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Up to 30% of patients with locally advanced head and neck squamous cell carcinoma (LA-HNSCC) relapse. Molecular residual
disease (MRD) detection using multiple assays after definitive therapy has not been reported. In this study, we included patients
with LA-HNSCC (stage III Human Papilloma virus (HPV)-positive, III-IVB HPV-negative) treated with curative intent. Plasma was
collected pre-treatment, at 4–6 weeks (FU1) and 8-12 weeks (FU2) post-treatment. Circulating tumor DNA (ctDNA) was analyzed
using a tumor-informed (RaDaR®) and a tumor-naïve (CAPP-seq) assay. HPV DNA was measured using HPV-sequencing (HPV-seq)
and digital PCR (dPCR). A total of 86 plasma samples from 32 patients were analyzed; all patients with at least 1 follow-up sample.
Most patients were stage III HPV-positive (50%) and received chemoradiation (78%). No patients had radiological residual disease at
FU2. With a median follow-up of 25 months, there were 7 clinical relapses. ctDNA at baseline was detected in 15/17 (88%) by RaDaR
and was not associated with recurrence free survival (RFS). Two patients relapsed within a year after definitive therapy and showed
MRD at FU2 using RaDaR; detection of ctDNA during follow-up was associated with shorter RFS (p < 0.001). ctDNA detection by
CAPP-seq pre-treatment and during follow-up was not associated with RFS (p= 0.09). HPV DNA using HPV-seq or dPCR during
follow-up was associated with shorter RFS (p < 0.001). Sensitivity and specificity for MRD at FU2 using RaDaR was 40% and 100%
versus 20 and 90.5% using CAPP-seq. Sensitivity and specificity for MRD during follow-up using HPV-seq was 100% and 91.7%
versus 50% and 100% using dPCR. In conclusion, HPV DNA and ctDNA can be detected in LA-HNSCC before definitive therapy. The
RaDaR assay but not CAPP-seq may detect MRD in patients who relapse within 1 year. HPV-seq may be more sensitive than dPCR
for MRD detection.
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BACKGROUND
Locally advanced head and neck squamous cell carcinoma (LA-
HNSCC) is treated with multi-modality therapy consisting of
surgery followed by adjuvant radiation (RT) or chemoradiation
(CRT); or definitive RT or CRT [1–3]. Despite aggressive treatment,
outcomes are poor, particularly for stage III human papilloma virus
(HPV)-positive and stage III–IV HPV-negative cases [4], which are
associated with a substantial risk of distant metastases (25–30% at
3 years) [5]. Predicting early relapse in order to identify high-risk
patients is an important clinical consideration.
Molecular residual disease (MRD) detection has emerged as a

biomarker preceding relapse in many tumor types [6–11]. MRD is
usually defined as the detection of molecular evidence of cancer
using cancer-specific biomarkers, such as circulating tumor DNA

(ctDNA), after completion of definitive therapy. Different strategies
have been examined in this setting [12]. One approach is the use
of tumor-informed ctDNA assays that involve tumor whole exome/
genome sequencing to identify patient-specific alterations that
enable the design of a personalized assay to track plasma ctDNA
[13, 14]. However, tumor sample availability is a limitation. A
tumor-naïve approach such as CAPP-Seq (CAncer Personalized
Profiling by deep Sequencing), which employs a fixed panel
enriched for recurrent mutations of a specific tumor type, could be
an appealing alternative [15]. Likewise, targeting viral sequences
could allow for tumor-naïve detection of HPV DNA in HPV-
positive cases.
Mutation-based ctDNA has been analyzed in LA-HNSCC using

plasma and saliva, with its impact in predicting clinical relapse still
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emerging [16, 17]. Detection of MRD in plasma of HNSCC patients
treated with surgery using a tumor-informed ctDNA assay (the
RaDaR® assay, Neogenomics Laboratories, Inc) was shown to
precede relapse [18]. CAPP-Seq could detect ctDNA pre-treatment
in surgically treated HNSCC patients [19]. However, the value of
these assays in patients treated with definitive CRT or RT, which
represent more than 50% of high-risk LA-HNSCC cases, is not
yet known.
HPV-based ctDNA has garnered recent interest for MRD

detection in HPV-positive oropharynx cancer (OPC) [20]. Detection
of HPV DNA in plasma using digital PCR (dPCR) following CRT is
associated with clinical relapse [21–26]. However, dPCR has
modest analytical sensitivity and needs to assay separately for
each HPV genotype [27]. HPV-sequencing (HPV-seq), involving
next generation sequencing (NGS) of viral sequences related to
HPV, could overcome these limitations [28].
Evaluating these technologies in a single cohort would help to

understand their relative merits. We hypothesize that ctDNA using
different assays can be detected before definitive therapy and in
the immediate follow-up in high risk LA-HNSCC (Fig. 1A). We aim
to correlate the detection of ctDNA with clinical relapse at
baseline, and at follow-up (4–6 weeks and 8–12 weeks post-
definitive therapy). We also aim to explore whether there is a
preferred method and optimal timepoint for MRD detection.

METHODS
Population
From October 2020 to November 2021, we prospectively enrolled
patients with high risk LA-HNSCC treated at the Princess Margaret
Cancer Centre (PRE-MERIDIAN, NCT04599309). Stage III HPV-positive and
stage III, IVA and IVB HPV-negative tumors from oral cavity, oropharynx,
hypopharynx and larynx were eligible. Patients were treated with
curative intent: surgery followed by adjuvant (C)RT, definitive RT or CRT.
Serial blood samples were collected prior to any therapy (baseline), and

during follow-up: at 4–6 weeks (FU1), and 8-12 weeks (FU2) following
definitive therapy (Fig. 1A). Radiological assessments were performed in
all patients at FU2. Patient characteristics were abstracted from the
electronic health record. Written informed consent was obtained for all
patients. This study was approved by our Institutional Review board.
Written informed consent was obtained for all patients. Data cut-off date
for the present analysis was June 30, 2023.

Tumor sequencing
Archival tissue from patients’ diagnostic biopsy was obtained from their
primary tumor or neck lymph nodes. In patients who underwent surgery,
the surgical specimen was used. DNA was extracted and whole exome
sequencing (WES) was performed as previously described [29]. Median
depth of read was 250x. Further details are provided in the supplementary
methods.

Plasma analysis
At each time point, 20 mL of peripheral blood was collected in Streck Cell-
Free DNA BCT tubes, and plasma and buffy coat were separated by
centrifugation and stored at −80 °C. Extraction details are summarized in
the supplementary material.
Two different approaches to detect mutation-based ctDNA were

employed: RaDaR and CAPP-seq. Briefly, the RaDaR assay is based upon
personalized multiplex PCR amplification of cell free DNA (cfDNA). Tumour-
specific variants, identified by WES of the primary tumour, were ranked
and prioritized for inclusion in patient specific custom panels targeting up
to 48 variants and applied to plasma as previously described [9]. Single
nucleotide polymorphisms found by panel sequencing of buffy coat DNA
were excluded to reduce the potential impact of germline mutations,
mosaicism or variants arising from clonal haematopoiesis of indeterminate
potential. Median input was 7700 copies (range 3160–18320). A proprietary
statistical model was used to determine ctDNA presence (ctDNA positive)
or absence (ctDNA negative). The tumor fraction for each sample was
reported as estimated variant allele fraction (eVAF). Samples that were
considered negative as per the statistical model but were close to the
threshold of detection (eVAF >0.001% and/or 2 mutant molecules in a
given sample) were noted as indeterminate.

Fig. 1 Molecular residual disease detection in locally advanced head and neck cancer (PRE-MERIDIAN) study. A Study design and assays
included. B Samples available and detected by each method and timepoint.
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CAPP-seq employed hybrid capture sequencing with a panel optimized
for HNSCC, as previously published [19, 30]. Mutect2 was used to identify
both somatic SNVs and Indels on a joint calling of multiple cfDNA samples
and a matched germline (buffy coat). Technical sequencing errors and
putative SNPs were filtered out by iDES “background polishing” with 12
healthy control samples and using gnomAD allele frequency >0.1% (v2.1),
low quality mutations were also removed based on the requests of
sequencing depth >100, and functional mutations were selected in the
sample for each patient [31]. Further details are summarized in the
supplementary material. Somatic mutations called on baseline samples
were used for the subsequent analyses in the follow-up samples, and the
median VAFs of the selected mutations were summarized to represent the
ctDNA abundance.
HPV DNA was analyzed using HPV-seq and dPCR. HPV-seq was

performed simultaneously with CAPP-seq. HPV genotype was determined
from the baseline plasma sample, and HPV genotype-specific DNA levels
were quantified as previously described [28] with a normalization factor of
0.6 to account for inflation of HPV-mapped reads relative to human-
mapped reads due to incorporation of dual-stranded HPV hybrid capture

baits. dPCR was only performed in OPC patients whose tumors were
p16 positive by immunohistochemistry, following previous methodology
[27]. All ctDNA and HPV DNA measurements were performed by study
personnel blinded to clinical outcomes.

Statistical analysis
Demographics and clinical characteristics were compared by Wilcoxon
rank sum test (continuous variables) and Fisher exact tests (categorical
variables). Recurrence free survival (RFS) was measured from the start of
treatment until recurrence of cancer or death. One patient who had
metastatic disease during definitive treatment was removed from the
analysis of RFS. Overall survival (OS) was measured from diagnosis to
death. Cox proportional hazards models were fit to estimate hazards of
recurrences for each assay. Kaplan–Meier (KM) curves were created for
dichotomized ctDNA metrics and differences were tested by log-rank test.
All statistical analyses were performed in the R programming language
version 4.2.2.

RESULTS
Patient characteristics, tissue and plasma availability
A total of 32 patients with at least one follow-up sample were
included in the analysis (Fig. 1B, Supplementary Fig. 1). The
evaluable population characteristics are summarized in Table 1;
median age at diagnosis of 63 years (34–71), mostly male (78%),
and evenly distributed between HPV-positive and HPV-negative
disease. One patient was found to have distant metastases while
still on definitive treatment. The most frequent treatment was
definitive CRT (78%). No patients had macroscopic residual disease
at the time of radiological and clinical assessment performed at
FU2. With a median follow-up of 25 months (range: 5.1–32.0),
seven (22%) clinical and radiological relapses were observed
(Table 2): three during the first year and four during the second
year. 2-year RFS was 76% (95% CI 61–95) and 2-year OS was 94%
(95% CI 85–100).
Eighty-six plasma samples were collected from 32 patients.

Three patients did not have baseline plasma collected. Both
follow-up plasma samples were collected in 25 patients; the rest
had only one follow-up sample (three only had FU1, four had FU2).
One sample was excluded from the CAPP-seq and HPV-seq
analyses because it failed quality control using NGSCheckMate
[32]. WES in matched tumor tissue was attempted in the first 20
patients due to resource limitations, 3 with insufficient viable
tissue; 17 patients (85%) were evaluable for RaDaR. CAPP-seq was
analyzed in the 29 patients with baseline sample as MRD was only
evaluable using this approach if there was baseline ctDNA
detection. HPV-seq was analyzed in all 32 evaluable patients
regardless of p16 status; HPV dPCR was applied using genotype-
matched assays (i.e., targeting the genotypes, HPV 16 and HPV 35,
detected by HPV-seq in this cohort) only in those patients with
OPC that had p16 expression by immunohistochemistry in the
tumor (N= 17) (Fig. 1B and Supplementary Fig. 1).

Circulating tumor DNA prior to definitive therapy
We first evaluated the detection of tumor-informed ctDNA at
baseline (Supplementary Table 1). A total of 15/17 (88%) with WES
had detected ctDNA using RaDaR; median eVAF was 0.3%
(0–11.1%). The two patients with undetected ctDNA had an oral
cavity tumor: Patient 15 had T3N0 and patient 21 had a
T4N2 spindle cell squamous cell carcinoma. A higher median
eVAF was observed in OPC (median 1.9% versus 0.2% in larynx,
0.001% in hypopharynx and undetectable in oral cavity, p= 0.03).
Moreover, p16 positive tumors showed higher median eVAF (2.0%
vs. 0.1%, p < 0.001), regardless of primary tumor location. Baseline
eVAF was not associated with RFS (HR: 1.14; 95% CI 0.85–1.54;
p= 0.37). In contrast, ctDNA was detected in 15/29 patients
(51.7%) using CAPP-seq. This frequency of ctDNA detection by
CAPP-seq (9/17, 53%) was similar when limited to the subset of 17
patients who also underwent RaDaR analysis at baseline. However,

Table 1. Characteristics of the evaluable patients in the study (N= 32).

Characteristics Patients (%)

Gender

Male 25 (78)

Female 7 (22)

Stage

III HPV positive 16 (50)

III HPV negative 7 (22)

IV A-B HPV negative 8 (25)

IV C HPV positive 1 (3)

Primary site

Oropharynx 23 (72)

Larynx 5 (16)

Oral Cavity 3 (9)

Hypopharynx 1 (3)

Papilloma Virus (p16)

Positive 17 (53)

Negative/Not done 15 (47)

Smoking

Never smoker 7 (22)

Former smoker 7 (22)

Smoker 18 (56)

Alcohol intake

Never 9 (28)

Former 2(6)

Active occasional-moderate 19 (59)

Active heavy 2 (6)

Treatment

Surgery 1 (3)

Surgery followed by adjuvant radiation 2 (6)

Surgery followed by adjuvant chemoradiation 1 (3)

Definitive radiation 3 (9)

Definitive chemoradiation 25 (78)

Cisplatin

Weekly dose (40 mg/m2) × up to 7 doses 12 (46)

High dose (100mg/m2) × up to 3 doses 14 (54)

Non applicable 6

Only patients with at least a follow-up sample were included.
HPV human papilloma virus.
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in comparison to RaDaR, which was successful in ctDNA detection
in 88% (15/17) of patients, the baseline detection rate by CAPP-
seq is significantly lower (p= 0.03). Baseline median VAF was not
significantly different by primary tumor location or by p16 status
and was not associated with RFS (HR: 0.84; 95% CI 0.38–1.83;
p= 0.66).

HPV DNA prior to definitive therapy
HPV DNA was evaluated in all 29 baseline plasma samples using
HPV-seq (Supplementary Table 2). Compared with p16 immuno-
histochemistry on OPC tumors, plasma HPV DNA detection by HPV-
seq had 100% sensitivity (15/15 detected among p16 positive) and
100% specificity (0/14 detected among p16 negative). The median
number of copies of HPV DNA/mL was 2112.7 (14.5–39904.9); levels
were not associated with RFS (HR: 1.00; 95% CI 0.99-1.00; p= 0.31).
Detected HPV genotypes included HPV 16 (14/15) and HPV 35 (1/
15). Among baseline samples also evaluated by HPV dPCR, 15/15
had detectable levels with a median number of copies/mL similar to
HPV-seq (2084.8; range 16.9–29957.6).

Circulating tumor DNA to predict recurrence
We then examined the detection of ctDNA during follow-up.
Detection of ctDNA during follow-up according to the RaDaR
assay was observed in 1/30 samples (3.3%) (Patient 19). That
plasma sample was taken at FU2 and had an eVAF of 0.004%.
Another patient’s FU2 plasma sample was close to the threshold
to be considered positive by RaDaR with an eVAF of 0.001% and
was thus called as indeterminate (Patient 7). Both patients
subsequently relapsed (one with local recurrence, the other with
distant disease) during the first year of follow-up (Table 2, Fig. 2);
lead time to clinical/radiological progression was 100 and
245 days, respectively. All other FU1 and/or FU2 samples were
negative for ctDNA. Four other patients tested for RaDaR during
follow-up relapsed beyond the first year of surveillance (Patients 3,
10, 13 and 14), with a median lead time from last sample to
recurrence of 517 days (511–607). An eVAF ≥ 0.001% in plasma
samples during the initial 12 weeks of follow-up was associated
with inferior RFS (Fig. 3A); 2-year RFS was 0% in eVAF ≥ 0.001% vs.
73% (51–100%) in ctDNA negative patients.

We also analyzed MRD detection during follow-up using CAPP-
seq in patients with detectable ctDNA at baseline. At FU1, 4/12
(33%) plasma samples showed ctDNA detection, lower at FU2 (3/
13, 23%). These three FU2 samples were from patients whose
FU1 sample showed ctDNA detection (Patients 4, 14 and 32). Only
Patient 14 had clinical recurrence, with an increase in median VAF
from FU1 to FU2. Patient 3 only had FU1 sample available that had
detected ctDNA and experienced recurrence. There were two
other patients with detection of ctDNA during follow-up who have
not recurred (Patient 4 and 32). Detection of ctDNA using CAPP-
seq during follow-up was not associated with RFS (Fig. 3B): 2-year
RFS was 33% (7–100%) in ctDNA positive vs. 86% (72–100%) in
ctDNA negative.

HPV DNA to predict recurrence
HPV DNA was analyzed during follow-up in all 32 evaluable
patients. A total of 8 follow-up plasma samples from 6 patients
(18.8%) were positive for HPV DNA by HPV-seq including the two
follow-up samples from Patient 24 who had metastatic disease
during CRT. The remaining 6 follow-up plasma samples with HPV
DNA detection were from 5 patients, four of whom experienced
relapsed (Patients 3, 7, 10 and 14). Patient 7 was positive in FU1
and FU2, with increasing number of HPV DNA copies. Patients 10
and 14 were positive for HPV DNA at FU2 but were negative at
FU1. Patient 3 was positive for HPV DNA in the only available
sample (FU1). In contrast, one patient with HPV DNA detection at
follow-up (FU1) did not recur: Patient 29. Detection of HPV DNA
during follow-up using HPV-seq was associated with RFS in
p16 positive OPC patients (Fig. 3C): RFS-2 years was 27% (5–100%)
in HPV DNA positive vs. 100% (100–100%) in HPV DNA negative.
Similarly, detection of HPV DNA using dPCR was associated with
RFS in p16 positive OPC patient (Fig. 3D). However, only 2/4
patients (50%) with recurrence (Patients 3 and 14) had detectable
HPV DNA in follow-up samples using dPCR.

Correlation between different approaches
There was a strong statistically significant correlation at baseline
(r= 0.61) between eVAF (RaDaR) and median VAF (CAPP-seq)
(Supplementary Fig. 2), but that correlation became weaker and

Table 2. Patients with clinical or radiological recurrence among the evaluable population.

Patient ID 19 22 7 3 14 13 10

Primary Larynx Oral Cavity OPC OPC OPC Larynx OPC

Stage III III III III III III III

p16 Negative Negative Positive Positive Positive Negative Positive

Treatment RT Surgery + RT CRT CRT CRT CRT CRT

Time to
recurrence (days)

203 228 356 605 638 653 731

Site of recurrence Local Local Distant
(lung)

Distant
(lung)

Local and
distant (lung)

Local Local

Treatment of
recurrence

Salvage
surgery

Systemic
therapy

None Lung SBRT Systemic
treatment

Salvage
surgery

Systemic
therapy

Alive No No No Yes Yes Yes Yes

RaDaR FU2:+ Not performed FU1:−
FU2: Indet.

FU1:− FU1:−
FU2:−

FU1:−
FU2:−

FU1:−
FU2:−

CAPP-seq FU2:− Not evaluable FU1:−
FU2:−

FU1:+ FU1:+
FU2:+

FU1:−
FU2:−

FU1:−
FU2:−

HPV-seq FU2: NA FU1/2: NA FU1:+
FU2:+

FU1:+ FU1:−
FU2:+

FU1/2: NA FU1:−
FU2:+

dPCR (HPV) FU2: NA FU1/2: NA FU1:−
FU2:−

FU1:+ FU1:+
FU2:+

FU1/2: NA FU1:−
FU2:−

Main characteristics at baseline, recurrence and assays available for each patient and follow-up timepoints (bold represents detectable).
CRT chemoradiation, dPCR digital PCR, FU follow-up, Indet indeterminate, NA non-applicable, OPC oropharynx, RT Radiation.
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non-significant at FU1 and FU2 (r= 0.15 and 0.03, respectively)
(Supplementary Table 3). HPV-seq and dPCR had a strong
statistically significant correlation at baseline (r= 0.98), and this
correlation retained statistical significance at FU1 (r= 0.60) and

FU2 (r= 0.70). We also compared the different approaches in
terms of detecting MRD at FU1 and FU2 (Table 3). Overall, all the
assays detected MRD with higher accuracy at FU2. At that
timepoint, RaDaR showed a high specificity (100%) but a low

Fig. 3 Relapse-free survival according to ctDNA or HPV DNA detection by each method for both follow-up timepoints. A RaDaR B CAPP-
seq C HPV-seq D digital PCR. Note that for the RaDaR assay the indeterminate result has been considered positive. For CAPP-seq also patients
with undetectable plasma at baseline have been included and considered not detected in follow-up.

Fig. 2 Patients with baseline and follow-up samples using bespoke ctDNA (RaDaRTM) assay. ctDNA circulating tumor DNA, FU follow-up.
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sensitivity (40%), while CAPP-seq showed a relatively lower
specificity and sensitivity (90% and 20%, respectively). In contrast,
detection of HPV DNA using HPV-seq showed the highest
sensitivity and specificity (100%) while sensitivity was lower using
dPCR (33%). When limiting the analysis only to p16+ OPC, HPV
DNA detection using HPV-seq was the most accurate approach to
detect MRD with an accuracy of 87.5% at any timepoint and 100%
at FU2 (Supplementary Table 4).
We performed an exploratory analysis to evaluate MRD

detection with 2 methods (CAPP-seq/RaDaR and HPV-seq) or
three methods. The best performance in terms of MRD detection
was observed with RaDaR + HPV-seq at FU2 with a sensitivity of
80%, specificity of 100% and accuracy of 93.8% (Table 3). We also
analyzed 2 year-RFS combining two or three methods (Supple-
mentary Table 5). RFS is shorter in patients with detected ctDNA
by RaDaR and/or HPV DNA detection by HPV-seq at FU2 (2 year-
RFS 88% vs. 25%, p < 0.001). However, interpretation of the results
is limited due to low number of patients for each approach.

DISCUSSION
In this study, we explored the value of ctDNA and HPV DNA pre-
and post-definitive therapy in patients with high-risk LA-HNSCC.
To our knowledge, this is the first study to examine different
ctDNA analytical approaches in this setting. Even though ctDNA is
detected in most patients before definitive therapy using a tumor-
informed ctDNA assay, its sensitivity is lower for MRD. A tumor-
naïve ctDNA assay performed comparatively worse to detect both
pre- and post-treatment ctDNA. In contrast, HPV DNA was the
most reliable way to detect MRD in HPV-driven tumors, especially
HPV-seq.
We showed that 88% of our patients had ctDNA detected

before definitive therapy using a bespoke ctDNA assay. This
frequency is similar to one prior study (LIONESS) that also used
RaDaR [33] and higher than a tumor agnostic targeted NGS assay
incorporating 26 genes and HPV 16, where ctDNA was detected in
77% of cases [34]. It is noteworthy that WES was successfully
performed in more than 80% of the cases with available tumor
specimen, including patients who only had a core biopsy for
diagnosis. These results support the feasibility of bespoke ctDNA
evaluations in patients with high risk LA-HNSCC who do not get
upfront surgery and typically only have small biopsies.
Bespoke ctDNA analysis has shown significant value in

predicting clinical recurrence in patients after surgery for color-
ectal, breast and lung cancers [9, 13, 14] and post definitive CRT in
rectum and lung [35, 36]. In HNSCC, the LIONESS study showed
that ctDNA detection using same assay as ours, was associated
with recurrence after surgery, with a median lead time of 122 days
[33]. We only detected 2/6 patients who had subsequent clinical/
radiological relapse, despite the positive predictive value (PPV)
and specificity of RaDaR being 100% in our cohort. Of note, both
patients recurred within less than a year post-treatment suggest-
ing that this approach may only be able to detect the early
recurrences. Some differences are noted between both studies.
First, our study consisted of patients treated primarily with a non-
surgical approach (>75%), while LIONESS included only surgical
patients. Second, we included only patients with stage III-IV
tumors while LIONESS included 27% of patients with stage I-II.
Third, we analyzed only two timepoints, within twelve weeks of
definitive treatment completion, compared to a longitudinal
approach in LIONESS, which could explain our lower sensitivity
was lower and that we only detected recurrences within a year.
When restricting in the LIONESS study to samples within 12 weeks
post-definitive treatment, sensitivity was nearly identical to our
study (38%).
CAPP-seq, a tumor-naïve approach, has been evaluated in lung

cancer showing that ctDNA detection after definitive treatment
predicted recurrence [36, 37]. In LA-HNSCC, CAPP-seq can detect

ctDNA pre-treatment in two thirds of patients, a slightly higher
frequency than in this cohort (53%) [19]. We have also previously
reported using CAPP-seq that a decrease in ctDNA within 3-4 weeks
after administration of chemotherapy or immunotherapy in
recurrent or metastatic HNSCC was associated with prolonged
survival [38]. In our current analysis, CAPP-seq showed lower
sensitivity and specificity and higher numbers of false positive
results. Two patients were found to have detected ctDNA at follow-
up using CAPP-seq and recurred. For patient 3, FU2 was not
available, so it is unclear if ctDNA had subsequently cleared. For
patient 14, baseline VAF by CAPP-seq was the lowest among
detectable cases while VAF at FU1/FU2 increased from baseline
despite no evidence of disease in the radiological assessments at
FU2. These results along with a late recurrence (>500 days) suggest
a potential false positive, rather than a true MRD result. The different
performances could be attributed to variations in the tumor burden
(e.g., locally advanced vs. metastatic disease) and/or technical
factors related to sequencing design and mutation detection
algorithms. As we only tracked variants that were present at
baseline, future studies could evaluate the potential added utility of
detecting variants that emerge during surveillance.
In our cohort, the highest accuracy for MRD was HPV DNA in

p16 positive OPC. HPV-seq outperformed dPCR at both time-
points, especially at 8–12 weeks after definitive treatment. In
cervix cancer we had previously reported 100% sensitivity
but a lower specificity (67%) using HPV-seq [26]; this lower
specificity may have been explained by the timepoint of blood
collection (last day of CRT) as opposed to during follow-up.
Another dPCR assay (tumor tissue modified viral) has been
validated in p16+ OPC in different cohorts [26, 39] with pre-
treatment sensitivity of 92.5% and negative predictive value
(NPV) of 99.4% [25], but limited accuracy of MRD detection in
the first 6 months post-CRT. A recent meta-analysis from
several studies has shown a sensitivity of 91% for HPV DNA
detection using different HPV genotypes including only plasma
samples at diagnosis [40]. The sensitivity in our study at baseline
was 100% for both HPV-seq and dPCR. In contrast, that meta-
analysis did not include follow-up samples, thus sensitivity for
MRD was not assessed. In our cohort, the sensitivity for MRD
was 100% for HPV-seq and 50% for dPCR, with only four
recurrences reported in p16 positive OPC. The two cases where
MRD was detected by HPV-seq but not by dPCR were from
patients whose follow-up samples showed low number of HPV
copies just at or below the limit of detection of dPCR
(approximately 1 copy/ml): patient 7 (FU1 0.28 and FU 1.12
copies/ml) and patient 10 (FU2 0.18 copies/ml). Further
evaluation of HPV-seq is needed in larger cohorts to validate
the higher accuracy for MRD detection during follow-up
compared with dPCR in this patient population.
Recently, a study has evaluated a combined NGS-based tumor-

naïve assay targeting 26 genes and HPV-16 in patients with LA-
HNSCC within 12 weeks post-treatment [34]. MRD was identified
in 41% of patients with detectable ctDNA at baseline. However,
the number of recurrences was higher than in our study (44 vs.
22%). Moreover, the combination of HPV-seq with RaDaR from our
study outperformed their assay (NPV 88.9% vs. 83.3%, PPV 100%
vs. 82.3%, sensitivity 83.3% vs. 77.8%, specificity 100% vs. 86.9%,
accuracy 92.3% vs. 79.1% respectively).
We note several limitations. Despite this being a prospective

study, the plasma analysis was performed after all patients were
recruited. However, research personnel performing the plasma
analysis were blinded to clinical outcome. Second, the number of
recruited patients and plasma samples are lower than expected,
partially due to limitations to recruitment and plasma biobanking
imposed by COVID restrictions. Moreover, all tests could not be
performed in all samples, reducing the validity of our conclusions
when making comparisons across the assays. The small sample
size in our study limits the potential applicability of our findings
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without further validation in larger studies. Finally, this study was
not powered to evaluate the potential value of ctDNA kinetics in
the immediate post-treatment setting [41].
In conclusion, a tumor-informed assay and viral DNA (in HPV-

driven tumors) can detect ctDNA before definitive therapy in
patients with high-risk LA-HNSCC. We proposed that MRD can be
better captured at 8–12 weeks post-definite therapy at least in
patients treated with definitive RT or CRT. Among all the assays,
HPV DNA detection (specially HPV-seq) performs best in terms of
detecting MRD at 8–12 weeks post-definitive therapy. However,
tumor-informed ctDNA can also detect MRD in patients that
relapse within a year of treatment. Further validation of these
results is ongoing in a prospective multicentric investigator-
initiated study (MERIDIAN, NCT05414032), that includes a cancer
interception strategy by randomizing patients who have MRD at
FU2 to a novel bispecific checkpoint inhibitor (AZD2936) or
observation. This study will aim to complete recruitment end of
2025 with an expected readout in 2026. The PRE-MERIDIAN study
has informed the design of MERIDIAN serving as an important
feasibility pilot cohort to evaluate MRD in LA-HNSCC.

DATA AVAILABILITY
All the clinical and molecular data can be shared de-identified at the publication of
the manuscript under request to the corresponding author (Lillian Siu).

REFERENCES
1. Machiels JP, Rene Leemans C, Golusinski W, Grau C, Licitra L, Gregoire V, et al.

Squamous cell carcinoma of the oral cavity, larynx, oropharynx and hypopharynx:
EHNS-ESMO-ESTRO Clinical Practice Guidelines for diagnosis, treatment and
follow-up. Ann Oncol. 2020;31:1462–75.

2. Koyfman SA, Ismaila N, Crook D, D’Cruz A, Rodriguez CP, Sher DJ, et al. Man-
agement of the neck in squamous cell carcinoma of the oral cavity and oro-
pharynx: ASCO clinical practice guideline. J Clin Oncol. 2019;37:1753–74.

3. Chow LQM. Head and neck cancer. N Engl J Med. 2020;382:60–72.
4. Ang KK, Harris J, Wheeler R, Weber R, Rosenthal DI, Nguyen-Tân PF, et al. Human

papillomavirus and survival of patients with oropharyngeal cancer. N Engl J Med.
2010;363:24–35.

5. Braakhuis BJ, Brakenhoff RH, Leemans CR. Treatment choice for locally advanced
head and neck cancers on the basis of risk factors: biological risk factors. Ann
Oncol. 2012;23:x173–7.

6. Tie J, Cohen JD, Lo SN, Wang Y, Li L, Christie M, et al. Prognostic significance of
postsurgery circulating tumor DNA in nonmetastatic colorectal cancer: individual
patient pooled analysis of three cohort studies. Int J Cancer. 2021;148:1014–26.

7. Cescon DW, Bratman SV, Chan SM, Siu LL. Circulating tumor DNA and liquid
biopsy in oncology. Nat Cancer. 2020;1:276–90.

8. Pellini B, Chaudhuri AA. Circulating tumor DNA minimal residual disease detec-
tion of non-small-cell lung cancer treated with curative intent. J Clin Oncol.
2022;40:567–75.

9. Lipsyc-Sharf M, de Bruin EC, Santos K, McEwen R, Stetson D, Patel A, et al. Cir-
culating tumor DNA and late recurrence in high-risk hormone receptor-positive,
human epidermal growth factor receptor 2-negative breast cancer. J Clin Oncol.
2022;40:2408–19.

10. Powles T, Assaf ZJ, Davarpanah N, Banchereau R, Szabados BE, Yuen KC, et al.
ctDNA guiding adjuvant immunotherapy in urothelial carcinoma. Nature. 2021;
595:432–7.

11. Genta S, Araujo DV, Keshavarzi S, Muniz TP, Kamil ZS, Howarth K, et al. Leveraging
personalized circulating tumor DNA (ctDNA) for detection and monitoring of
molecular residual disease in high-risk melanoma. J Clin Oncol. 2022;40:9579.

12. Moding EJ, Nabet BY, Alizadeh AA, Diehn M. Detecting liquid remnants of
solid tumors: circulating tumor DNA minimal residual disease. Cancer Discov.
2021;11:2968–86.

13. Kotani D, Oki E, Nakamura Y, Yukami H, Mishima S, Bando H, et al. Molecular
residual disease and efficacy of adjuvant chemotherapy in patients with color-
ectal cancer. Nat Med. 2023;29:127–34.

14. Gale D, Heider K, Ruiz-Valdepenas A, Hackinger S, Perry M, Marsico G, et al.
Residual ctDNA after treatment predicts early relapse in patients with early-stage
non-small cell lung cancer. Ann Oncol. 2022;33:500–10.

15. Newman AM, Bratman SV, To J, Wynne JF, Eclov NC, Modlin LA, et al. An ultra-
sensitive method for quantitating circulating tumor DNA with broad patient
coverage. Nat Med. 2014;20:548–54.

16. Wang Y, Springer S, Mulvey CL, Silliman N, Schaefer J, Sausen M, et al. Detection
of somatic mutations and HPV in the saliva and plasma of patients with head and
neck squamous cell carcinomas. Sci Transl Med. 2015;7:293ra104.

17. Wu P, Tang Y, Gong Y, Tao X, Guan Y, Yang L, et al. Tracking tumor-specific
mutations in plasma, saliva and para-carcinoma tissues from patients with head
and neck squamous cell carcinomas. J Clin Oncol. 2018;36:6056.

18. Flach S, Howarth K, Hackinger S, Pipinikas C, Ellis P, McLay K, et al. Liquid BIOpsy
for MiNimal RESidual DiSease Detection in Head and Neck Squamous Cell Car-
cinoma (LIONESS)-a personalised circulating tumour DNA analysis in head and
neck squamous cell carcinoma. Br J Cancer. 2022;126:1186–95.

19. Burgener JM, Zou J, Zhao Z, Zheng Y, Shen SY, Huang SH, et al. Tumor-naïve
multimodal profiling of circulating tumor DNA in head and neck squamous cell
carcinoma. Clin Cancer Res. 2021;27:4230–44.

20. Sanz-Garcia E, Siu LL, editors. Targeting molecular residual disease using novel
technologies and clinical trials design in head and neck squamous cell cancer;
Cham: Springer International Publishing; 2023.

21. Lee JY, Garcia-Murillas I, Cutts RJ, De Castro DG, Grove L, Hurley T, et al. Predicting
response to radical (chemo)radiotherapy with circulating HPV DNA in locally
advanced head and neck squamous carcinoma. Br J Cancer. 2017;117:876–83.

22. Damerla RR, Lee NY, You D, Soni R, Shah R, Reyngold M, et al. Detection of early
human papillomavirus–associated cancers by liquid biopsy. JCO Precis Oncol.
2019;3:1–17.

23. Hanna GJ, Supplee JG, Kuang Y, Mahmood U, Lau CJ, Haddad RI, et al. Plasma
HPV cell-free DNA monitoring in advanced HPV-associated oropharyngeal cancer.
Ann Oncol. 2018;29:1980–6.

24. Chera BS, Kumar S, Shen C, Amdur R, Dagan R, Green R, et al. Plasma circulating
tumor HPV DNA for the surveillance of cancer recurrence in HPV-associated
oropharyngeal cancer. J Clin Oncol. 2020;38:1050–8.

25. Hanna GJ, Roof SA, Jabalee J, Rettig EM, Ferrandino R, Chen S, et al. Negative
predictive value of circulating tumor tissue modified viral (TTMV)-HPV DNA for
HPV-driven oropharyngeal cancer surveillance. Clin Cancer Res. 2023;29:4306–13.

26. Berger BM, Hanna GJ, Posner MR, Genden EM, Lautersztain J, Naber SP, et al.
Detection of occult recurrence using circulating tumor tissue modified viral HPV
DNA among patients treated for HPV-driven oropharyngeal carcinoma. Clin
Cancer Res. 2022;28:4292–301.

27. Han K, Leung E, Barbera L, Barnes E, Croke J, Grappa MAD, et al. Circulating
human papillomavirus DNA as a biomarker of response in patients with locally
advanced cervical cancer treated with definitive chemoradiation. JCO Precis
Oncol. 2018;2:1–8.

28. Leung E, Han K, Zou J, Zhao Z, Zheng Y, Wang TT, et al. HPV sequencing
facilitates ultrasensitive detection of HPV circulating tumor DNA. Clin Cancer
Res. 2021;27:5857–68.

29. Bratman SV, Yang SYC, Iafolla MAJ, Liu Z, Hansen AR, Bedard PL, et al. Persona-
lized circulating tumor DNA analysis as a predictive biomarker in solid tumor
patients treated with pembrolizumab. Nat Cancer. 2020;1:873–81.

30. Newman AM, Lovejoy AF, Klass DM, Kurtz DM, Chabon JJ, Scherer F, et al. Inte-
grated digital error suppression for improved detection of circulating tumor DNA.
Nat Biotechnol. 2016;34:547–55.

31. Cibulskis K, Lawrence MS, Carter SL, Sivachenko A, Jaffe D, Sougnez C, et al.
Sensitive detection of somatic point mutations in impure and heterogeneous
cancer samples. Nat Biotechnol. 2013;31:213–9.

32. Lee S, Lee S, Ouellette S, Park WY, Lee EA, Park PJ. NGSCheckMate: software for
validating sample identity in next-generation sequencing studies within and
across data types. Nucleic Acids Res. 2017;45:e103.

33. Flach S, Howarth K, Hackinger S, Pipinikas C, Ellis P, McLay K, et al. Liquid Biopsy
for Minimal Residual Disease Detection in Head and Neck Squamous Cell Carci-
noma (LIONESS): a personalized cell-free tumor DNA analysis for patients with
HNSCC. J Clin Oncol. 2022;40:6017.

34. Honoré N, van Marcke C, Galot R, Helaers R, Ambroise J, van Maanen A, et al.
Tumor-agnostic plasma assay for circulating tumor DNA detects minimal residual
disease and predicts outcome in locally advanced squamous cell carcinoma of
the head and neck. Ann Oncol. 2023;34:1175–86.

35. Zhou J, Wang C, Lin G, Xiao Y, Jia W, Xiao G, et al. Serial circulating tumor DNA in
predicting and monitoring the effect of neoadjuvant chemoradiotherapy in
patients with rectal cancer: a prospective multicenter study. Clin Cancer Res.
2021;27:301–10.

36. Chaudhuri AA, Chabon JJ, Lovejoy AF, Newman AM, Stehr H, Azad TD, et al. Early
detection of molecular residual disease in localized lung cancer by circulating
tumor DNA profiling. Cancer Discov. 2017;7:1394–403.

37. Moding EJ, Liu Y, Nabet BY, Chabon JJ, Chaudhuri AA, Hui AB, et al. Circulating
tumor DNA dynamics predict benefit from consolidation immunotherapy in
locally advanced non-small cell lung cancer. Nat Cancer. 2020;1:176–83.

38. Taylor K, Zou J, Magalhaes M, Oliva M, Spreafico A, Hansen AR, et al. Circulating
tumour DNA kinetics in recurrent/metastatic head and neck squamous cell
cancer patients. Eur J Cancer. 2023;188:29–38.

E. Sanz-Garcia et al.

467

Cell Death & Differentiation (2024) 31:460 – 468



39. Chera BS, Kumar S, Beaty BT, Marron D, Jefferys S, Green R, et al. Rapid clearance
profile of plasma circulating tumor HPV type 16 DNA during chemoradiotherapy
correlates with disease control in HPV-associated oropharyngeal cancer. Clin
Cancer Res. 2019;25:4682–90.

40. Paolini F, Campo F, Iocca O, Manciocco V, De Virgilio A, De, et al. It is time to
improve the diagnostic workup of oropharyngeal cancer with circulating tumor
HPV DNA: systematic review and meta-analysis. Head Neck. 2023;45:2945–54.

41. Sanz-Garcia E, Zhao E, Bratman SV, Siu LL. Monitoring and adapting cancer
treatment using circulating tumor DNA kinetics: Current research, opportunities,
and challenges. Sci Adv. 2022;8:eabi8618.

ACKNOWLEDGEMENTS
This work was funded by a Conquer Cancer – Young Investigator Award in honor of
Suzy Williams Phillips supported by Howard A. Burris, III, MD and Karen Y. Burris to
Enrique Sanz Garcia. Any opinions, findings, and conclusions expressed in this
material are those of the author(s) and do not necessarily reflect those of the
American Society of Clinical Oncology® or Conquer Cancer®, or Howard A. Burris, III,
MD and Karen Y. Burris. This study was conducted with the support of the Ontario
Institute for Cancer Research through funding provided by the Government of
Ontario. We would like to thank the patients and their families for their contribution.
This study was performed under the auspices of the LIBERATE study (NCT03702309),
an institutional liquid biopsy program at the University Health Network supported by
the BMO Financial Group Chair in Precision Cancer Genomics (Chair: Dr Lillian Siu).
Scott Bratman is supported by the Gattuso-Slaight Personalized Cancer Medicine
Fund at the Princess Margaret Cancer Centre and the Dr. Mariano Elia Chair in Head &
Neck Cancer Research at University Health Network and University of Toronto.

AUTHOR CONTRIBUTIONS
Conceptualization and design: ESG, SVB and LLS. Data collection and assembly: ESG,
NS. Data analysis: ESG, JZ and LA. Experimental methodology: JZ, BPO, ZZ, CS, YZ.
Patient recruitment: AS, JW, DG, AH, BCJ, JdA, AH, AH, EH. Resources: ESG, SVB and
LLS. Original draft: ESG and JZ. Supervision and funding: SVB and LLS. All authors read
and approved the final manuscript.

COMPETING INTERESTS
ESG reported research funding from Novartis. JZ is Co-inventor of patent application
pending related to detection of HPV circulating cell-free DNA. It is held by the
institution and is not royalty generating. AS reported a consulting/advisory role with
Merck and Bristol-Myers Squibb, and grant/research funding from Novartis, Bristol-
Myers Squibb, Symphogen AstraZeneca/Medimmune, Merck, Bayer, Surface Oncol-
ogy, Northern Biologics, Janssen Oncology/Johnson & Johnson, Roche, Regeneron,
Alkermes, Array Biopharma/Pfizer, GSK, NuBiyota, Oncorus, Treadwell, Amgen, ALX
Oncology, Nubiyota, Genentech, Seagen, Servier. AHansen reported receiving
research funds to his institution from Karyopharm and Boston Biomedical and
research funds to his institution and consulting/advising honoraria from Novartis,
Genentech Inc, Hoffmann La Roche Inc, Merck Serono, GlaxoSmithKline, Bristol-Myers
Squibb, Boehringer Ingelheim International, AstraZeneca, Medimmune, and Pfizer. ZZ
is co-inventor of patent application pending related to detection of HPV circulating

cell-free DNA. It is held by the institution and is not royalty generating. CS is
employee of NeoGenomics Laboratories. Scott V Bratman reported being a co-
inventor on patents relating to circulating tumor DNA technologies licensed to Roche
and Adela, and is a cofounder of Adela in which he carries a leadership role. LLS
reported a leadership role with Treadwell Therapeutics, stock or ownership interest in
Agios, consulting/advisory role with Merck, AstraZeneca/MedImmune, Roche,
Voronoi Health Analytics, Oncorus, GlaxoSmithKline, Seattle Genetics, Arvinas, Navire,
Janpix, Relay Therapeutics, Daiichi Sankyo/UCB Japan, Janssen, Hookipa Pharma,
InterRNA, Tessa Therapeutics, Sanofi, Amgen, and research funding from Bristol
Myers Squibb (Inst), Genentech/Roche (Inst), GlaxoSmithKline (Inst), Merck (Inst),
Novartis (Inst), Pfizer (Inst), AstraZeneca (Inst), Boehringer Ingelheim (Inst), Bayer
(Inst), Amgen (Inst), Astellas Pharma (Inst), Shattuck Labs (Inst), Symphogen (Inst),
AVID Radiopharmaceuticals (Inst), Mirati Therapeutics (Inst), Intensity Therapeutics
(Inst), Karyopharm Therapeutics (Inst). The remaining authors did not declare any
potential conflicts of interest.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
All patients signed written informed consent to participate in this study. The study
was approved by the University Health Network Research Ethic Board (REB 20-5804).

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41418-024-01272-y.

Correspondence and requests for materials should be addressed to Lillian L. Siu.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

E. Sanz-Garcia et al.

468

Cell Death & Differentiation (2024) 31:460 – 468

https://doi.org/10.1038/s41418-024-01272-y
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Multimodal detection of molecular residual disease in high-risk locally advanced squamous cell carcinoma of the head and�neck
	Background
	Methods
	Population
	Tumor sequencing
	Plasma analysis
	Statistical analysis

	Results
	Patient characteristics, tissue and plasma availability
	Circulating tumor DNA prior to definitive therapy
	HPV DNA prior to definitive therapy
	Circulating tumor DNA to predict recurrence
	HPV DNA to predict recurrence
	Correlation between different approaches

	Discussion
	References
	Acknowledgements
	Author contributions
	Competing interests
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




