


progression was detected prior to tumor progression based on clinical imaging. Our

findings emphasize that quantifying ctDNA during re-radiotherapy may contribute to

disease monitoring and personalization of adjuvant treatment, follow-up intervals,

and dose prescription.

K E YWORD S

circulating tumor DNA, copy number variations, head and neck cancer, predictive biomarker, re-

radiotherapy

What's new?

Head and neck cancer frequently returns after radiation therapy, and re-irradiation is commonly

used to control locally advanced disease. Here, the authors analyzed circulating tumor DNA

(ctDNA) as a predictive marker of disease progression after initial radiation treatment. They

tested plasma samples from 16 patients at four timepoints during re-irradiation and at follow-up

visits. In five cases, molecular progression was detected before tumor progression based on

imaging. Detection of ctDNA in plasma samples during and after re-irradiation correlated with

short progression-free survival. Quantitative ctDNA analysis may therefore be an effective way

to monitor disease progression and personalize follow-up treatment.

1 | BACKGROUND

Local recurrences after definitive radiotherapy (RT) are frequent in

locally advanced head and neck cancer (HNC) patients. As the major-

ity of these patients are not amenable to complete resection, alterna-

tive therapeutic options are needed for adequate disease

management.1–3 Re-irradiation (re-RT), preferably with advanced radi-

ation techniques, is routinely considered in patients with locally

and/or regionally recurrent or persistent head and neck cancer in the

absence of distant metastatic disease. Re-RT (alone or in combination

with chemotherapy) was demonstrated to improve survival compared

to chemotherapy, but was frequently accompanied by significant

treatment-related adverse events.1,2,4 Intensity modulated radiation

therapy is widely used for re-RT of locally recurrent HNCs and novel

radiation techniques—such as carbon ion radiation are under investi-

gation due to their favorable toxicity profile and improved relative

biological effectiveness.5–7 In general, the improved local control by

application of higher total doses has to be weighted carefully against

the increased risk of severe toxicity.5,8 Despite the clinical benefits of

re-RT in recurrent HNC, overall survival (OS) remains dismal, and early

tumor progression is common.3,9 Hence, biomarkers predicting ther-

apy success or disease progression are urgently needed to adjust

therapy.

Liquid biopsies comprise the analysis of tumor-derived molecules

from peripheral blood samples of cancer patients. In particular, circu-

lating tumor DNA (ctDNA) within patient plasma was demonstrated

to provide minimally invasive access to cancer-specific alterations

such as mutations10,11 or copy number variations (CNVs12,13). The

quantification of ctDNA in longitudinally collected plasma enables

real-time disease surveillance and identification of tumor progression

prior to radiologic imaging.14–17 Furthermore, growing evidence sug-

gests that residual ctDNA after therapy can identify minimal residual

disease and patients prone to early relapse.18–21 In advanced HNC

patients, cancer-specific mutations in ctDNA were demonstrated to

dynamically reflect therapy response and identified patients with

short survival.16,22,23 Large-scale CNVs are common in HNCs24 and,

therefore, represent promising analytes for ctDNA-based tumor eval-

uation. Plasma CNVs were rarely investigated in HNC patients25 and

so far no study assessed cell-free CNVs in the clinical setting of re-

irradiation of recurrent locally advanced HNC patients.

Here, we present the results of a prospective study correlating

CNV-based ctDNA dynamics with clinical outcome in locoregional

recurrent HNC patients under re-RT recruited within the “Carbon Ion

Re-Radiotherapy in Patients with Recurrent or Progressive Locally

Advanced Head-and-Neck Cancer” (CARE26) phase II clinical trial.

2 | METHODS AND MATERIALS

2.1 | Patient selection

Ninety four longitudinal plasma specimens were collected from

16 patients with locally and/or regionally recurrent or persistent head

and neck cancer scheduled for re-radiotherapy. In some cases, re-RT

was scheduled following an incomplete resection. The patients were

recruited as part of the CARE phase II randomized clinical trial

(NCT0418597426). Plasma sample collection and re-irradiation of

HNC patients were carried out at the department of radiation oncol-

ogy of the Heidelberg University Hospital. In addition, plasma speci-

mens of 35 healthy donors (i.e., individuals without known current

tumor disease) were collected at the urological department of the Hei-

delberg University Hospital and whole genome sequencing (WGS)

data from plasma cell-free DNA (cfDNA) of further 22 healthy donors

was obtained from literature (Supplementary Table 1).27
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2.2 | Re-radiotherapy

Patients were randomly assigned to carbon ion re-RT (CIRT) or volumetric

modulated arc therapy (VMAT) in accordance with established institu-

tional standards and current NCCN guidelines recommending advanced

radiation techniques. Patients were immobilized using a thermoplastic

head-mask system. For treatment planning, computed tomography

(CT) scans with a slice thickness of 3 mm were utilized, and contrast-

enhanced T1-weighted magnetic resonance imaging (MRI) was employed

for image registration. The treatment planning process was performed

using the planning software Syngo PT-Planning (Siemens, Erlangen,

Germany) including biologic plan optimization for carbon ion plans and

Masterplan Oncentra MasterPlan® (Nucletron, Columbia, SC, USA), RayS-

tation® (RaySearch Laboratories, Stockholm, Sweden) or Accuray Preci-

sion® Treatment Planning (Accuray, Sunnyvale, CA, USA) for photon

plans. Only the visible tumor, apparent on contrast-enhanced imaging,

was delineated as the gross tumor volume (GTV). The total dose ranged

between 51 and 60 Gy Relative Biological Effectiveness (RBE) of CIRT

delivered in 6 fractions per week of 3 Gy (RBE) by controlled active raster

scanning. BED2Gy represents the dose equivalent in conventional frac-

tionation with 2 Gy fractions. The BED2Gy of CIRT was calculated from

the physical dose using the local effect model (LEM1) and an alpha/beta

value of 2,7 resulting in equivalent doses between 64 and 75 Gy of CIRT.

The alpha/beta value was uniformly set at 2 to prevent severe treatment-

related toxicity, and the individual dose prescription was required to meet

prespecified normal tissue constraints consistent with Quantec ana-

lyses.28 For photon re-RT by VMAT, the total dose ranged between 54 to

60 Gy delivered in five fractions per week of 2 Gy. Image guidance was

performed using orthogonal x-rays and daily position correction or

CT-imaging and position correction, respectively. At progression following

re-RT, patients were treated as clinically indicated.

2.3 | Assessment of treatment response and

disease progression

Staging of (recurrent) disease was performed according to the AJCC/UICC-

TNM classification of malignant tumors, 8th edition. Therapy response and

disease progression were determined according to the most recent

Response Evaluation Criteria in Solid Tumors (RECIST) 1.1 criteria.29,30 The

initial assessment of the disease (including CT or MRI) was performed

between surgical intervention and the beginning of re-radiotherapy.

Follow-up assessments (includingMRI orCT)were performed regularly until

disease progression, or rejection by the patient, in accordance with NCCN

and the institution's guidelines. (Local) Progression-free survival (PFS) was

measured as the time interval between the initiation of re-irradiation and

the date of (local) relapse/progression, or death due to any cause.

2.4 | Blood sample processing and cfDNA isolation

Peripheral blood was collected by venipuncture and subjected to

plasma isolation within 1 h. The timespan between blood collection

and the application of radiotherapy is documented in

Supplementary Table 2 (median = 16 min after re-RT). Briefly, whole

blood—collected in K2EDTA tubes—was centrifuged at room tempera-

ture for 15 min at 1500 �g without brake. To exclude residual cell

debris, the plasma was centrifuged again at 15�C and 15,000 �g for

10 min and subsequently stored at �80�C until further use. cfDNA

was isolated from 2 mL of clarified plasma using the QIAamp MinElute

ccfDNA Kit (Qiagen, Hilden, Germany). DNA quantity and integrity

was assessed by the Qubit dsDNA High Sensitivity Kit (Thermo Fisher

Scientific, Waltham MA, USA) and the Fragment Analyzer 5200 sys-

tem (Agilent Technologies, Santa Clara CA, USA), respectively.

2.5 | Library preparation and low-coverage WGS

of cfDNA

Sequencing libraries for low-coverage (lc)WGS were prepared as pre-

viously described.31 In brief, 1.2–5.0 ng of cfDNA were subjected to

end-repair, A-tailing and sequencing adapter ligation using Roche's

KAPA HyperPrep reagents with NEBNext Multiplex Oligos for Illu-

mina adapters (New England Biolabs, Ipswich, USA). After a 15-h

adapter ligation period at 16�C, libraries were purified by a double-

sided size selection and amplified using 9–10 PCR cycles, following

the manufacturer's instructions. In the following steps, libraries were

pooled equimolarly and sequenced in 48 to 96-plexes on a Nova-

Seq6000 instrument with S4 paired-end 100-bp flowcells. The lcWGS

library preparation protocol of cfDNA samples obtained from litera-

ture were described in Peneder et al.27 Per sample library preparation

statistics for all samples are given in Supplementary Table 2.

2.6 | Sequencing data processing

Adapter sequences in raw fastq reads were trimmed using Cutadapt

v3.732 and mapped to the reference genome GRCh37/hg19 by BWA-

MEM v0.7.1733 with default settings. Subsequently, aligned reads were

sorted by chromosomal coordinates and indexed using samtools

v1.9.34 Picard's (v2.25.1) Markduplicates function was used to mark

and collapse duplicate reads to allow one read per alignment position.

The sequencing data quality was evaluated by fastqc v0.11.5 and mos-

depth v0.3.835 (Supplementary Table 2). Due to the higher sequencing

depth of the data obtained from literature (Supplementary Table 2), we

downsampled the corresponding bam files to approximate the average

genome coverage of our in-house HNC and healthy donor cohorts

(i.e., 2.5�). Downsampling was performed by samtools v1.9.

2.7 | Copy number variation profiling

Genome-wide CNV profiles were determined by WisecondorX

v1.2.536 with default parameters, separating the genome into

1000-kb bins. Fifty seven healthy donor cfDNA samples served as

diploid references (panel-of-normals) for normalization. For the
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normalization of healthy donor samples, the panel-of-normals was

reduced by the currently analyzed sample. Circular binary segmenta-

tion37 was utilized to define genomic sections of estimated equal copy

numbers. To ensure the robustness of the obtained copy number pro-

files, we bootstrapped the panel-of-normals with 100 iterations, con-

sidering the most frequently called copy number state as the ‘true

state’. Hereby, we confirmed that CNVs were not driven by individual

reference samples within the panel-of-normals.

2.8 | Determination of CNV-based ctDNA burden

As part of the WisecondorX v1.2.5 framework, copy number profiles

were summarized to a copy number abnormality (CPA) score which

expresses the extent of chromosomal instability within a given cfDNA

sample.38 To leverage the information available when CNVs are

assessed in longitudinal samples, we devised a ctDNA-informed CPA

score (ctCPA). To this end, copy number states of the current and all

previously collected samples of the same patient were combined into

a cumulative, patient-specific copy number profile, which encom-

passed copy number gains/losses detected in at least one of the serial

samples. Segments with conflicting copy number states (i.e., gains and

losses within the same region of two or more samples) were excluded

(Supplementary Figure 1). ctCPA scores were calculated as shown in

Equation (1).

ctCPA score¼
X

n

i¼1

Zsegmenti �Dsegmenti

� �

=n ð1Þ

Here, n represents the number of copy number segments within a

sample. The z-score of a segment i is given by Zsegmenti and Dsegmenti

represents the directionality of a segment within the cumulative copy

number profile and can take one of three values according to its

copy number state (gain: +1; loss: �1; neutral: 0). Both CPA scores

and ctCPA scores were calculated after exclusion of chromosome X/Y

and represent the median across 100 panel-of-normal bootstrap itera-

tions (as described in the previous section). (ct)CPA scores are

expressed per 100-Mb.

2.9 | Statistical analyses and data visualization

Since CPA scores were not normally distributed as tested by the

Shapiro–Wilk test, comparisons between independent and paired data

were performed using the Mann–Whitney U and Wilcoxon's paired test,

respectively. The Spearman rank correlation was used to relate GTV with

CPA scores. Survival data were evaluated according to Kaplan–Meier

and survival between groups was compared using the two-sided log-

rank test. Univariate and multivariable survival analysis was carried out

using Cox proportional hazard models. p-Values <.05 were considered

statistically significant. All statistical analyses were carried out using R

v4.2.0 (R Foundation for Statistical Computing, Vienna, Austria) and rele-

vant plots were generated with the ggplot2 R package.39

3 | RESULTS

3.1 | Patient characteristics

Ninety four longitudinal plasma samples from 16 locally advanced

recurrent HNC patients were collected within the framework of the

CARE clinical trial.26 The median age at the time point of study inclu-

sion was 59 years (range 49–72 years) and the study population

included 68.8% males. Fifty six percent of patients were current or

former smokers and 14 out of 16 had a squamous cell carcinoma

(Table 1 and Supplementary Table 1). Administered therapy regimens

prior to study enrollment included radiotherapy (RT; 16/16), concomi-

tant systemic therapy (9/16) and surgery (11/16). The median GTV at

re-irradiation baseline was 18.9 cm3 (range 0.5–139.1 cm3). Re-RT

regimens comprised CIRT (7/16) and VMAT (9/16). A median of

6 serial plasma samples were analyzed per patient. Blood plasma was

collected at re-RT baseline (16/16), after 5 (ca. +7 days; 16/16) and

10 fractions (ca. +14 days; 16/16) as well as at the end of re-RT

(ca. +21 days; 16/16). Additional samples were collected 6 weeks

(14/16), three (7/16) and 6 months (9/16) after re-RT termination

(Supplementary Figure 2). Following re-RT, 15 out of 16 patients

received at least one line of salvage therapy (surgery, n = 6; chemo-

therapy, n = 2; immunotherapy, n = 4, immuno�/chemotherapy com-

bination, n = 5). All patients demonstrated radiographic disease

progression within the follow-up period with a median time to pro-

gression of 5.8 months (range 1.0–10.6 months). First disease

progression after re-RT occurred at local (n = 10), regional (n = 2),

local and regional (n = 1) or distant (lung metastasis n = 2, liver

metastasis n = 1) sites. Six patients experienced a second progression

(local n = 3, regional and regional n = 2, regional and distant n = 2,

and distant n = 1) (Supplementary Table 1).

3.2 | Copy number variation landscape in locally

advanced HNC patients under re-radiotherapy

HNCs are—like many other cancer types—characterized by complex

CNV patterns across the genome.24 Here, we determined genome-

wide CNV profiles from cfDNA lcWGS data (median coverage = 2.8�,

range 1.0�–15.1�; Supplementary Table 2) in our HNC cohort and

57 healthy donors as reference. For each cfDNA sample, the CNV pro-

file was integrated into a metric (CPA score) to quantitatively assess

the extent of chromosomal instability detectable in the circulation

(Methods). The CPA score was used as a surrogate for ctDNA burden

since cell-free chromosomal instability metrics were demonstrated to

relate to other ctDNA measures (e.g., mutations13,40–42;) and tumor

burden.43,44 To define the ctDNA detection threshold, we determined

CPA scores in the healthy individuals and set the maximum value as a

cut-off (median = 0.655, range 0.401–1.044). Using this threshold, we

detected ctDNA in 25 out of 94 HNC patient samples (26.6%) and in

8 out of 16 patients (50.0%). HNC patient samples demonstrated a sig-

nificantly higher CPA score compared to healthy individuals (Mann–

Whitney U, p = 8.20e⁻7; Figure 1A). We also observed significantly
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elevated CPA scores between HNC patients and healthy donors

when individual plasma collection time points were assessed

(Supplementary Table 3).

The CNVs detected in the ctDNA-positive patients resided in

genomic regions known to HNCs. Recurrent copy number changes

included amplifications of 3q, 8q, and 11q13/22 as well as deletions

in 3p, 5q, 9p, and 13q (Figure 1B). These regions encompass tumor

driver (e.g., PIK3CA) and suppressor genes (e.g., CDKN2A, RB1, and

PTEN) recognized in HNCs as well as squamous lineage transcription

factors (TP63 and SOX2).24,45

3.3 | Large tumors prior to re-RT were associated

with increased ctDNA levels

Next, we evaluated the association between CPA scores and demo-

graphic as well as clinical parameters. No statistically significant CPA

score difference was observed when stratifying patients by age, gen-

der, disease dissemination (i.e., local vs. regional or distant metastasis)

or smoking status. This was found for the combined analysis of all lon-

gitudinal plasma samples and when sampling time points were investi-

gated on an individual basis (Supplementary Table 4). Furthermore,

we observed no statistically significant difference in CPA scores when

comparing patients treated with VMAT to CIRT therapy in the given

cohort (Supplementary Figure 3 and Supplementary Table 4). The

stratification of our HNC patients by the cohort's median GTV

(18.9 cm3)—as determined at re-RT baseline—revealed significantly

higher CPA scores in larger tumors, considering all serial samples

(Mann–Whitney U, p = 2.91e⁻5; Supplementary Figure 4A and Sup-

plementary Table 4). The investigation of individual sampling time

points showed significantly higher CPA scores in tumors ≥18.9 cm3

after 5 (p = .005) and 10 (p = .010) re-RT fractions but not at base-

line, re-RT end and at follow-up visits (Supplementary Figure 4B). Fur-

thermore, we did not find a significant correlation between baseline

GTV and CPA scores (Spearman, ⍴ = .050 and p = .856; Supplemen-

tary Figure 4C).

3.4 | Integration of longitudinal plasma copy

number profiles enhanced ctDNA detection

Previous reports showed that the focused analysis of patient-specific

alterations (e.g., mutations or CNVs) can enhance the sensitivity of

ctDNA detection assays.11,46 These studies utilized information from

matched tumor tissue to direct their analysis to patient-specific tumor

alterations, thereby omitting background noise. Herein, we posited that

a similar strategy could be employed in a disease monitoring scenario,

using information from previous serial liquid biopsies to identify

patient-specific CNVs. To this end, we devised a ctDNA-informed CPA

score (ctCPA) that expresses the deviation from a copy number neutral

state, focusing only on genomic regions with copy number changes

identified in the current and all previous samples of the same patient

(cumulative CNV profile; Methods and Supplementary Figure 1). As the

cumulative CNV profiles were patient-specific, thresholds denoting

ctDNA-positivity were established for each patient individually by

determining the maximum ctCPA score at the given cumulative CNV

profile across all 57 healthy donors. The ctCPA score detected ctDNA

in 35 out of 94 samples (37.2%), increasing the ctDNA detectability by

10.6% compared to the CNV analysis without incorporation of longitu-

dinal sample information (Figure 2). In total, 10 additional ctDNA-

positive samples in 4 patients were identified, while only one previ-

ously positive sample was classified as negative by the ctCPA score.

The largest gain of samples with detectable ctDNA was observed at

the time point of re-RT termination. Here, ctDNA was found in 4 addi-

tional patients. The number of ctDNA-positive patients remained

TABLE 1 Patient characteristics.

Head and neck cancer patients analyzed in this study (n = 16)

Age, median (range) 59 (49–72)

Sex, %male 68.8%

Smoking status, %current or former smokers 56.3%

Histology, number of patients Adenocarcinoma 2

Squamous cell

carcinoma

14

T stage, number of patients <4 7

4 9

N stage, number of patients 0 13

≥1 3

M stage, number of patients 0 15

1 1

Re-irradiation modality,

number of patients

CIRT 7

VMAT 9

Localization of primary tumor,

number of patients

Oral cavity 2

Oropharynx 3

Nasal cavity 3

Nasopharynx 3

Hypopharynx 2

Sinuses 2

Skull base 1

Histologic p16 expression in

oropharyngeal carcinoma,

number of patients

positive 1

negative 2

EBV in nasopharyngeal

carcinoma, number of patients

Positive 1

Negative 1

Unknown 1

%KPS, median (range) 80 (70–90)

GTV in cm3, median (range) 18.9 (0.5–139.1)

Serial plasma specimens per patient, median

(range)

6 (4–7)

Progression-free survival in months, median

(range)

5.8 (1.0–10.6)

Overall survival in months, median (range) 15.5 (7.1–35.6)

Abbreviations: CIRT, carbon ion radiotherapy; EBV, Epstein–Barr virus;

GTV, gross tumor volume; KPS, Karnofsky performance score; M,

metastasis; N, node; T, tumor; VMAT, volumetric modulated arc therapy.
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unaltered (8/16) as a minimum of one ctDNA-positive sample per

patient is required for the employed serial CNV analysis.

3.5 | Residual ctDNA during and immediately

after re-irradiation was associated with short

progression-free survival

The prognostic and predictive value of ctDNA detection at therapy

initiation and early post-treatment time points has been reported in

numerous studies.18–21 Here, we evaluated whether quantifiable

ctDNA levels (i.e., (ct)CPA scores exceeding the maximum scores of

our healthy donor cohort) at re-RT baseline, after 5 and 10 fractions

of irradiation and at the end of re-RT were associated with short time

to tumor progression. ctCPA scores were calculated for the respective

sampling time point (i.e., cumulative CNV profiles were only built up

to the currently investigated time point), and ctDNA-positivity was

denoted based on the maximum ctCPA score in our healthy donors.

We found no significant relation between ctDNA detectability and

PFS at re-RT baseline (log-rank, p = .433; hazard ratio [HR] = 1.59;

95% confidence interval [CI] = 0.50–5.1; Supplementary Table 5).

However, residual ctDNA after the administration 5 and 10 fractions

of re-RT (both: log-rank, p = .050; HR = 3.04; 95% CI = 0.95–9.69;

Figure 3A,B) and at therapy termination identified patient populations

with short PFS (log-rank, p = .006; HR = 6.18; 95% CI = 1.43–26.64;

Figure 3C). Next, we evaluated whether detectable ctDNA can predict

local disease control by re-RT. We found no significant association

between ctDNA detectability and time to local disease progression

(Supplementary Table 5). Other patient characteristics and clinical

parameters (i.e., age, GTV, re-RT modality, smoking, and dissemination

status) also demonstrated no significant association with PFS

(i.e., local or disease progression at any localization; Supplementary

Tables 5 and 6). When included in a multivariable Cox proportional

hazard model adjusted for age, re-RT modality, GTV, and dissemina-

tion status, residual ctDNA levels at the end of re-RT did not reach

the level of significance (Wald-test, p = .075; HR = 5.74; 95%

CI = 0.84–39.25; Supplementary Table 7), however, presented the

highest predictive value of the included variables.

3.6 | Decreasing ctDNA levels toward the end

of re-irradiation identified patients with short

progression-free survival

Next, we tested whether dynamic reductions in ctDNA levels were infor-

mative about duration of tumor control. To this end, we considered

ctDNA changes in response to re-RT (i.e., baseline vs. 5, 10 fractions or

re-RT end) and on-treatment reductions (i.e., 5 fractions vs. 10 fractions,

5 fractions vs. re-RT end and 10 fractions vs. re-RT end). Relative ctDNA

changes were calculated based on ctCPA scores or CPA scores without

information from prior sampling time points (if ctCPA scores were not

available for the given patient). No ctDNA detectability cut-offs were

applied for this analysis. We evaluated multiple ctDNA change thresholds

to separate our patient cohort, ranging from +50% to �50% difference

from the earlier to the later sampling time point (with 10% incremental

steps). Solely, ctDNA reductions from re-RT baseline and from the

5-fraction time point to the end of re-RT identified patient populations

with significantly shorter PFS (Supplementary Table 6). Hereby, the CPA

score decrease by ≥30% from 5 fractions to re-RT end resulted in the

most significant separation (log-rank, p = .005; HR = 4.63; 95%

CI = 1.42–15.11; Figure 3D). However, the ≥30% ctDNA reduction was

no independent predictor for short PFS when included into a multivari-

able Cox regression model with age, re-RT modality, GTV, and dissemina-

tion status (Wald-test, p = .213; HR = 4.06; 95% CI = 0.447–36.96).
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3.7 | ctDNA levels showed no association with

overall survival

We found no relation between OS and any of the previously investi-

gated ctDNA measures as well as patient and clinical characteristics

(Supplementary Table 6). These included the detectability of ctDNA at

any pre- and on-treatment time point and ctDNA level reductions in

response to therapy.

3.8 | ctDNA dynamics during and after re-

irradiation reflected therapy response and failure

Recurrent locally advanced HNC patients often present with short

disease-free and overall survival.1–3,47 Re-irradiation can prolong sur-

vival of these patients compared to standard-of-care chemotherapy,

however, time to disease progression and OS remains modest.3,9 Lon-

gitudinally collected liquid biopsies facilitate real-time disease

monitoring16–18 and could provide early signs of tumor

progression14–16 essential for disease management in this patient

population. In this study, we evaluated the feasibility of disease moni-

toring using ctCPA scores as measure for chromosomal instability in

the circulation, focusing on patients with at least one ctDNA-positive

sample (n = 8). ctCPA scores were calculated by integrating CNV

information up to the re-RT end time point. We found decreasing

ctCPA scores from re-RT baseline to the end of re-RT in seven out of

eight patients (Supplementary Figure 5A). Only patient P007 marked

a ctCPA score increase which was in line with a subsequently diag-

nosed liver metastasis, not targeted by re-RT (Figure 4A). Further-

more, ctCPA score increases between re-RT end and the plasma

specimen collected closest to disease progression (PD) were observed

in seven out of eight patients (Supplementary Figure 5B). These

observations highlighted the reflection of initial response to re-RT and

disease recurrence by chromosomal instability measured in circulation.

Patients P001, P007, P008, and P018 (Figure 4A–D) exemplified

cases that reflected radiographically determined disease kinetics both

in response to re-RT and subsequent lines of salvage treatments. For

instance, rising ctCPA scores in patient P001 after termination of re-

RT—and despite administration of salvage immunotherapy—were

accompanied by imminent PD and patient death (Figure 4B). In five

patients (i.e., P001, P003, P006, P007, and P009), we observed rising

ctCPA scores prior to radiographic tumor progression, potentially

marking early signs of molecular PD (Figure 4 and Supplementary

Figure 6). On average, PD detection by rising ctDNA levels in these

patients preceded radiology by 3.30 months (range 1.34–5.31). Fur-

thermore, increased ctDNA release during re-RT—that is, ctCPA

scores surpassing the baseline value at 5 or 10 fraction of re-RT—was

evident in five out of eight patients (P001, P006, P007, P008, and

P018). We observed no association between these ctCPA score

increases and the time point of blood sampling with respect to the

application of RT.

4 | DISCUSSION

Local recurrence is a common cause of treatment failure in advanced

HNC patients and associated with poor survival.1–3,47 Although re-

irradiation was demonstrated to result in favorable prognosis when

compared to chemotherapy, second disease progression remains fre-

quent and biomarkers predicting therapy success are urgently

P
0

1
5

P
0

1
2

P
0

1
7

P
0

0
9

P
0

0
7

P
0

0
2

P
0

1
0

P
0

1
1

P
0

0
8

P
0

1
6

P
0

1
8

P
0

0
6

P
0

0
3

P
0

0
1

P
0

0
4

P
0

1
4

0

50

100

G
T

V
(c

m
3
)

Baseline

5-Fx

10-Fx

Follow-up (6 weeks)

Follow-up (3 months)

Follow-up (6 months)

RT end

31.3% (5/16)

37.5% (6/16)

37.5% (6/16)

31.3% (5/16)

42.9% (6/14)

42.9% (3/7)

44.4% (4/9)

ctDNA-negative ctDNA-positive (CPA score) ctDNA-positive (ctCPA score)

F IGURE 2 Head and neck cancer patient cohort overview highlighting the detectability of ctDNA copy number variation (CNV) analysis from

low-coverage whole genome sequencing. Green and blue colors indicate detectable CNVs by de novo CNV-calling (CPA score) and using

information from previous serial plasma samples of the same patient (ctCPA score), respectively. Missing squares represent unavailable plasma

samples. The number of ctDNA-positive and total number of samples per time point is given in brackets.

JANKE ET AL. 859

 1
0
9
7
0
2
1
5
, 2

0
2
5
, 4

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/ijc.3

5
1
5
2
 b

y
 D

k
fz Z

en
tralb

ib
lio

th
ek

 K
reb

sfo
rsch

u
n
g
szen

tru
m

, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [3

1
/0

7
/2

0
2
5
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se



needed.1,2,4 This study systematically evaluated the association

between ctDNA dynamics and clinical outcome in locally recurrent

HNC patients under re-irradiation.

We analyzed lcWGS data with the WisecondorX pipeline36 to assess

genome-wide CNVs in longitudinally collected plasma and used the

extent of chromosomal instability per sample (CPA score) to indicate the

presence of ctDNA. This approach is universally applicable since no prior

knowledge of patient-specific alterations or HPV status is required. Previ-

ous studies demonstrated the measurability of ctDNA in the circulation

of HNC patients and reported detection rates between 30% and 100%,

depending on the tumor stage and employed ctDNA assay.16,23,25,48,49

Locoregional recurrent disease, as observed in 15 out of 16 patients in

this cohort, was shown to result in diminished ctDNA detectability when

compared to metastatic disease progression (30% vs. 70% ctDNA-

positive patients detected).48 We found ctDNA in 50% of patients which

reflected previous reports on ctDNA detectability in locally recurrent and

non-metastatic HNC patients by targeted mutation (30%,48) and lcWGS-

based CNV analysis (52%25). The validity of our ctDNA measure was fur-

ther corroborated by the identification of CNVs commonly found in

tumor tissue of HNC patients, such as the amplification of 3q and 8q as

well as deletion of 3p, 9p, and 13q.24

To enhance CNV-based ctDNA detection in our cohort, we intro-

duced a methodology designed to use CNV information of longitudi-

nal plasma specimens to increase assay sensitivity. Broadly, this

approach (1) identifies CNVs in the current and all previous samples

of one patient, (2) integrates this information into a cumulative CNV

profile, and (3) quantifies chromosomal instability (ctCPA score) focus-

ing on genomic regions known to be altered in the given patient. This

concept follows the logic of tumor tissue-informed ctDNA detection,

wherein a tumor-specific feature space is defined to increase the sig-

nal to noise ratio in WGS data.46 Ten additional ctDNA-positive sam-

ples were detected by ctCPA scores, emphasizing the improved

sensitivity without the requirement of additional sequencing efforts.

Importantly, this strategy could be applied to enhance ctDNA detec-

tion in clinical settings where obtaining tissue biopsies is not feasible.

Given that ctCPA scores were derived from patient-specific CNVs,

their significance lies in indicating ctDNA-positivity and longitudinal

disease assessment, rather than inter-patient comparisons. Further-

more, the prerequisite of identifying at least one de novo CNV per

patient precludes the detection of additional ctDNA-positive patients.

An increasing body of evidence implies that on-treatment ctDNA

changes as well as residual ctDNA levels after therapy relate to clinical
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outcome.18–21,50 We found that residual ctDNA during re-RT

(i.e., after 5 and 10 fractions) and immediately after irradiation identi-

fied patients with short PFS. Furthermore, a decrease in ctDNA

toward re-RT termination (i.e., baseline vs. re-RT end and 5 fractions

vs. re-RT end) was accompanied by early disease progression. In par-

ticular early response prediction could have significant clinical impact.

For instance, residual ctDNA or ctDNA clearance after 5 or 10 frac-

tions of re-RT could guide subsequent radiation dosage (de-)escalation

to improve therapy success or spare toxic side-effects. Moreover,

detectable ctDNA levels after the last scheduled re-RT administration

could serve as indication for early initiation of subsequent therapy

lines. In contrast to recent studies,20,21,50 we observed no prognostic

value of baseline ctDNA levels. This might be explained by the hetero-

geneous pre-treatment of the HNC patients of this study as well as

the varying analytes and analytical methods used (i.e., mutations

vs. CNVs and panel-sequencing vs. lcWGS). Also, literature suggests a

stronger correlation between ctDNA measures in response to therapy

than baseline ctDNA levels.50 In the presented cohort, we found no

association between ctDNA and OS in any of the investigated time

points. A plausible explanation for this observation are the non-

uniform salvage therapies administered and their concomitant variable

effect on long-term survival. Through tracking of ctCPA scores in

sequential plasma samples, we highlighted that ctDNA reflects tumor

dynamics associated with response to re-RT as well as successive sal-

vage therapies. In 5 patients, we demonstrated that liquid biopsies

can indicate disease progression in advance of clinical imaging. In the

future, the identification of early signs of PD by ctDNA could aid clini-

cal decision-making, recommending patients at risk to narrow radio-

logical surveillance or to early initiate systemic therapy in case of

imminent progression. However, interventional studies are required

to elucidate the potential benefits of ctDNA-based therapy response

prediction and disease monitoring.

In contrast to literature data,43,44 we found no correlation

between ctDNA levels and radiologically determined tumor burden at
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F IGURE 4 Representative patients (A–D) illustrating the utility of the ctCPA score for disease monitoring in HNC patients under re-

radiotherapy (re-RT). Administered radio- and systemic therapies are represented by shaded areas. Time points of disease progression (PD) and

PD location (if available) are denoted by vertical lines. Horizontal, dotted lines indicate the patient-specific detectability threshold of the ctCPA

score (i.e., maximum score across 57 healthy donors). Filled dots highlight samples with detectable ctCPA scores. Early signs of PD in months

(i.e., increasing ctCPA scores prior to radiographic tumor progression) are highlighted in gray.
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re-RT baseline. We propose that this could be attributed to the exten-

sive pre-treatment of our cohort. A previous study showed in small

cell lung cancer patients that the correlation between mutant allele

frequencies in plasma and GTV increased when solely treatment naive

patients are considered.44 Despite the lacking correlation at baseline,

we observed elevated ctDNA levels in large tumors (i.e., exceeding

the cohorts median GTV) when all plasma samples were considered.

Hence, baseline GTV could identify patients more likely to benefit

from ctDNA-based therapy monitoring.

The main limitations of this study comprise its retrospective char-

acter, the small cohort size and the heterogeneous pre-treatments as

well as salvage therapies administered post re-RT. Ideally, our findings

should be confirmed in a larger prospective study. In addition, we

detected no ctDNA in 8 out of 16 patients, including two patients

(P004 and P014) with large tumors. The analysis of complementary

biomarkers (e.g., mutations, DNA methylation22,25) and/or cfDNA

fragmentation features13,40 as well as incorporating the collection of

supplementary bio fluids (e.g., saliva or oral rinses49) should be evalu-

ated in future studies to enhance ctDNA detectability and ensure that

more patients can benefit from liquid biopsies.

5 | CONCLUSIONS

To our knowledge, this is the first study to systematically assess the

utility of CNV-based ctDNA quantification as predictive biomarker in

locally recurrent advanced HNC patients under re-RT. We convinc-

ingly demonstrated that CNVs can be detected in plasma of HNC

patients and devised a strategy to incorporate CNV profiles of longi-

tudinal samples to enhance ctDNA detection. This approach could

serve as a blueprint for sensitive CNV analysis in future studies. The

defined plasma sampling intervals of this study allowed us to demon-

strate the predictive value of residual ctDNA during and

immediately after re-RT and showcased the suitability of ctDNA for

longitudinal therapy monitoring.
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