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Cost-Effectiveness of Surveillance Scanning

Strategies after Curative Treatment
of Non–Small-Cell Lung Cancer
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Background. After curative treatment of primary non–small-cell lung cancer (NSCLC), patients undergo intensive
surveillance with the aim to detect recurrences from the primary tumor or metachronous second primary lung cancer
as early as possible and improve overall survival. However, the benefit of surveillance is debated. Available evidence
is of low quality and conflicting. Microsimulation modeling facilitates the exploration of the impact of different sur-
veillance strategies and provides insight into the cost-effectiveness of surveillance. Methods. A microsimulation model
was used to simulate a range of computed tomography (CT)–based surveillance schedules, differing in the frequency
and duration of CT surveillance. The impact on survival, quality-adjusted life-years, costs, and cost-effectiveness of
each schedule was assessed. Results. Ten of 108 strategies formed the cost-effectiveness frontier; that is, these were
the strategies with the optimal cost-health benefit balance. Per person, the discounted QALYs of these strategies var-
ied between 5.72 and 5.81 y, and discounted costs varied between e9892 and e19,259. Below a willingness-to-pay
threshold of e50,000/QALY, no scanning is the preferred option. For a willingness-to-pay threshold of e80,000/
QALY, surveillance scanning every 2 y starting 1 y after curative treatment becomes the best option, with e11,860
discounted costs and 5.76 discounted QALYs per person. The European Society for Medical Oncology guideline
strategy was more expensive and less effective than several other strategies. Conclusion. Model simulations suggest
that limited CT surveillance scanning after the treatment of primary NSCLC is cost-effective, but the incremental
health-benefit remains marginal. However, model simulations do suggest that the guideline strategy is not cost-effective.
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After curative intent treatment, with either surgery or
radiotherapy, of operable stage I non–small cell lung
cancer (NSCLC), a large proportion of patients still die
of recurrences from the primary tumor or metachronous
second primary lung cancer (SPLC). Regular surveillance
scans are advised to detect recurrent or new cancers as
early as possible. In the past, the scanning interval advised
by the international guidelines issued by the European
Society for Medical Oncology (ESMO), American Society
of Clinical Oncology (ASCO), American College of Chest
Physicians (ACCP), American College of Radiology
(ACR), and National Comprehensive Cancer Network

(NCCN) has varied widely because of low grades of evi-
dence. Current recommended intervals are the same for
all guidelines, but the level of evidence remains low.1–5

However, clinical practice still varies considerably.6,7
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Currently, the evidence for surveillance scanning is
low. The only large randomized controlled trial (RCT) in
this field compared X-ray with computed tomography in
1775 patients, but it was stopped when its primary end-
point was not met.8 Other available RCTs are very small
and consist of very heterogeneous patient groups.1,2,9,10

Most surveillance studies are observational, retrospec-
tive, small-sized studies with follow-up that stopped after
5 y. These studies show conflicting results ranging from a
significant survival benefit for frequent surveillance scan-
ning to studies that show that symptom-based follow-up
is more cost-effective than surveillance scanning.11,12

There are 2 important reasons for these conflicting
results. First, some studies have been criticized as confus-
ing lead-time bias with survival benefit.9,13 Second, there
is a large variation in imaging equipment used, and it has
been shown that such differences in equipment lead to
stage migration and lead time bias.6,7,14

In theory, early detection can increase overall survival
(OS) after resection of a primary stage I NSCLC tumor
in 2 ways.9 First, patients with oligo recurrence, defined
as a limited amount of metastases with the primary site
controlled, and patients with metachronous SPLC can
still be treated curatively with surgery or radiother-
apy.15,16 Delayed detection allows the SPLC or metas-
tases to grow further, possibly having a negative impact
on treatability and 90-d mortality after treatment.
However, oligo recurrences and SPLC occur in only
approximately 10% of the patients; thus, the expected
survival advantage from early detection in patients with
early-stage NSCLC is small.

Second, it has been suggested that early detection and
treatment of metastatic disease can increase postrecur-
rence survival (PRS). In the absence of RCT data, this is
difficult to confirm; it is almost impossible to separate
PRS from lead-time bias.9,13

Given the limited availability of high-quality evidence
to inform decision making, the framework of a microsi-
mulation model is useful to explore the theoretical
boundaries of surveillance scanning on patients’ survival
and on cost-effectiveness.17 Besides the surveillance sche-
dules suggested by the guidelines, many other strategies

of varying intensity can be simulated, which cannot all
be studied in clinical trials. Microsimulation modeling
allows the exploration of the potential impact of many
different surveillance strategies and ranks them accord-
ing to their relative cost-effectiveness.

Therefore, we used a previously developed microsimu-
lation model for early-stage NSCLC to investigate the
costs, life-years gained, and quality-adjusted life-years
(QALYs) for different surveillance strategies. Our objec-
tive was to identify the optimal surveillance strategy in
terms of cost-effectiveness in the Dutch setting.

Methods

Microsimulation Model

A previously developed microsimulation model was
extended for the purpose of this cost-effectiveness analy-
sis (CEA).18 The model consists of 2 components that
closely interact: the disease model and the clinical path-
way (Figure 1). The disease model simulates underlying
tumor growth to determine recurrence-free survival and
the OS for each patient. The clinical pathway describes
clinical actions and keeps track of the life-years, QALYs,
and costs accumulated by patients in the model.

Simulations start by generating a hypothetical popula-
tion of 100,000 treatable stage I NSCLC patients. For
this purpose, a life table for the simulated stage I NSCLC
population was used, containing statistics on age, sex,
and remaining life-years until death due to other causes
than cancer, adjusted for smoking.18 In the simulated
patient population, all primary tumors are assumed to be
successfully treated, without complications or mortality.
However, a proportion of the population (Pmicrometa) has
undetected metastases after treatment of their primary
tumor. The remaining patients cannot get recurrences.
Simultaneously, all patients are at risk for developing a
SPLC, with a constant lifelong hazard per year lSPLC.
Recurrences or SPLC can be detected either symptomati-
cally or with a surveillance scan. The most important
parameters for this study and their source are found in
Table 1. Model details, such as the mathematical func-
tions that determine the transitions in the model, and the
evidence used for parameter estimation can be found in
the Supplementary Appendix Section 1. Model details
particularly relevant for the current evaluation are
described below. The model was programmed in C++,
and model output was analyzed using the dampack pack-
age in R hosted on GitHub available at https://github
.com/DARTH-git/dampack and IBM SPSS statistics ver-
sion 22.19
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Figure 1 The disease model (ovals) interacts with the clinical pathway (rectangles). Death states are shown with triangles. This
combination determines the timing of detection on a scan or symptomatic detection of metastases and second primary tumors.
There are 4 parallel chains that operate simultaneously: 1) recurrences of the primary tumor, 2) the hazard of developing a
second primary tumor (SPLC), 3) the hazard of becoming ineligible for surgery or chemotherapy, and 4) the hazard of death
from other causes (DOC). As a result, patients can for instance simultaneously have recurrences, and a second primary tumor,
and be untreatable. Patients can also die of cancer (DOD), or from the treatment (excess mortality). Death states are mutually
exclusive. Example life histories are shown in Appendix 1.1.

Table 1

Parameter Mean Value 95% CI Range Distribution Source

Tumor growth model parameters
Pmicrometa 0.63 0.54–0.72 Truncated normal 20, 21

lSPLC incidence 1.5% y21 0%–3%a Truncated normal 9

ldetectable (detectability hazard) 58% y 21 0.47 – 0.73 Truncated normal 20–22

lsymptom (symptom hazard) 22% y21 0.15–0.30 Truncated normal 22–24

blethal (lethal volume threshold) 10.0 cm3 0.8–118 Lognormal 18, 20, 21

VDT (volume doubling time) 121 d21 61–202 Truncated exponential 22

M (total number of metastases) 18 3–47 Truncated normal 23–29

R (size ratio of metastases) 0.89 0.86–0.92 Beta 22

Clinical parameters
Puntreatable size 0.12 0.00–0.45 Truncated normal 30

Pexcess mortality curative 0.0023 0.0021–0.0026 Truncated normal 31, 32

Pexcess mortality systemic 0.023 0.007–0.051 Truncated normal 33

bsystemic (ratio of VDT after systemic treatment) 2.05 1.91–2.20 Truncated normal 18, 34

Health utilities
Curative treatment (3 mo) 0.725 0.669–0.779 Truncated normal 35

Disease-free survival 0.752 0.691–0.811 Truncated normal 35

Systemic therapy (3 mo) 0.561 0.468–0.654 Truncated normal 36, 37

Postrecurrence (postsystemic therapy) 0.653 0.610–0.697 Truncated normal 37

Last 3 mo of life 0.307 0.141–0.473 Truncated normal 37

Costs
Curative treatment e21,755 8380–52,889 Lognormal 38

Systemic treatment e27,317 7792–95,764 Lognormal 38

Best supportive care e3,408 972–11,946 Lognormal 38

Computed tomography scan costs e266 45–1584a Lognormal 38

Model parameters used. These are the most important model parameters for the current study. The 95% confidence intervals in this table were

used for the univariate sensitivity analyses. The distributions were used for the probabilistic sensitivity analysis.

SPLC, Second primary lung cancer; VDT, volume doubling time; DFS, disease free survival.
alSPLC incidence and Surveillance scan costs are not based on a confidence interval, but the range is instead derived from literature.
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Tumor Growth and Detection

The core of the model consists of underlying tumor
growth after curative treatment for the primary tumor.
Some tumor growth parameters are patient specific: vol-
ume doubling time (VDT), number of metastases (M),
and ratio of the sizes of each of the 2 consecutive metas-
tases (R). These are drawn separately per patient for the
metastases of the primary tumor and for SPLC and its
metastases. For a detailed description of the growth func-
tions, see the supplementary material (Appendix 1.2).

Once metastases grow to the minimum detectable size
(a sphere of 5-mm diameter), they become detectable on
a scan. This is also assumed to be the minimum size at
which metastases can become symptomatic. The time at
which the largest metastasis reaches the detectable size is
governed by a constant hazard ldetectable. Similarly, the
time for each metastasis to become symptomatic is gov-
erned by lsymptom. The combination of the hazards for
detection of the largest metastasis, either through symp-
toms or surveillance; the VDT of all metastases; the size
ratio between consecutive metastases; and the timing of
surveillance scans together determine whether a patient
is diagnosed with metastatic recurrence of disease and
the number of metastases found. ldetectable was calibrated
to progression-free survival in curatively treated stage I
NSCLC patients,20–22lsymptom was calibrated to the per-
centage of patients with symptomatic detection,22–24 and
the number of detected metastases was calibrated against
the prevalence of detected oligo recurrences supplemen-
ted with expert opinion.23–29

Surveillance Schedules

The ESMO and other guidelines (ASCO, ACCP, ACR,
and NCCN)1–5 suggest performing surveillance scans
every 6 mo for 2 y and 1 scan per year afterward. In the
past, the guidelines also generally split surveillance sche-
dules into an early and a late phase, with different scan-
ning frequencies. The early phase is often more intensive,
because recurrence rates decrease over time. Most guide-
lines keep lifelong annual surveillance in the late phase
for detection of late recurrences and SPLC. To determine
the optimum strategy, 108 strategies were generated and
compared.

These strategies were generated by combining early
surveillance scanning frequencies (none, every 3 mo,
every 6 mo, every 9 mo, or yearly) and late surveillance
scanning frequencies (none, ½ yearly, yearly, 1½ yearly,
or 2 yearly) and switching from early to late surveillance
scanning after a fixed number of years (1, 2, 3, 4, or 5;
Supplementary Appendix Figure 3). Identical schedules

were removed, and the remaining 108 strategies are sub-
sequently compared for cost-effectiveness.

In the article, we will use compact coding of the stra-
tegies as follows. An early surveillance frequency of
every 3 mo, with switch after 5 y, and a late surveillance
frequency of once every half year will be denoted by
EARLY_3_Switch_5_LATE_0.5. Strategies are also
numbered in the figures and tables.

Curative Treatment of Recurrences and SPLC

The micro-simulation starts right after curative treat-
ment of the primary tumor, when the surveillance sched-
ule starts. When, during the surveillance, either oligo
recurrences (3 or fewer recurrences) or SPLC is detected
and the patient is considered treatable, curative therapy
can be given. Treatability is determined by 3 factors: 1)
whether both SPLC and oligo metastases are present, 2)
a patients’ general health, and 3) tumor size. Curative
treatment is not an option when either both SPLC and
oligo recurrences are detected at the same time or when
a patient already has received a curative treatment for
either SPLC or oligo recurrences before. In those cases,
it is assumed that the patient has become too frail for
further curative treatment, because of loss in lung or
other organ function.

Second, a proportion of the patients will deteriorate
in health and become ineligible for treatment, for
instance because of comorbidities or when their Eastern
Cooperative Oncology Group score becomes greater
than 2. However, data on the deterioration of a combi-
nation of such factors are not available. Data of Dutch
stage I NSCLC patients showed a linear decline in the
proportion of individuals treated with surgery between
the ages 65 and 90 and can be used as a proxy for health
detoriation.39 In the model, the time of health deteriora-
tion is randomly drawn between the ages 65 and 90, but
after treatment of the primary tumor. Once this occurs,
the patient is no longer eligible for curative treatment or
chemotherapy. At each surveillance time point, the
patient’s general health is also monitored. Untreatable
patients are no longer eligible for surveillance scans and
are instead referred to best supportive care when symp-
toms occur.

The third reason to refrain from curative treatment of
SPLC or oligo recurrences is a tumor size larger than
180 cm3. Those tumors have a chance to be untreatable
(Puntreatable size), corresponding to the reduction in cura-
tive treatments performed between T2N0MO and
T3N0M0 tumors in the Dutch population.30

The location of SPLC or oligo metastases may also
have an effect on the prognosis and outcomes of a
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patient. Analyses of a number of small retrospective
studies that report numbers of metastases per site showed
large differences. This may be explained by the use of
surveillance computed tomography (CT) of the thorax
with or without the abdomen, which can affect the fre-
quencies of detected oligo adrenal metastases and oligo
liver metastases, making it impossible to calculate an
average frequency per site. For this reason, we have cho-
sen to pool and average the curative treatment of oligo
metastases and SPLC to a single curative treatment
‘‘health state’’ with its own average prognosis, quality of
life, and costs.

If a patient receives curative treatment for oligo recur-
rences or SPLC, there is a risk of dying from this treat-
ment. Both oligo recurrences and SPLC are rare, and
excess mortality risk is therefore assumed to be the same
as for the primary tumor. The probability for excess
mortality after curative treatment (Pexcess mortality curative)
was estimated using linear regression combining primary
tumor sizes and probabilities of excess mortality from
the literature.31,32

After curative treatment, all detected oligo recurrences
or SPLC are assumed to be removed. Undetected recur-
rences, that is, those recurrences that were below the min-
imum detectable size, can again be detected on a scan or
become symptomatic in time. For this reason, patients
repeat the same surveillance schedule after their second
curative therapy.

Systemic Treatment

Patients with more than 3 detected metastatic recur-
rences, a second oligo metastatic recurrence, or a second
SPLC may receive systemic therapy such as chemother-
apy. In patients receiving systemic therapy, the VDT is
reduced because of the treatment (bsystemic) from the time
of receiving systemic therapy onward (Supplementary
Appendix 1.2). Systemic therapy also has a fixed risk of
excess mortality (Pexcess mortality systemic).

Costs and Health Utilities

Costs and health utilities were taken from a previous
study and inflated to 2019. No costs or disutilities were
included for curative treatment at baseline, as the simula-
tion starts after this treatment. Because, to our knowl-
edge, no costs and utility estimates for curative treatment
of SPLC and oligo metastases are available, we used the
estimates for surgical treatment of the primary tumor
instead.18 Costs and health utilities of systemic treatment
for multiple recurrences were assumed to be the same as
for patients who receive systemic treatment in stage IV.

The available data on costs for stage IV patients was split
between patients who received systemic therapy and
those that did not38 (Supplementary Appendix Table 1).
Utilities of patients with systemic therapy were lowered
for 3 mo, after which they were assumed to be the same
as patients without systemic therapy. The total costs and
health utilities for each state are shown in Table 1.

Probabilistic Analysis

The CEA was carried out using a lifelong time horizon
and a health care perspective. Dutch discounting rates of
4% for costs and 1.5% for effects were used, and analy-
ses were repeated using the international World Health
Organization (WHO) discount rates of 3% (Supplementary
Appendix 2.3).38

During the simulations, the model keeps track of the
following outcomes: disease-free survival (DFS), life-
years lived, QALYs, and health care costs incurred.

Current guidelines for health-economic evaluations
advise using the mean of a probabilistic sensitivity analy-
sis (PSA) to obtain the average cost and effect estimates
for each strategy, instead of simulating a cohort of
patients using point estimates for all model parameters.40

Therefore, discounted costs and QALYs of all 108 strate-
gies were analyzed in a PSA.1–5 The distributions used in
the PSA are provided in Table 1 for all model para-
meters. Most parameters remained the same as in the
previous publications.18,22 Many parameters were drawn
from a truncated normal distribution, to prevent nega-
tive parameters from being drawn, even though the fre-
quency of this occurring was low. As such, we do not
expect truncation to affect the mean values of the para-
meters and outcomes. A Latin hypercube algorithm was
used to randomly draw 1000 parameter sets consisting of
a specific combination of parameters. Each parameter
set was used to simulate each of the strategies. The
appropriateness of using 1000 parameter sets in the PSA
was explored using a convergence test in Supplementary
Appendix 2.2.

Average values for the discounted costs and QALYs
were used to create a cost-effectiveness plane and a cost-
effectiveness frontier, depicting which strategies are cost-
effective. To visualize the impact of uncertainty in the
model parameters on model outcomes, a cost-effectiveness
acceptability curve (CEAC) and an expected loss curve
(ELC) were created.19,41,42 Both curves are based on the
net monetary benefit (NMB) of each strategy, given the
willingness-to-pay (WTP) threshold. The NMB is calcu-
lated from the PSA output of discounted costs and
discounted QALYs as follows: discounted QALYs �
WTP � discounted costs. A CEAC shows the proportion
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of PSA simulations in which each of the strategies has the
maximum NMB as a function of the WTP threshold.
Thus, the CEAC reflects for each strategy the probability
that it is the ‘‘best’’ strategy.

An ELC depicts the expected difference between the
NMB of each specific strategy and the maximum NMB
achieved within the same PSA parameter set as a func-
tion to the WTP threshold. Thus, the ELC reflects the
average loss in monetary terms that would result from
choosing a specific strategy instead of the one that has
the highest net benefit.

The efficiency frontier of optimal strategies that can
be depicted both within an ELC plot and a CEAC
(where it is called the cost-effectiveness acceptability
frontier, or CEAF) shows which strategies have the max-
imum expected NMB. These are by definition the risk-
neutral decision options.

As many strategies are compared, the differences can
be small. Therefore, additional analyses were performed
to investigate the proximity of strategies to the frontier.
The WTP regions in which ELCs were less than e100
from the efficiency frontier in the ELC plot were regis-
tered. This e100 distance is extremely conservative, as
most NMB values of the strategies in the PSA are larger
than e106 (see Supplementary Appendix 2.1).

Additional univariate sensitivity analyses were per-
formed to explore parameter uncertainty and how this
affects the model outcomes, as described in Supplementary
Appendix 2.3 and 2.4.

Results

Average Model Outcomes

For Dutch discount rates, the expected costs and QALYs
for all 108 strategies are shown in Figure 2 (see also
Supplementary Appendix 3) together with the cost-
effectiveness frontier connecting the set of potentially
cost-effective strategies that dominate all other strategies
directly or via extended dominance. Table 2 details the
strategies that form this efficiency frontier and provides
their incremental cost-effectiveness ratios. The results for
the WHO discount rates can be found in Supplementary
Appendix 2.1.

As can be seen from Figure 2, as well as in Table 2,
the difference in QALYs between strategies on the cost-
effectiveness frontier are very small (between 5.721 and
5.813 QALYs pp). Cost differences are substantially
larger, with a difference of e9367 per person between the
cheapest and the most expensive strategy. As can be
seen in Table 2, none of the strategies on the frontier
include early surveillance, except for strategy 9, in which

surveillance every 3 mo is performed for 5 y, after which
CT surveillance continues every 6 mo (EARLY_3_
SWITCH_5_LATE_0.5). All other strategies on the
frontier effectively start scanning at the switch point. In
strategy 1, no surveillance is done at all. This is the refer-
ence strategy and the preferred option for WTP values
less than e50.000/QALY.

At increasing costs (e10,946 to 11,860 pp), cost-
effective strategies are those that consist of surveillance
scanning every 2 y, with the timepoint to start sur-
veillance decreasing from 5 to 1 y after treatment as
the WTP increases. The incremental cost-effectiveness
ratios (ICERs) of strategies 2 (EARLY_0_SWITCH_5_
LATE_2) to strategy 4 (EARLY_0_SWITCH_2_LATE_
2) are close to the commonly used threshold of e50,000/

Figure 2 Cost-effectiveness plane and frontier (using Dutch
discounting rates of 4% for costs and 1.5% for effects). The
cost-effectiveness frontier (line) connects all potentially cost-
effective strategies that dominate all other strategies directly
(squares). All other strategies are either dominated (circles),
meaning that they are more expensive and less effective than a
strategy on the frontier, or subject to extended dominance
(triangles), meaning that a combination of strategies on the
frontier can be found that leads to higher effectiveness at the
same costs or lower costs at equal effectiveness. The European
Society for Medical Oncology guideline strategy (cross) is also

dominated. The numbers of the strategies on the frontier
correspond to the numbering of the strategies shown in Table
2.
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QALY and can therefore be considered as good options
for decision makers that consider e50,000/QALY as the
societal WTP threshold.

At increasing costs per person (e 12,623 to e 19,259
pp), the frequency of late surveillance increases to
every one or two y starting one or two y after treat-
ment of the primary tumor. EARLY_0_SWITCH_
1_LATE_2, with surveillance scanning every 2 y starting
1 y after treatment of the primary, is the optimal strategy
around a willingness-to-pay threshold of e 80,000/
QALY. EARLY_3_SWITCH_5_LATE_0.5 is the most
effective and most expensive strategy on the frontier.
This is the only strategy with early surveillance scanning.
However, the associated ICER is higher than commonly
accepted thresholds, at e 171,394/QALY.

The strategy suggested by ESMO (EARLY_6_SWIT
CH_2_LATE_1)1 is more expensive and less effective
than strategy EARLY_0_SWITCH_2_LATE_0.5, and is
therefore dominated.

Probabilistic Analysis

Figure 3 shows the outcomes of the PSA in a CEAC and
an ELC. The frontiers (dashed black lines) in Figure 3A
and B show which strategies have the highest expected
NMB at each WTP. This corresponds to the strategies
that one should adopt under a risk-neutral attitude to
decision making.

Figure 3A shows that the strategy no surveillance
(EARLY_0_SWITCH_LATE_0) has the highest prob-
ability of having the highest NMB for a WTP of
\e86,800/QALY, after which the most intensive strategy

on the frontier, EARLY_3_SWITCH_5_LATE_0.5
(strategy 9 in Figure 3 and Table 2), has the highest prob-
ability. However, this does not necessarily correspond
with the strategies that have the highest expected NMB
at each WTP, as shown by the cost-effectiveness frontier
and Figure 3B. These switch from strategy
EARLY_0_SWITCH_LATE_0 to strategy EARLY_0_
SWITCH_5_LATE_2 at e50,951/QALY, which corre-
sponds to a large drop in the probability of having the
highest NMB in the frontier of Figure 3A. It can be seen
that between e50,951 and e171,394/QALY, all strategies
on the frontier have a low probability to have the highest
NMB, as is actually the case for most strategies. The rea-
son for these results lies in the presence of ‘‘competition’’
between the strategies; that is, most strategies are corre-
lated, and many of those also have extremely small differ-
ences in expected loss, favoring the most extreme
strategies EARLY_0_SWITCH_LATE_0 (no surveil-
lance) and EARLY_3_SWITCH_5_LATE_0.5 (most
intensive surveillance) in the CEAC. As a result, there are
several competing strategies that would be an approxi-
mately equally good (loss \e100) alternative as the opti-
mal strategy at a specific WTP (Supplementary Appendix
Table 2).

Additional Analyses

Repeating the same analyses with WHO discount rates
of 3% for costs as well as effects results in lower QALYs
and higher costs. As a consequence, strategies EARLY_
0_SWITCH_5_LATE_2, EARLY_0_SWITCH_3_LATE_
2, and EARLY_0_SWITCH_2_LATE_1 were no longer

Table 2

Number

Early
Surveillance

Frequency

Switch

After

Late
Surveillance

Frequency

Costs

(epp)

QALYs

(pp) ICERs

1 None — None 9892 5.721 —
2 None 5 y 2 y 10,946 5.742 50,951
3 None 3 y 2 y 11,306 5.748 53,103
4 None 2 y 2 y 11,549 5.753 57,293
5 None 1 y 2 y 11,860 5.757 71,639
6 None 2 y 1 y 12,623 5.766 89,806
7 None 2 y ½ y 14,225 5.781 100,779
European Society for
Medical Oncology

6 mo 2 y 1 y 15,046 5.777 Dominated

8 None 1 y ½ y 15,292 5.789 132,764
9 3 mo 5 y ½ y 19,259 5.813 171,394

Discounted costs (4% discount rate) and QALYs (1.5% discount rate) per person, as well as ICERs for strategies on the cost-effectiveness

frontier. The numbers of the strategies correspond with the numbers in figure 2 and 3. QALY, quality-adjusted life-year; ICER, incremental

cost-effectiveness ratio.
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on the cost-effectiveness frontier, although they remained
extremely close to the frontier on the CE plane. Instead,
another strategy (EARLY_0_SWITCH_1_LATE_1.5) was
added to the frontier (Supplementary Appendix 2.1).

Univariate sensitivity analyses show that the differ-
ence in costs and QALYs between no surveillance and
the most intensive surveillance strategy (EARLY_3_

SWITCH_5_LATE_0.5) are not much affected by
changing individual model parameters. The incidence of
SPLC has the largest effect on the effectiveness of sur-
veillance scanning, while the scan costs have the largest
effect on the total costs per patient (Supplementary
Appendix 2.2).

Comparing the different strategies in terms of survival
revealed that the largest difference in DFS between no
surveillance and the most intensive surveillance strategy
on the frontier is made in the first 2 y after treatment of
the primary tumor. However, this does not translate in a
substantial difference in OS between the 2 surveillance
strategies (Supplementary Appendix 2.3).

Discussion

Main Findings

A microsimulation model of the growth of recurrent or
incident tumors in curatively treated stage I NSCLC was
used to analyze the cost-effectiveness of 108 different sur-
veillance scanning strategies. Model projections showed
that no surveillance scanning is the most cost-effective
strategy for a WTP threshold below e50,000/QALY with
5.72 discounted QALYs and e9892 discounted costs.
Surveillance scanning every 2 y starting 1 y after treat-
ment of the primary is the most cost-effective strategy for
a WTP threshold of e80,000/QALY with 5.76 discounted
QALYs and e11,860 discounted costs. Overall, the differ-
ences in QALYs between the strategies were very small.

Findings Compared with Guidelines
and Literature

Our findings stand in contrast to the ESMO guideline
strategy (CT surveillance every 6 mo for the first 2 y after
curative treatment, followed by annual CT surveillance)
and other similar guidelines (ASCO, ACCP, ACR, and
NCCN).1–5 Our model projections showed that the
ESMO strategy is dominated by surveillance every 6 mo
starting 2 y after treatment, which is both cheaper and
more effective.

These guidelines advise more intensive surveillance in
the early period after treatment of the primary tumor, as
most recurrences from the primary tumor occur within
the first 2 y. The guidelines’ general rationale is that
intensive scanning causes a small increase in the early
detection of recurrences and SPLC. Although the data
vary on the impact of surveillance on OS, the assump-
tions are made that scanning causes no physical harm,
and early detection must have some benefit on survival.5

Figure 3 Graphical representations of the output from the
probabilistic sensitivity analysis. (A) The cost-effectiveness
acceptability curve (CEAC) shows for each strategy the
proportion of simulations in which this strategy has the
highest net monetary benefit (NMB), given the willingness to
pay (WTP) in e/quality-adjusted life-year on the x-axis. (B)
The expected loss curve shows for each strategy the expected
difference between the NMB of that strategy and the
maximum achieved NMB as a function of the WTP threshold.
The frontier (dashed black line) follows the CEAC and
expected loss curve of the strategy that has the highest
expected NMB at each WTP and fully corresponds to the cost-
effectiveness frontier in Figure 2. The vertical dashes on the
x-axis correspond to the incremental cost-effectiveness ratios
in Table 2 and depict the optimal strategy (numbers).
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However, model simulations suggest that survival
benefits of early detection can mostly be explained by
lead-time bias. This explains the conflicting findings in
the literature, as most retrospective studies that compare
different frequencies of scanning do not show any signifi-
cant increased OS with more intensive surveillance.
Examples are Younes et al., who compared a very inten-
sive surveillance strategy with ‘‘symptom detected’’ sur-
veillance in 130 patients, and both Subramanian et al.
and McMurry et al., who showed that increased surveil-
lance intensities do not lead to improved survival when
comparing postsurgery follow-up intervals of 3, 6, and
12 mo in 2442 and 4463 patients, respectively.11,12,43 This
is in line with our survival curves, which show extremely
small differences in OS between no surveillance scanning
and scanning every 3 mo. Such small differences are dif-
ficult to detect in a clinical study with small numbers of
patients and a relatively short follow-up time. One study
shows that earlier detection of recurrences does not lead
to clinically significantly longer survival.44 Some studies
do report significant survival benefits from more inten-
sive surveillance13,24,45; however, these results are argued
to be caused by lead-time bias rather than survival bene-
fit, because of study designs that use postrecurrence
survival.9

In addition, from a cost-effectiveness perspective, the
costs of more frequent scanning should be justified by
the increased effectiveness of scanning. It should be
noted that, in our study, for WTP thresholds less than
e171,394/QALY, the set of cost-effective strategies, that
is, those on the cost-effectiveness frontier, does not con-
tain intensive early surveillance strategies. The reason for
the better model-predicted cost-effectiveness balance for
late versus early surveillance can be explained by the
much higher health benefits from early detection of
SPLC than from metastases of the primary tumor, which
predominantly occur in the first 2 y. Furthermore,
patients cannot benefit from early detection and curative
treatment of SPLC if they also have metastases of the
primary tumor.

Theoretical Limits to the Benefits of Surveillance

Furman et al.46 made the argument that surveillance
scanning should be considered only if meaningful treat-
ment options exist. In the case of NSCLC, the most
effective treatment option is curative treatment for oligo
recurrences and SPLC. Unfortunately, both are rela-
tively uncommon, and not all patients are amenable for
curative treatment once oligo recurrences or SPLC are
detected.30 The treatment options for patients with poly-
recurrences offer limited survival benefit, if any,

rendering the benefit of early treatment of polyrecur-
rences questionable.

To be able to make any meaningful predictions on
this topic, a model should therefore include these poten-
tial survival benefits. For this reason, curative treatment
options for oligo recurrences and SPLC were included in
the model, as well as the general notion that early detec-
tion of oligo recurrences and SPLC reduces the risk of
inoperability and excess mortality. Furthermore, sys-
temic therapy reduces the growth rate of the metastases
in the model; thus, early detection of metastases in the
model will lead to a longer survival time.

However, even with these model assumptions, we
found that although more scanning leads to earlier detec-
tion, thereby affecting DFS, OS was hardly affected
(Supplementary Appendix Figure 5). There are 4 expla-
nations for this model finding.

First, tumors are not detected on a scan if they are
below the minimum detectable size and are per definition
detected when they become symptomatic. The potential
shortening of the time until detection is therefore limited
(Supplementary Appendix Figure 5). Second, the sur-
vival advantage of systemic therapy is small. Third, oligo
recurrences and SPLC are rare. Therefore, the survival
advantage for the average patient is low. Univariate sen-
sitivity analyses show that DFS and OS are most affected
by increased scanning when the SPLC incidence rate is
high. Finally, in the model, unnecessary surgery on those
oligo recurrences and SPLC with additional undetected
metastases may be performed. Overdiagnosis is a poten-
tial harm of surveillance scanning, which can drive up
costs and excess mortality after surgery. Intensive surveil-
lance schedules will increase this risk.

Limitations

There are some limitations to this study.
By default, a limitation of decision modeling is the

fact that a mathematical approximation of reality is con-
structed because the true problem cannot be easily stud-
ied. Although the best sources of evidence may be
combined in a decision model to support evidence-based
decision making, any model contains assumptions and
extrapolations that may be difficult to verify or validate.
For the current study, model validation would ideally be
done using evidence from randomized clinical trials com-
paring different surveillance schedules. However, to com-
pare surveillance schedules with respect to survival
outcomes, large trials would be required. Westeel et al.8

investigated surveillance with X-rays and CT scans by
following the OS of 1775 patients for 8 y in an RCT. CT
scans can detect smaller tumors, which can result in the
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earlier detection of metastases and SPLC similar to early
detection when scanning with a higher frequency.
However, significant differences in OS were not found.
This study suggests that very large numbers of patients
(about 10,000) might be needed to validate our model-
simulated findings in an RCT setting. The model has
been previously validated on real-world data18; however,
this was before the inclusion of second primary tumors
in the model. Although it is not a formal validation,
comparing our model-based results to smaller trials and
observational studies confirm the general validity of our
conclusions.11,12,30,43,44,47

We did not include in the model the quality-of-life
impact of surveillance scanning. Undergoing a scan and
waiting for the results may affect mental well-being and
the fear of cancer recurrence and then lead to decreased
quality of life of patients. On the other hand, surveillance
scans could also lead to relief in cases in which no recur-
rence of disease is found.48 It is unlikely that patients
would be willing to accept a no-surveillance strategy, but
whether patients are willing to wait 1 y for a first scan is
unclear. As such, more research and patient involvement
are needed to include this aspect into cost-effectiveness
analyses.

Potential harms of radiation exposure by CT scans
have not been included in the model. Estimates of these
harms are 1 additional cancer death per 2500 patients in
screening, which may be a similar number for surveil-
lance scanning.49 If more intensive surveillance would
result in a relevantly higher SPLC incidence rate, this
would decrease the benefits of surveillance even further.

New or other treatments and diagnostic technologies
can affect the outcomes of this study. As scanning tech-
nology improves, smaller recurrences may become detect-
able on scans. However, at a diameter of less than 2 mm,
it may become difficult to differentiate between benign
nodules and new malignancies, resulting in a higher false-
positive ratio.9 Furthermore, our results show that small
changes in the time of detection of metastases caused by
using other scanning equipment are unlikely to lead to
longer OS.8,9

Conclusion

Acknowledging the limitations that are inherent to deci-
sion modeling, our model-based findings suggest that
limited CT surveillance scanning after treatment for pri-
mary NSCLC is cost-effective, but the incremental health
benefit remains marginal. Surveillance scanning every 2 y
starting either 2 y or even 1 y after treatment of the pri-
mary seems to be an acceptable alternative to no

scanning for WTP thresholds of e50,000/QALY and
e80,000/QALY, respectively.
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