. D. Variant allele fractions for mutations tracked in CRUK0050 at recurrence. 
NAG = Neoantigen. 
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