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Liquid biopsy posttreatment surveillance in
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circulating cell-free Epstein-Barr virus DNA
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Abstract

Background: The optimal posttreatment surveillance strategy for nasopharyngeal carcinoma (NPC) remains unclear.
Circulating cell-free Epstein-Barr virus (cfEBV) DNA has been recognized as a promising biomarker to facilitate early
detection of NPC recurrence. Therefore, we aim to determine whether integrating circulating cfEBV DNA into NPC
follow-up is cost-effective.

Methods: For each stage of asymptomatic nonmetastatic NPC patients after complete remission to primary NPC
treatment, we developed a Markov model to compare the cost-effectiveness of the following surveillance strategies:
routine follow-up strategy, i.e, (1) routine clinical physical examination; routine imaging strategies, including (2)
routine magnetic resonance imaging plus computed tomography plus bone scintigraphy (MRl + CT + BS); and (3)
routine '®F-fluorodeoxyglucose positron emission tomography/computed tomography (PET/CT); cfEBV DNA-guided
imaging strategies, including (4) cfEBV DNA-guided MRI + CT + BS and (5) cfEBV DNA-guided PET/CT. Clinical
probabilities, utilities, and costs were derived from published studies or databases. Sensitivity analyses were
performed.

Results: For all disease stages, cfEBV DNA-guided imaging strategies demonstrated similar survival benefits but
were considerably more economical than routine imaging strategies. They only required approximately one quarter
of the number of imaging studies compared with routine imaging strategies to detect one recurrence. Specifically,
cfEBV DNA-guided MRI + CT + BS was most cost-effective for stage Il (incremental cost-effectiveness ratio [ICER]
$57,308/quality-adjusted life-year [QALY]) and stage Il (546,860/QALY) patients, while cfEBV DNA-guided PET/CT was
most cost-effective for stage IV patients ($62,269/QALY). However, routine follow-up was adequate for stage |
patients due to their low recurrence risk.
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Conclusions: The cfEBV DNA-guided imaging strategies are effective and cost-effective follow-up methods in NPC.
These liquid biopsy-based strategies offer evidence-based, stage-specific surveillance modalities for clinicians and

reduce disease burden for patients.

Keywords: Liquid biopsy, Circulating cell-free Epstein-Barr virus DNA, Posttreatment surveillance, Surveillance

imaging, Cost-effectiveness, Nasopharyngeal carcinoma

Background

More than 20% of patients with nonmetastatic nasopha-
ryngeal carcinoma (NPC) will experience disease recur-
rence despite aggressive primary treatment, contributing
largely to treatment failure and death [1, 2]. The post-
treatment surveillance is essential to detect recurrence
timely when the tumor burden is minimal, which would
maximize the efficacy of salvage treatment and might
improve survival [3-6]. However, surveillance can be
challenging in NPC, and there is no consensus on the
optimal follow-up modalities. Consequently, practice
varies widely across clinicians and institutions. Although
routine surveillance imaging, e.g., routine magnetic res-
onance imaging (MRI) and computed tomography (CT),
is efficacious in detecting recurrence, it has been ques-
tioned due to the prohibitive resource consumption and
economic burden [7]. Hence, it is imperative to identify
a follow-up strategy that can detect recurrence in a
timely and cost-effective manner.

Epstein-Barr virus (EBV) infections were predominant
in endemic NPC [8]. Circulating cell-free EBV (cfEBV)
DNA, short DNA fragments released by NPC cells, has
been established as an NPC biomarker in population
screening [9], risk assessment [8, 10], treatment evalu-
ation [11, 12], and follow-up [13-16]. Several studies
have shown that the posttreatment cfEBV DNA tests
could facilitate early detection of NPC recurrence, espe-
cially for distant recurrence [13-18]. Specifically, detect-
able plasma cfEBV DNA during follow-up indicates
tumor recurrence, while undetectable cfEBV DNA dem-
onstrates continuous remission [15, 16, 18]. A recent
work involving 1984 nonmetastatic NPC patients dem-
onstrated that the sensitivity and specificity for cfEBV
DNA to detect recurrence were up to 82.3 and 80.0%,
respectively, highlighting the efficacy of c¢fEBV DNA sur-
veillance [16]. Another study investigating cfEBV DNA
surveillance followed by positron emission tomography/
computed tomography (PET/CT) indicated that such
strategy could correctly identify NPC recurrence while
saved approximately four-fifths in expenses [14]. There-
fore, the updated European Society for Medical Oncol-
ogy (ESMO) guideline for NPC has recognized cfEBV
DNA as a promising biomarker for recurrence and rec-
ommended evaluating it at least every year [17], and the
National Comprehensive Cancer Network (NCCN)
guidelines also suggested EBV DNA monitoring for NPC

[19]. However, little evidence is available regarding how
to integrate cfEBV DNA into the current surveillance
series [14, 17].

Considering that ¢fEBV DNA could promptly suggest
disease recurrence with high accuracy [14-16], we pro-
posed a liquid biopsy-based stepwise surveillance strat-
egy, starting with routine cfEBV DNA tests, followed by
further imaging studies if the tests are positive. We esti-
mated its cost-effectiveness and compared it with other
surveillance strategies in each stage of NPC. We specu-
lated that selected imaging studies for patients with posi-
tive cfEBV DNA was a cost-effective follow-up modality,
demonstrating the potential application of circulating
cell-free DNA in the follow-up of cancer survivors. We
aimed to establish evidence-based, stage-specific NPC
surveillance strategies and investigate the potential appli-
cation of circulating cell-free DNA in the follow-up of
cancer survivors.

Methods

Model construction

We developed a Markov decision-analytic model to
evaluate the cost-effectiveness of five surveillance strat-
egies in NPC (Additional file 1: Fig. S1A): routine
follow-up strategy, ie., (1) routine clinical physical
examination; routine imaging strategies, including (2)
routine MRI plus CT plus bone scintigraphy (MRI + CT
+ BS); and (3) routine 18F—ﬂuorodeoxyglucose PET/CT;
cfEBV DNA-guided imaging strategies, including (4)
cfEBV DNA-guided MRI + CT + BS; and (5) cfEBV
DNA-guided PET/CT. The routine follow-up included
history and physical examinations, complete blood
counts, comprehensive metabolic panels, and nasophar-
yngoscopies. The routine imaging strategies included
routine follow-up and imaging studies. The cfEBV
DNA-guided imaging strategies included routine follow-
up and cfEBV DNA tests, whose positive results would
trigger further imaging studies. MRI imaged the head
and neck; CT imaged the chest and abdomen; BS imaged
the whole body; and PET/CT imaged from the skull base
to midthigh. According to the previous study [20], the
surveillance was scheduled as follows: (1) stage I: 2
follow-up visits in year 1; 3 visits in year 2; 2 visits in
year 3 and 4; and 1 visit in year 5, (2) stage II: 2 visits in
year 1; 4 visits in year 2; 2 visits in year 3 and 4; and 1
visit in year 5, (3) stage III: 4 visits in year 1 and 2; 3
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visits in year 3; and 1 visit in year 4 and 5, and (4) stage
IV: 4 visits in year 1; 5 visits in year 2; 3 visits in year 3;
and 1 visit in year 4 and 5. We chose a 5-year follow-up
duration because more than 90% of recurrence hap-
pened within this interval [21, 22].

We simulated the natural history of four hypothetical
cohorts of 45-year-old asymptomatic nonmetastatic
NPC patients with stage I, II, III, and IV disease after
complete remission (CR) to the primary treatment. In
each cohort, patients would move through the following
health states: no evidence of disease (NED) after primary
treatment, early- and advanced-stage recurrence (local
relapse [LR], regional relapse [RR], or distant metastasis
[DM]), salvage treatment for recurrence, NED after sal-
vage treatment, and death (Additional file 1: Fig. S1B).
In each 1-month cycle, the Markov model would accrue
the costs and utilities as patients experienced different
health states or events in a lifetime horizon. All future
costs and utilities were discounted at a standard rate of
3% annually [23].

The primary outcomes included the cost, effectiveness,
incremental cost-effectiveness ratio (ICER), and net
health benefit (NHB) of each strategy. The ICER was de-
fined as the incremental cost for an additional quality-
adjusted life-year (QALY) gained by comparing two
strategies. The willingness-to-pay threshold was set at
$100,000/QALY [24, 25]. Strategies with ICERs less than
this threshold were considered cost-effective. The NHB,
which is explicit and robust when comparing multiple
strategies, was calculated with the formula: effective-
ness—cost/willingness-to-pay [26]. The strategy with the
highest NHB was considered the most cost-effective at
the given willingness-to-pay threshold. Additionally, we
compared the average number of imaging studies re-
quired to detect one disease recurrence among the dif-
ferent surveillance strategies.

All analyses were conducted and reported in line with
the recommendations of the Second Panel on Cost-
Effectiveness in Health and Medicine and the Consoli-
dated Health Economic Evaluation Reporting Standards
[23, 27]. The institutional ethics committee approved
the study and waived the requirement for informed con-
sent given its retrospective nature (B2020-410). Tests
were two-sided, and P < 0.05 was defined as statistically
significant. The Markov model was constructed in Tree-
Age Pro (TreeAge Software, Williamstown, MA), and
other statistical analyses were performed using R (version
3.6.1, http://www.r-project.org).

Model clinical estimates

The base-case estimates are presented in Additional file
1: Table S1 [3, 4, 16, 20, 23, 28-56]. Monthly LR, RR,
and DM probabilities were fitted by parametric survival
models using the patient-level real-world data of an
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NPC cohort containing 10,097 nonmetastatic NPC pa-
tients (median follow-up time, 67.3 months) collected
from the NPC-specific database in our institution; de-
tailed information about the cohort and the database are
presented in Additional file 1: Table S2 and Additional
file 2: Supplementary Methods [38, 57-62]. The fitness
of exponential, Gompertz, log-logistic, log-normal, and
Weibull distributions were evaluated [63]. Specifically,
the log-normal distribution was applied to the LR data,
while the Gompertz distribution was applied to the RR
and DM data, as they demonstrated the best fit based on
the Akaike information criterion [63, 64]. The age-
specific background mortality rate was generated from
the China life table (Additional file 1: Table S3) [46].
The starting age of 45 in the base-case analysis was the
median age of the 10,097 patients. We assumed that un-
detected early-stage LR, RR, and DM had monthly prob-
abilities of 10%, 10%, and 20%, respectively, to progress
to advanced-stage recurrence based on the values uti-
lized in a published study [20]. Other probabilities and
clinical utilities for different health states were derived
from published studies and, in few cases, from expert
opinion if published data were unavailable (Additional
file 1: Table S1). The literature search and data extrac-
tion are detailed in Additional file 2: Supplementary
Methods. All transition probabilities were transformed
into monthly scales via the declining exponential ap-
proximation of life-expectancy equation: y = -1/t x
In(S) [65, 66].

Model validation

To evaluate the ability of the Markov model to accur-
ately describe the disease processes of NPC, we vali-
dated the model in two aspects. First, we compared
the model-simulated disease recurrence patterns (LR,
RR, and DM) against the real-world recurrence pat-
terns in the NPC cohort of 10,097 patients. The
model-simulated recurrence was generated from the
Markov model using the base-case parameters, while
the real-world recurrence was calculated using the
Kaplan-Meier method. Second, we compared the
model-predicted overall survival under the five sur-
veillance strategies in this study with the real-world
observed overall survival in the NPC cohort (Kaplan-
Meier method). Although the patients in real-world
clinical practice might be prescribed various follow-up
modalities and intervals different from this study, the
similarity between the model-predicted and observed
survival could partially confirm the model’s ability to
reproduce the natural history of NPC patients because
the recurrence patterns in the model were supposed
to be similar to those in the real-world cohort. To
better mimic the real-world circumstance consisting
of various follow-up methods, we calculated the
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model-predicted overall survival using the average of
the overall survival of the five surveillance strategies
in the model.

Costs

Costs were derived from the 2019 Medical Insurance
Administration Bureau of Guangzhou, China, or pub-
lished studies from the societal perspective (Additional
file 1: Table S1). Direct medical costs included costs of
follow-up and salvage treatment. The costs assigned to a
false-positive c¢fEBV DNA test or routine follow-up in-
cluded the costs of additional imaging studies, while
those assigned to a false-positive imaging study included
the costs of nasopharyngoscopy- or CT-guided biopsy,
pre-procedure labs, and pathology processing. Patients
with early-stage LR would undergo endoscopic naso-
pharyngectomy (ENPG, 70%) or reirradiation (30%) [30],
while patients with advanced-stage LR would undergo
reirradiation. Patients with RR would undergo neck dis-
section, while patients with DM would receive salvage
chemotherapy. The societal costs included costs of
transportation, accommodations, meals, and wage loss
related to patients’ and caregivers’ time off work [23,
53-55]. All costs were inflated to 2019 using the medical
care component of the Consumer Price Index in China
and were converted into 2019 US dollars (exchange rate,
1.00 USD = 6.91 CNY).

Sensitivity analysis

One-way sensitivity analyses were applied to parameters
over plausible ranges derived from published literature
or a deviation of 20% from the base-case values (Add-
itional file 1: Table S1) [53, 64]. Probabilistic sensitivity
analyses (PSA) were conducted using 10,000 Monte
Carlo simulations, where all parameters were varied sim-
ultaneously based on specific probability distributions
(beta distribution for probabilities and utilities; gamma
distribution for costs). Cost-effectiveness acceptability
curves were constructed based on the strategies’ NHB
generated from PSA. Additionally, two scenario analyses
were performed by varying the surveillance arrange-
ments: every 3 months in years 1-2 and every 6 months
in years 3-5 according to the Radiation Therapy Onco-
logy Group (RTOG) [67, 68]; every 2 months in year 1,
every 4months in year 2, and every 6 months in years
3-5 according to the NCCN guidelines for head and
neck cancer (Version 1.2021) [19].

Results

Model validation

The Markov model-simulated LR-free survival, RR-free
survival, and DM-free survival showed good agreement
with the real-world disease recurrence patterns (Add-
itional file 1: Fig. S2). In addition, the absolute

Page 4 of 13

differences between the model-predicted 1-year, 3-year,
and 5-year overall survival and those of the real-world
observation were within 2% in all disease stages, which
indicated that the patient’s outcomes were comparable
between the Markov model and the real-world observa-
tion (Additional file 1: Table S4). Collectively, these val-
idation results demonstrated that the Markov model
could accurately describe the disease processes of NPC.

Base-case analysis
The results of the base-case analysis are summarized in
Table 1 and Additional file 1: Table S5. With the assist-
ance of cfEBV DNA, cfEBV DNA-guided imaging strat-
egies were considerably more cost-effective than routine
imaging strategies across all disease stages. Specifically,
compared with ¢fEBV DNA-guided MRI + CT + BS, the
ICERs of routine MRI + CT + BS or routine PET/CT
were both exceeding the willingness-to-pay threshold of
$100,000/QALY, ranging from $179,508/QALY in stage
IV to $1,443,575/QALY in stage I (Additional file 1:
Table S5). Similarly, the ICERs of routine imaging strat-
egies compared with cfEBV DNA-guided PET/CT also
went far beyond the willingness-to-pay threshold, ran-
ging from $262,724/QALY in stage IV to $3,882,176/
QALY in stage I, and the routine MRI + CT + BS was
dominated (less effective but more costly than another
strategy) by cfEBV DNA-guided PET/CT in stage IV
(Additional file 1: Table S5). Moreover, the NHBs of
cfEBV DNA-guided imaging strategies were also greater
than those of routine imaging strategies (Table 1). For
example, the NHBs of cfEBV DNA-guided MRI + CT +
BS and PET/CT were 12.066/QALY and 12.061/QALY
in stage II, respectively, larger than those of routine MRI
+ CT + BS (12.029/QALY) and PET/CT (11.979/QALY).
Next, we scrutinized the most cost-effective strategies
in each stage of asymptomatic NPC patients (Table 1).
For patients with stage I disease, cfEBV DNA-guided im-
aging strategies were only associated with a 0.01 gain in
QALY compared with routine clinical physical examin-
ation. This translated to relatively large ICERs for cfEBV
DNA-guided MRI + CT + BS ($119,368/QALY) and
cfEBV DNA-guided PET/CT ($518,871/QALY), both
surpassing the willingness-to-pay threshold. Therefore,
routine follow-up was adequate for stage I NPC patients.
However, in stage II and III, cfEBV DNA-guided MRI +
CT + BS was the most cost-effective strategy, with
ICERs of $57,308/QALY and $46,860/QALY, respect-
ively, compared with routine clinical physical examin-
ation. Intriguingly, for patients with stage IV disease,
cfEBV DNA-guided PET/CT became the most cost-
effective, with an ICER of $62,269/QALY compared with
cfEBV DNA-guided MRI + CT + BS. Likewise, the re-
sults of NHBs supported the same strategies mentioned
above; the strategies with the highest NHBs were routine
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Table 1. Base-case cost-effectiveness analysis
Total values Incremental values® ICER NHB*
Surveillance strategy® Cost ($) Effectiveness (QALY) Costs ($) Effectiveness (QALY) ($/QALY) (QALY)
Stage |
Routine clinical physical examination 5664 13.223 — — — 13.166
cfEBV DNA-guided MRI + CT + BS 6902 13.233 1239 0.010 119,368 13.164
cfEBV DNA-guided PET/CT 8113 13.236 1210 0.002 518871 13.155
Routine MRI + CT + BS 11,546 13.237 3433 0.001 3,882,176 13121
Routine PET/CT 17,458 13.241 5913 0.004 1378484 13.066
Stage Il
Routine clinical physical examination 6694 12121 — — — 12.054
cfEBV DNA-guided MRI + CT + BS 8341 12.150 1647 0.029 57,308 12.066
cfEBV DNA-guided PET/CT 9719 12.158 1378 0.009 162,041 12.061
Routine MRI + CT + BS 13,098 12.160 3379 0.002 1,923,004 12.029
Routine PET/CT 19,470 12174 6373 0014 454,793 11.979
Stage Il
Routine clinical physical examination 8421 11452 — — — 11.367
cfEBV DNA-guided MRI + CT + BS 10,562 11.497 2141 0.046 46,860 11.392
cfEBV DNA-guided PET/CT 12,259 11513 1697 0016 108,549 11.390
Routine MRI + CT + BS 16,149 11514 3891 0.001 2,780,611 11353
Routine PET/CT 23,765 11.538 7615 0.024 318452 11.300
Stage IV
Routine clinical physical examination 10,101 9.869 — — — 9.768
cfEBV DNA-guided MRI + CT + BS 12,845 9.947 2744 0.079 34,906 9.819
cfEBV DNA-guided PET/CT 14,788 9.978 1944 0.031 62,269 9.831
Routine MRI + CT + BS 18,363 9.978 3574 -0.001 Dominated? 9.794
Routine PET/CT 26,342 10.022 11,553 0.044 262,724 9.759

Abbreviations: BS, bone scintigraphy; cfEBV, cell-free Epstein-Barr virus; CT, computed tomography; ICER, incremental cost-effectiveness ratio; MRI, magnetic
resonance imaging; NHB, net health benefit; PET/CT, positron emission tomography/computed tomography; QALY, quality-adjusted life-year

? Routine clinical physical examination consists of history and physical examinations, complete blood counts, comprehensive metabolic panels and
nasopharyngoscopies. Other strategies also include routine clinical physical examination. Please see the manuscript for the full description of each strategy

® Incremental values were compared with the previous less costly and nondominated strategy

€ Calculated at the willingness-to-pay threshold of $100,000 using the following formula: effectiveness — cost/willingness-to-pay. Strategies with the highest NHB

values, highlighted in bold, are considered the most cost-effective
d Refer to a strategy that is less effective and more costly than another strategy

clinical physical examination in stage I (NHB, 13.166/
QALY), cfEBV DNA-guided MRI + CT + BS in stage II
(12.066/QALY) and stage III (11.392/QALY), and cfEBV
DNA-guided PET/CT in stage IV (9.831/QALY). The
preferred strategy in each stage is summarized in Fig. 1.
To further clarify the superiority of cfEBV DNA-
guided imaging strategies over routine imaging strat-
egies, we compared their average number of imaging
studies required to detect one disease recurrence
(Table 2). While routine imaging strategies resulted in
a 5-year total of 97,493 to 118,328 imaging studies
being performed per 10,000 patients, the cfEBV
DNA-guided imaging strategies only required 19,676
to 25,893 imaging studies to detect a comparable
number of recurrences as routine imaging strategies.
Ultimately, compared with routine imaging strategies,

cfEBV DNA-guided imaging strategies only required
approximately one quarter of the imaging studies to
detect one recurrence. For example, in stage II, rou-
tine MRI + CT + BS and routine PET/CT needed
121 and 106 imaging studies to detect one recurrence,
respectively, while the guidance of cfEBV DNA de-
creased the number of imaging studies to 25 and 23,
respectively. Therefore, cfEBV DNA-guided imaging
strategies were the most favorable option for stage II
to IV NPC patients. However, for stage I NPC pa-
tients, although the total imaging studies of cfEBV
DNA-guided imaging strategies were remarkably fewer
than routine imaging strategies, they still required a
fair number of studies per recurrence detection
(cfEBV DNA-guided MRI + CT + BS, 94; cfEBV
DNA-guided PET/CT, 89) due to low recurrence
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Routine Clinical and physical examination:
Stage | clinical physical * H&P and labs
examination * Nasopharyngoscopy
Clinical and physical examination:
Stagslll « H&P and labs »
* Nasopharyngoscopy * Imaging:
*Head and neck MRI
*Chest and abdominal CT with contrast
*Whole-body bone scintigraph
Stage Il cfEBV DNA test < Y grapty
Clinical and physical examination:
* H&P and labs T+
* Nasopharyngoscopy | s
Stage IV maging:
9 *Whole-body PET/CT
cfEBV DNA test 1>
Fig. 1 The cost-effective posttreatment surveillance strategy in each stage of nasopharyngeal carcinoma. The cfEBV DNA-guided MRI + CT + BS
and cfEBV DNA-guided PET/CT refer to routine clinical and physical examinations and cfEBV DNA tests, followed by further imaging studies when
the results are positive. Abbreviations: BS, bone scintigraphy; cfEBV, cell-free Epstein-Barr virus; CT, computed tomography; H&P, history and
physical examination; MRI, magnetic resonance imaging; PET/CT, positron emission tomography/computed tomography; T, test

probabilities, suggesting that, despite the guidance of
cfEBV DNA, imaging was still unfavorable for them.
This result was consistent with the cost-effectiveness
analysis mentioned above that routine clinical physical
examination was enough for patients with stage I
disease.

Sensitivity analysis

To evaluate the results’ robustness, sensitivity analyses
were performed on all probabilities, utilities, and
costs. In one-way sensitivity analyses, cfEBV DNA-
guided imaging strategies were consistently more
cost-effective than routine imaging strategies across
the range of all parameters (Additional file 1: Fig. S3—
6). However, the optimal surveillance strategy in each
stage was sensitive to several parameters when com-
pared to the next more costly strategies, with key
parameters displayed in Fig. 2A-D.

In stage I, the optimal strategy was sensitive to the LR
probabilities and the specificity of routine clinical phys-
ical examination for RR (Fig. 2A). When increasing the
LR probabilities to 2.1% or decreasing the specificity of
routine clinical physical examination for RR to 65.9%,
the preferred strategy would switch from routine clinical
physical examination to cfEBV DNA-guided MRI + CT
+ BS. Nevertheless, all ICERs remained higher than
$87,000/QALY when varying the parameters. In stage
II-1V, the cost of PET/CT was the principal determinant
of the ICERs (Fig. 2B-D). Specifically, if the PET/CT's
cost was reduced to $1221, the cfEBV DNA-guided

PET/CT would become the optimal strategy in stage IIL
Conversely, although the cost of PET/CT also had the
greatest impact on the ICERs in stage II and IV, varying
it did not change the optimal surveillance strategies in
the base-case analysis.

The PSA results are illustrated in the cost-
effectiveness acceptability curves shown in Fig. 3A-D.
With the willingness-to-pay threshold varying from 0
to $200,000/QALY, the probabilities of routine im-
aging strategies being the optimal strategies were al-
most zero in stage I-III and less than 10.0% in stage
IV. At a willingness-to-pay threshold of $100,000/
QALY, routine clinical physical examination was the
most cost-effective in 78.2% of the simulations for
stage I patients; cfEBV DNA-guided MRI + CT + BS
was the most cost-effective in 88.4% and 56.3% of the
simulations for stage II and III patients, respectively;
and cfEBV DNA-guided PET/CT was the most cost-
effective in 96.2% of the simulations for stage IV
patients.

To examine the cost-effectiveness of cfEBV DNA-
guided strategies under different follow-up arrange-
ments, we performed two scenario analyses using the
recommended arrangements from the RTOG and
NCCN guidelines (Additional file 1: Table S6) [19, 67,
68]. For both scenarios, ¢fEBV DNA-guided imaging
strategies were consistently more cost-effective than rou-
tine imaging strategies. The optimal surveillance strategy
in each disease stage was in line with the base-case
results.
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Table 2 Number of disease recurrences detected by imaging studies in 5 years per 10,000 patients
Surveillance strategy Imaging-detected Imaging-detected Imaging-detected Total imaging Imaging studies PP

local relapse regional relapse distant metastasis studies performed  per recurrence®

Stage |

cfEBV DNA-guided 102 20 87 19,703 94

MRI'+ CT + BS

cfEBV DNA-guided 103 21 98 19,676 89

PET/CT

Routine MRI' + CT + BS 112 23 78 97,493 457 <.001

Routine PET/CT 119 24 99 97,519 405 < .001
Stage Il

cfEBV DNA-guided 199 306 354 21,265 25

MRI + CT + BS

cfEBV DNA-guided 202 307 399 21,170 23

PET/CT

Routine MRI + CT + BS 216 316 309 101,670 121 < .001

Routine PET/CT 228 319 410 101,595 106 <.001
Stage Il

cfEBV DNA-guided 344 339 596 25,010 20

MRl + CT + BS

cfEBV DNA-guided 349 340 671 24,855 18

PET/CT

Routine MRI + CT + BS 368 349 538 118,328 94 <.001

Routine PET/CT 389 350 672 118,204 84 <.001
Stage IV

cfEBV DNA-guided 571 484 1166 25,893 12

MRI'+ CT + BS

cfEBV DNA-guided 580 486 1324 25,598 11

PET/CT

Routine MRl + CT + BS 610 502 1101 117,829 53 <.001

Routine PET/CT 640 508 1372 117,440 47 <.001

Abbreviations: BS, bone scintigraphy; ¢fEBV, cell-free Epstein-Barr virus; CT, computed tomography; MRI, magnetic resonance imaging; PET/CT, positron emission

tomography/computed tomography

? Indicate the number of imaging studies required to detect one recurrence, which was calculated by dividing the number of total imaging studies by the number
of imaging-detected disease recurrences (including local relapse, regional relapse and distant metastasis).
® Two-sided P values were calculated using Welch'’s t-test for comparisons between cfEBV DNA-guided MRI + CT + BS and routine MRI + CT + BS; cfEBV DNA-

guided PET/CT and routine PET/CT

Discussion
To our knowledge, this is the first study to evaluate the
liquid biopsy-based surveillance in NPC patients. We
found that the cfEBV DNA-guided imaging strategies
were remarkably more cost-effective than routine im-
aging strategies. Specifically, cfEBV DNA-guided MRI +
CT + BS was cost-effective for stage II and III patients,
while ¢cfEBV DNA-guided PET/CT was cost-effective for
stage IV patients. However, routine follow-up was suffi-
cient for stage I NPC patients due to their low recur-
rence probabilities. Overall, our results highlight the
feasibility of cfEBV DNA in the surveillance of NPC.
According to the current NCCN guideline, routine
surveillance imaging was not recommended in asymp-
tomatic patients [19], and our analysis agreed with it.
However, directly halting imaging would result in

delayed diagnoses of recurrence, especially for distant
recurrence because many patients are asymptomatic
[19, 69]. In fact, surveillance imaging was the most
widely used follow-up modality in NPC, and 79% of
clinicians would order routine imaging in clinical
practice for reassurance, patient requests, etc. [70].
Consequently, undifferentiated imaging surveillance
has resulted in considerable economic burdens and
resource consumption. Given these circumstances, it
is urgent to establish a convenient and reliable
method that can distinguish patients at high risk of
developing recurrence so as to focus imaging surveil-
lance on them.

cfEBV DNA is an ideal biomarker with low expense
and high sensitivity in suggesting disease recurrence.
The ESMO and NCCN guidelines both recommended
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RR, regional relapse; WTP, willingness-to-pay

Fig. 2 Tornado diagram of one-way sensitivity analysis. The figure depicts the influence of the variation of each parameter on the ICERs between
A routine clinical physical examination and cfEBV DNA-guided MRI + CT + BS in patients with stage | NPC; cfEBV DNA-guided MRI + CT + BS and
cfEBV DNA-guided PET/CT in patients with stage B I, Clll, and D IV NPC. The parameters accounting for the top 10 uncertainties in each
comparison are displayed. The blue bars and red bars illustrate the ICERs that are greater and less than the base-case ICERs, respectively. The
orange bars indicate that the ICERs go across the willingness-to-pay threshold, leading to a switch of the most cost-effective strategy. The
numbers on both sides of the bars indicate the range of each parameter used in the sensitivity analysis. The solid and dashed lines represent the
ICERs in the base-case analysis and the willingness-to-pay threshold of $100,000 per quality-adjusted life-year, respectively. Abbreviations: BS, bone
scintigraphy; cfEBV, cell-free Epstein-Barr virus; CT, computed tomography; DM, distant metastasis; ICER, incremental cost-effectiveness ratio; LR,
local relapse; MRI, magnetic resonance imaging; NPC, nasopharyngeal carcinoma; PET/CT, positron emission tomography/computed tomography;

cfEBV DNA tests in NPC follow-up [17, 19]. Therefore,
cfEBV DNA-guided imaging strategies are particularly
promising. Using cfEBV DNA, patients at risk of recur-
rence can be identified in order to concentrate surveil-
lance imaging on those who will benefit, thus sparing
the unnecessary expense and radiation exposure for
those who will not. Compared with routine imaging sur-
veillance, targeting imaging to patients with positive
cfEBV DNA gained similar survival benefits but only re-
quired one quarter of the imaging to detect one recur-
rence. This liquid biopsy-based surveillance strategy

underscores the practice of precision medicine in the
follow-up of cancer survivors, which has been investi-
gated in several malignancies [71-73]. For example,
Roschewski et al. [72] found that surveillance circulating
tumor DNA could accurately suggest recurrence in dif-
fuse large B cell lymphoma, leading to reduced disease
burden at recurrence.

Until now, few studies have investigated the optimal
follow-up modalities for each stage of NPC [30]. Conse-
quently, despite the substantial heterogeneity of recur-
rence risk in different disease stages of NPC [1, 22], the
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ESMO and NCCN guideline failed to recommend stage-
specific follow-up strategies [17, 19]. Zhou et al. [30]
evaluated the cost-effectiveness of surveillance MRI and
recommended annual MRI for patients with advanced
tumor stage and no MRI for early stage. However, they
did not consider distant recurrence, the predominant
failure pattern in NPC [1]. Besides, they did not investi-
gate cfEBV DNA and PET/CT, which have been widely
adopted in clinical practice. Our study addressed these
unmet needs. We found that ¢fEBV DNA-guided im-
aging surveillance is particularly preferable for stage II-
IV NPC patients, where selected MRI + CT + BS or
PET/CT were performed depending on their disease
stages. However, for stage I patients, cfEBV DNA-guided
imaging is not recommended due to their fairly good
survival, with 10-year overall survival and recurrence-
free survival both greater than 95% [74]. Hence, routine
follow-up would be sufficient for stage I NPC patients.

Evidence has indicated that PET/CT was more effect-
ive than other imaging modalities in detecting recurrent
NPC, especially for distant recurrence [19, 31, 34, 37,
75]. However, lacking guidance regarding when to per-
form PET/CT during NPC surveillance, clinicians have
to be critically cautious about prescribing costly PET/CT
when following up patients with relatively poor eco-
nomic conditions. In this study, we found that cfEBV
DNA could be a precise indicator to perform PET/CT
for patients at risk of recurrence, which was cost-
effective in stage IV NPC patients. In addition, we ob-
served that the cost of PET/CT predominantly deter-
mined the ICERs between cfEBV DNA-guided PET/CT
and cfEBV DNA-guided MRI + CT + BS in the sensitiv-
ity analyses. With the discounting of PET/CT, cfEBV
DNA-guide PET/CT will be increasingly cost-effective.
Therefore, the tradeoffs between the two strategies
should be continuously recalibrated to reflect the up-
dated cost of PET/CT in clinical practice, especially
among stage III NPC patients where ¢fEBV DNA-guided
PET/CT was near the most cost-effective strategy.

With the growing recognition that ¢fEBV DNA pos-
sessed favorable performance in detecting tumor recur-
rence [13-16, 76], we proposed cfEBV DNA-guided
surveillance strategies as references for patients and cli-
nicians in NPC follow-up. Nevertheless, our recommen-
dations should be implemented cautiously. First,
although cfEBV DNA demonstrates high sensitivity in
detecting RR and DM, it is relatively insensitive to LR
[13, 14, 16, 76]. Therefore, cfEBV DNA results should be
interpreted with the history and physical examinations
and nasopharyngoscopies to comprehensively evaluate
the local conditions [76]. Second, cfEBV DNA levels
might elevate even before recurrences can be detected
on imaging [16, 76]. Hence, patients with detectable
cfEBV DNA but negative imaging might require
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subsequent cfEBV DNA tests (e.g., another cfEBV DNA
test 1-3 months later) to distinguish much earlier-stage
recurrence from false-positive results, especially for
those with high recurrence risk [16].

Several limitations need to be noted. First, the inherent
shortcoming of the decision-analytic model was the
model inputs determined from various sources. We
therefore conducted extensive sensitivity analyses to
clarify the uncertainty, and the cfEBV DNA-guided im-
aging strategy was confirmed to be robustly cost-
effective in the sensitivity analysis. Second, the model
did not account for secondary recurrences because our
study population was patients achieving CR to the pri-
mary treatment for NPC. Patients who have experienced
recurrence will manifest distinct risks of disease failure,
and thus may require different surveillance strategies [8,
77]. Third, since the study is from the Chinese societal
perspective, the results might vary with different medical
and societal costs. Accordingly, similar analyses in other
regions are warranted. Last but not least, the study does
not account for non-endemic NPC. NPC in endemic
areas, including southern China, Southeast Asia, and
North and East Africa, constitutes more than 80% of
new cases worldwide [78-80], which are mostly the
non-keratinising subtype (> 95%) and are invariably asso-
ciated with EBV infection [81]. However, the keratinising
squamous subtype is more common in regions where
NPC is non-endemic, e.g., North America and northern
Europe [81, 82]. Evidence has indicated that patients
with the keratinising squamous subtype tend to have
worse survival, poorer local control, and less distant fail-
ures than those with the non-keratinising subtype; and
their association with EBV infection is relatively low
[81-84]. Therefore, the applicability of c¢fEBV DNA-
guided surveillance strategies should be carefully re-
evaluated in non-endemic areas.

Conclusions

In this model-based analysis of follow-up strategies in
NPC, we proposed cfEBV DNA-guided imaging strat-
egies that were the most cost-effective for stage II-IV
patients. The liquid biopsy-based surveillance strategies
are of high clinical feasibility, which simultaneously takes
patient outcomes and resource consumption into ac-
count. In the precision medicine era, these results would
add new insight into the momentum of liquid biopsy in
the surveillance of cancer survivors.
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