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Abstract
Objective  We aimed to perform an early cost-effectiveness analysis of using a whole-genome sequencing-based tumor 
mutation burden (WGS-TMB), instead of programmed death-ligand 1 (PD-L1), for immunotherapy treatment selection in 
patients with non-squamous advanced/metastatic non-small cell lung cancer ineligible for targeted therapy, from a Dutch 
healthcare perspective.
Methods  A decision-model simulating individual patients with metastatic non-small cell lung cancer was used to evaluate 
diagnostic strategies to select first-line immunotherapy only or the immunotherapy plus chemotherapy combination. Treat-
ment was selected using PD-L1 [A, current practice], WGS-TMB [B], and both PD-L1 and WGS-TMB [C]. Strategies D, E, 
and F take into account a patient’s disease burden, in addition to PD-L1, WGS-TMB, and both PD-L1 and WGS-TMB, respec-
tively. Disease burden was defined as a fast-growing tumor, a high number of metastases, and/or weight loss. A threshold of 
10 mutations per mega-base was used to classify patients into TMB-high and TMB-low groups. Outcomes were discounted 
quality-adjusted life-years (QALYs) and healthcare costs measured from the start of first-line treatment to death. Healthcare 
costs includes drug acquisition, follow-up costs, and molecular diagnostic tests (i.e., standard diagnostic techniques and/or 
WGS for strategies involving TMB). Results were reported using the net monetary benefit at a willingness-to-pay threshold 
of €80,000/QALY. Additional scenario and threshold analyses were performed.
Results  Strategy B had the lowest QALYs (1.84) and lowest healthcare costs (€120,800). The highest QALYs and health-
care costs were 2.00 and €140,400 in strategy F. In the base-case analysis, strategy A was cost effective with the highest net 
monetary benefit (€27,300), followed by strategy B (€26,700). Strategy B was cost effective when the cost of WGS testing 
was decreased by at least 24% or when immunotherapy results in an additional 0.5 year of life gained or more for TMB high 
compared with TMB low. Strategies C and F, which combined TMB and PD-L1 had the highest net monetary benefit (≥ 
€76,900) when the cost of WGS testing, immunotherapy, and chemotherapy acquisition were simultaneously reduced by at 
least 47%, 39%, and 43%, respectively. Furthermore, strategy C resulted in the highest net monetary benefit (≥ €39,900) in 
a scenario where patients with both PD-L1 low and TMB low were treated with chemotherapy instead of immunotherapy 
plus chemotherapy.
Conclusions  The use of WGS-TMB is not cost effective compared to PD-L1 for immunotherapy treatment selection in non-
squamous metastatic non-small cell lung cancer in the Netherlands. WGS-TMB could become cost effective provided there 
is a reduction in the cost of WGS testing or there is an increase in the predictive value of WGS-TMB for immunotherapy 
effectiveness. Alternatively, a combination strategy of PD-L1 testing with WGS-TMB would be cost effective if used to 
support the choice to withhold immunotherapy in patients with a low expected benefit of immunotherapy.
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Key Points for Decision Makers 

The costs of whole-genome sequencing testing, immuno-
therapy, and chemotherapy acquisition are key drivers for 
the cost-effectiveness of using a whole-genome sequenc-
ing tumor mutational burden compared to programmed 
death ligand 1 for immunotherapy treatment decisions in 
patients with advanced or metastatic non-small cell lung 
cancer in the Netherlands.

Substantial cost savings with a minimal loss in mean 
quality-adjusted life-years per patient can be achieved if 
the whole-genome sequencing tumor mutational burden 
in combination with programmed death ligand 1 is used 
to support the decision to withhold immunotherapy 
in patients with the least expected benefit of immuno-
therapy, i.e., those with both a tumor mutational burden 
less than 10 mutations per mega-base and expression of 
programmed death ligand 1 of less than 1%.

The potential of withholding immunotherapy for patients 
with the least expected benefit merits further investiga-
tion.

1  Introduction

The treatment scheme for patients with advanced (inoper-
able/metastatic) non-small cell lung cancer ineligible for 
local treatment (metNSCLC) has become more and more 
personalized, with treatment selection depending on ther-
apy-predictive biomarkers [1–4]. These predictive biomark-
ers are most common in non-squamous metNSCLC [2, 5]. 
The selection of appropriate therapy is important because for 
some patient groups, the 5-year survival rate has been shown 
to improve from 6% when treated with platinum-based 
chemotherapy (ChT) to between 15 and 50% when treated 
with the appropriate targeted therapy or immunotherapy [6].

Therapy-predictive biomarkers divide patients with 
metNSCLC into two main groups, a group eligible for tar-
geted therapy (i.e., patients with a molecular alteration or 
aberration that can be therapeutically targeted with approved 
drugs [2]) and a group ineligible for targeted therapy [1–4]. 
The group ineligible for targeted therapy forms the largest 
subgroup, about 75% of patients with metNSCLC in the 
Netherlands [5]. Immunotherapy such as pembrolizumab 
(with or without ChT) is the recommended first-line treat-
ment for patients ineligible for targeted therapy [1–4]. 
Nevertheless, the response rate to immunotherapy remains 
low, about 20% [7, 8]. Immunotherapy is also associated 
with a risk of immune-related adverse events, and to some 
patients, a worsening of disease outcome [9, 10]. Further-
more, immunotherapy is expensive costing up to 100,000 
Euros per patient [11].

The response to immunotherapy is heterogeneous. A bet-
ter response to immunotherapy has been observed for higher 
levels of programmed death-ligand 1 (PD-L1) expression 
[12, 13]. Consequently, PD-L1 expression received approval 
as a predictive biomarker in the USA and in Europe [14–16]. 
While patients with PD-L1 of at least 50% expression 
receive immunotherapy monotherapy, those with PD-L1 less 
than 50% receive additional ChT with the immunotherapy 
[1–4]. Although PD-L1 expression is a predictor for survival 
at the population level, at the individual patient level, it is 
an imperfect biomarker to classify responders versus non 
responders [9].

There is a need for a better predictive biomarker for 
immunotherapy response than PD-L1 expression. One of 
the most studied potential biomarkers is tumor mutational 
burden (TMB). Tumor mutational burden is measured as 
the number of somatic mutations per genome mega-base 
pair (mut/Mb) using next-generation sequencing (NGS) 
techniques, i.e., NGS panels, whole-exome sequencing, or 
whole-genome sequencing (WGS) [17]. Whole-genome 
sequencing-based TMB is the most reliable measurement 
and considered as the golden standard [18, 19]. The potential 
predictive role of TMB was shown for different immunother-
apies such as pembrolizumab, nivolumab, and nivolumab 
plus ipilimumab [20–23]. Furthermore, it has been shown 
that the TMB level and PD-L1 expression are independent 
predictors of response to immunotherapy [18, 20, 22, 24]. 
Therefore, either alone or in addition to PD-L1, TMB may 
improve patient selection for immunotherapy monotherapy 
or combination therapy [9, 18, 24].

Whole genome sequencing-based TMB has not received 
formal approval as a predictive biomarker for immunother-
apy response neither in the USA [4] nor in Europe [1, 2]. 
Specific challenges that hamper implementation are a lack 
of sufficient evidence, standardization of TMB measurement 
[1], and the high costs for WGS. Therefore, the main objec-
tive of this study was to synthesize the available evidence on 
WGS-based TMB in a decision model and perform an early 
cost-effectiveness analysis of using WGS-based TMB as an 
immunotherapy predictive biomarker in treatment selection 
for patients with metNSCLC ineligible for targeted therapy, 
from a Dutch healthcare perspective. This study uses a pre-
viously developed decision model that simulates real-world 
Dutch patients with non-squamous metNSCLC [25].

2 � Methods

2.1 � Cost‑Effectiveness Analysis

An early cost-effectiveness analysis was performed using 
a previously developed diagnostic-treatment microsimula-
tion model for patients with non-squamous metNSCLC in 
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the Netherlands [25]. The model was adapted to simulate 
different strategies for selecting patients for first-line immu-
notherapy with or without ChT based on PD-L1 expression 
and/or TMB.

Costs in Euros were included from a Dutch healthcare 
perspective and indexed to calendar year 2022. The health-
care perspective was deemed sufficient because metNSCLC 
is a severe disease and is more prevalent in the elderly popu-
lation (aged > 60 years) [26, 27]. Therefore, for this popu-
lation, healthcare costs are the key cost component while 
non-medical costs such as productivity loss are less relevant 
in an economic evaluation [27]. Effects were measured in 
life-years (LYs) and quality-adjusted life-years (QALYs). 
Both cost and effects were measured from the start of first-
line treatment to death; that is, a life time horizon was used 
[28]. Future cost and effects were discounted at 4.0% and 
1.5%, respectively [28]. Cost and effects were translated to 
a net monetary benefit (NMB), with a willingness-to-pay 
(WTP) threshold of €80,000 per QALY, as recommended for 
this disease severity in the Netherlands [29]. A higher NMB 
implies that a strategy is more cost effective compared with 
a strategy with a lower NMB [30]. Strategies were also plot-
ted on a cost-effectiveness plane and the efficiency frontier 
was determined, that is, the line connecting those strate-
gies that provide the largest incremental gain in QALYs per 
Euro spent. For these efficient strategies, the incremental 
cost-effectiveness ratio (ICER) relative to the next less effi-
cient strategy was calculated by dividing the incremental 
costs in Euros by the incremental gain in QALYs. Below, 
the decision model, strategies, input parameters, and output 
are described in more detail.

2.2 � Description of the Model

The decision model was developed as a discrete event 
simulation based on real-world data of patients with non-
squamous metNSCLC in the Netherlands [31] and was 
described in detail elsewhere [25]. In brief, the decision 
model simulates a Dutch population of patients with non-
squamous metNSCLC from diagnosis to death. Patients 
can have up to three lines of systemic treatment (first 
line, second line, and third line). At each treatment line, 
patients can move to a subsequent treatment line (from 
first line to second line and from second line to third line) 
or die. Patients can die from the disease or due to other 
causes. Death due to other causes was added as a back-
ground mortality competing risk and described using an 
age-specific and sex-specific life table of a general Dutch 
population adjusted for smoking [32]. The time to a subse-
quent treatment line or death due to disease is estimated by 
treatment line-specific parametric hazard functions. These 

parametric hazard functions are based on real-world data 
of patients treated with multiple lines of ChT [31]. See 
Sect. 1.1 and Tables S1 and S2 of the Electronic Supple-
mentary Material (ESM).

In addition, the decision model is supplemented with a 
molecular diagnostic and treatment decision tree (Fig. S1b 
of the ESM) that allows changing patients’ treatment from 
ChT to targeted therapy or immunotherapy based on out-
comes of molecular predictive biomarkers. For this study, 
we focus on the group of simulated patients that are ineli-
gible for targeted treatment. In this group, first-line immu-
notherapy is simulated with or without additional ChT, 
based on molecular diagnostic strategies as described in 
Sect. 2.3. The adaptation of the decision model to simulate 
outcomes under first-line immunotherapy with or without 
ChT is described in Sect. 2.4.

2.3 � Population and Strategies

The study population consists of patients who are non-
squamous metNSCLC ineligible for targeted therapy, with-
out contraindication nor refusal to immunotherapy. The 
patient population included those without a known targeta-
ble molecular biomarker (such as patients without epider-
mal growth factor receptor, anaplastic lymphoma kinase, 
ROS prot-oncogene 1, B-Raf proto-oncogene, MET [exon 
14 skipping], and neurotrophic tropomyosin receptor 
kinase) [1–3]. According to the Dutch clinical guideline 
[1–3], immunotherapy (i.e., pembrolizumab monotherapy 
or pembrolizumab with ChT) is a recommended first-line 
therapy in this group of patients. The choice of mono-
therapy versus combination therapy depends on the results 
of immuno-biomarker test results.

In the base-case analysis, six molecular biomarker test-
ing and treatment strategies were evaluated. Strategies 
were defined by whether immuno-biomarker test included 
PD-L1 expression, TMB, or both PD-L1 expression and 
TMB (Fig. 1). Whole-genome sequencing and immuno-
histochemistry are assumed to have perfect sensitivity and 
specificity for TMB and PD-L1 testing, respectively. The 
prevalences of PD-L1 and TMB are given in Table 1 and 
they are assumed to be independent [18, 20]. Strategies 
are defined below.

2.3.1 � Test and Treat Strategy A: PD‑L1 Alone

Programmed death-ligand 1 expression classifies patients 
into three subgroups; PD-L1 ≥ 50% (PD-L1 high), PD-L1 
1–49% (PD-L1 intermediate), and PD-L1 < 1% (PD-L1 low) 
[13]. In strategy A, patients with PD-L1 high receive pem-
brolizumab monotherapy while those in the PD-L1-interme-
diate and PD-L1-low groups receive pembrolizumab with 
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ChT (Fig. 1). Strategy A is aligned with the Dutch clinical 
guideline [1–3].

2.3.2 � Test and Treat Strategy B: TMB Alone

In strategy B, treatment was assigned based on WGS-based 
TMB instead of PD-L1 expression. A threshold of 10 
mut/Mb was used to classify patients into TMB-high and 
TMB-low groups [9, 22]. Patients with TMB ≥ 10 mut/Mb 
(TMB high) received pembrolizumab monotherapy, while 

patients with TMB < 10 mut/Mb (TMB low) received 
pembrolizumab with ChT (Fig 1).

2.3.3 � Test and Treat Strategy C: PD‑L1 and TMB

Strategy C combines PD-L1 expression and TMB level. 
Patients are classified into six subgroups based on PD-L1 
expression and TMB level (i.e., PD-L1 high and TMB 
high, PD-L1 high and TMB low, PD-L1 intermediate and 
TMB high, PD-L1 intermediate and TMB low, PD-L1 low 
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Fig. 1   Test and treat strategies A to F in the cost-effectiveness evalu-
ation. Biom biomarker, ChT platinum-based chemotherapy doublets 
(here assumed cisplatin with pemetrexed), DB disease burden, IHC 
immunohistochemistry, Nsq-metNSCLC non-squamous advanced 
(inoperable/metastasis) non-small cell lung cancer ineligible for local 
treatment, pembro prembrolizumab, PD-L1 programmed death-ligand 
1, SoC standard of care, Targ targeted, TMB tumor mutational bur-
den, WGS whole-genome sequencing,  indicates the subgroup 

of patients excluded in the evaluation, i.e., patients with a known tar-
getable biomarker and eligible for targeted therapies. +  DB means 
that the treatment strategy is adapted as follows; first-line treatment 
of patients with high DB is changed from pembro to pembro + ChT. 
High DB is defined as those patients with a fast growing tumor, high 
number of metastasis, and/or weight loss [33] who are expected to 
have progressive disease within 3 months after start pembro.
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Table 1   Model input parameters

BSA body surface area, CT computed tomography,  ESM electronic supplementary material, IHC immu-
nohistochemistry, interval number of days between two consecutive item utilizations (drug administra-
tion, hospital visit, laboratory test, or tumor assessment), LTS long-term survivors, MRI magnetic reso-
nance imaging, mut/Mb mutation per mega-base, N/A not applicable, PD-L1 programmed death-ligand 1, 
SAEs severe adverse events (grade 3 or above), SoC standard of care, TMB tumor mutational burden, WGS 
whole-genome sequencing
a Dosage depends on body surface area, i.e., cisplatin dose is 75 mg /m2 BSA/21 days, docetaxel dose is 75 
mg/m2 BSA/21 days, pemetrexed dose is 500 mg/m2 BSA/21 days, and gemcitabine dose is 3000 mg/m2 
BSA/28 days [56]. Cost per dose was computed at average BSA of 1.7 m2 [11]
b A dose cycle includes 3 consecutive weeks of treatment (each week 1000 mg/m2 BSA) and 1 resting week [56]
c Cost of molecular biomarker testing in clinical SoC assuming the optimal pathway as defined by Simons 
et al. Standard of care included testing of PD-L1 expression using IHC, testing of epidermal growth fac-
tor receptor (exon 19/21/T790/non-classic/others) mutation, KRAS (exon 2/3/4), and B-Raf proto-onco-
gene (v600) mutation using a next-generation sequencing multigene panel. Testing of ROS prot-oncogene 
1, anaplastic lymphoma kinase, RET rearrangements, neurotrophic tropomyosin receptor kinase fusion 

Parameter Interval (days) Value (per 
interval)

Source

Drug acquisition cost
 Pembrolizumab 21 €5721 [55, 56]
 Cisplatina 21 €58 [55, 56]
 Pemetrexeda 21 €1314 [55, 56]
 Docetaxela 21 €473 [55, 56]
 Gemcitabinea,b 28 €233 [55, 56]

Diagnostic cost
 WGS N/A €3305 [57]
 SoC diagnosisc N/A €960 [11]
 IHC (PD-L1) N/A €106 [57]

Direct medical cost
 Drug administrationd N/A €318 [47]
 Out patients visite 45.8 or 91.5 €98 [28]
 CT/MRI tumor assessmente 61 or 91.5 €476 [11]
 Laboratory testinge 45.8 or 91.5 €90 [58]
 End-of-life caref N/A €4315 [59]

Prevalence of TMB and PD-L1
 PD-L1
 PD-L1 ≥50% (high) N/A 0.25 [60]

PD-L1 1–49% (intermediate) N/A 0.29 [60]
PD-L1 <1% (low) N/A 0.46 [60]
TMB
TMB ≥10 mut/Mb (high) N/A 0.35 [21]
TMB <10 mut/Mb (low) N/A 0.65 [21]
Percentage of LTS (%)
PD-L1 high N/A 29.7g [36]
PD-L1 intermediate N/A 15.6g [36]
PD-L1 low N/A 0 Assumption
Utilities
No progression N/A 0.71 [44]
First-line progression N/A 0.67 [44]
Second-line progression N/A 0.59 [44]
Prevalence of SAEs Table S3 of the ESM – [35, 37, 45, 46, 54]
Cost of managing SAEs Table S3 of the ESM – [47–50]
Dis-utilities of SAEs Table S3 of the ESM – [47, 51–53]
Estimates of parameters of baseline 

attributes and time to even hazard 
functions

Tables S1 and S2 of the ESM – [25]
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and TMB high, and PD-L1 low and TMB low). Patients 
with both PD-L1 high and TMB high receive pembroli-
zumab monotherapy, while patients with PD-L1 intermedi-
ate, PD-L1 low, or TMB low receive pembrolizumab with 
ChT (Fig. 1).

2.3.4 � Test and Treat Strategy D: PD‑L1 + DB

In a Dutch clinical practice, a proportion of patients 
with PD-L1 high are treated with pembrolizumab with 
ChT because of a high tumor/disease burden (high DB) 
[expert opinion JM and JA]. High DB is loosely defined as 
a fast-growing tumor, a high number of metastases, and/or 
weight loss [33]. The proportion of patients with high DB 
was assumed to be equal to the proportion of PD-L1-high 
patients with progressive disease within 3 months after the 
start of first-line pembrolizumab monotherapy (27%) [34]. 
In strategy D, the (randomly drawn) 27% of patients with 
PD-L1 high who have high DB are assumed to receive 
pembrolizumab with ChT (Fig. 1), while the remaining 
73% of PD-L1-high patients with low DB receive pem-
brolizumab monotherapy. Patients with PD-L1 intermedi-
ate or PD-L1 low receive pembrolizumab with ChT as in 
strategy A.

2.3.5 � Test and Treat Strategy E: TMB + DB

Strategy E is a modification of strategy B where the TMB-
high group is split into two subgroups of high DB and low 
DB, as in strategy D. Of the TMB-high patients, 27% are 
assumed to have high DB and receive pembrolizumab with 
ChT (Fig. 1). The remaining 73% with low DB receive 
pembrolizumab monotherapy. Patients with TMB low 
receive pembrolizumab with ChT as in strategy B.

2.3.6 � Test and Treat Strategy F: PD‑L1 and TMB + DB

Strategy F is a modification of Strategy C, where the 
group of patients with PD-L1 high and TMB high is split 
into a high and low DB subgroup. The 27% with high DB 

receive pembrolizumab with ChT, while the remaining 73% 
receive pembrolizumab monotherapy. Remaining subgroups 
received pembrolizumab with ChT as in strategy C.

In all strategies, ChT was assumed to consist of cisplatin 
and pemetrexed. Irrespective of the strategy used, patients 
who progress to second-line treatment are assumed to 
receive cisplatin-pemetrexed and in the third line docetaxel 
if they had pembrolizumab monotherapy in the first line. 
Those who had pembrolizumab with ChT in the first line are 
assumed to receive docetaxel alone in the second line and 
gemcitabine in the third line.

2.4 � Treatment Effectiveness

To simulate the progression-free and overall survival time 
under immunotherapy instead of under ChT, as in the origi-
nally discrete event simulation model (Fig. S1a of the ESM), 
the parametric hazard function for the event time from first-line 
treatment to second-line treatment and to death was adapted. 
A subgroup of patients has shown to have a long-term survival 
benefit (long-term survivors, LTS) after first-line pembroli-
zumab with or without ChT [35–38]. To account for the differ-
ent survival of this subgroup, a mixture cure survival distribu-
tion was used to simulate the time to the event from first-line 
treatment to either second-line treatment or death [25, 39–41]. 
Under the mixture cure survival distribution, LTS were free from 
death due to non-small cell lung cancer but instead died due 
to other causes. Considering metNSCLC is a severe disease, 
the death due to other causes of LTS was described using an 
age-specific and sex-specific life table of a Dutch population 
of heavy smokers [32, 42, 43]. It was assumed that the size of 
the LTS subgroup is equal to the 5-year survival rate reported 
in keynote-001 [36] given PD-L1 expression, i.e., 29.7% for 
patients with PD-L1 ≥ 50%, 15.6% for patients with PD-L1 
1–49% [36], and 0% in the PD-L1 < 1% subgroup. In contrast, 
non-LTS are subjected to disease progression (to second-line 
treatment or death) according to adjusted standard parametric 
hazard function. The parametric hazard function was adjusted by 
adding the hazard ratio for progression-free survival (PFS-HR) 
of pembrolizumab (with or without ChT) compared to ChT. The 
PFS-HR for non-LTS had to be calibrated such that, the PFS-HR 
total simulated patients (LTS plus non-LTS) given PD-L1 and 

(1/2/3), and MET (exon 14 skipping) using Archer fusionPlex, and testing of MET amplifications using 
FISH [11]
d For the intravenously administered drugs
e Interval depends on how long patients have been on a treatment line (see Sect. 1.3.3 of the ESM)
f Cost of hospitalization and consultation (≈72%), medications (≈21%), and diagnostic procedure and local 
treatments (≈7%) [59]
g Percentage of LTS assumed to be equal to the 5-year survival rate of keynote-001 for PD-L1 high (≥50%) 
and PD-L1 intermediate (1–49%) [36]

Table 1   (continued)
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TMB is equal to the derived hazard rate in Table 2. The PFS-HR 
in Table 2 depends on both a patient’s PD-L1 and TMB. The 
PFS-HRs for pembrolizumab monotherapy or pembrolizumab 
with ChT given PD-L1 were taken from published randomized 
controlled trials [12, 13, 34]. Likewise, the PFS-HRs given TMB 
was taken from a published randomized controlled trial [21]. See 
Sect. 1.2 of the ESM for more details regarding derivation of the 
PFS-HR in Table 2 and calibration of the PFS-HR for non-LTS. 
There was no adjustment made on parametric hazard functions 
of second-line and third-line treatments because patients who 
progressed to subsequent treatment lines received ChT (double 
or single agent) as described in Sect. 2.3.

2.5 � Model Outcomes: LYs, QALYs, and Total Costs

Life-years were computed from the start of first-line treat-
ment to death. For every strategy, the mean LYs lived per 
patient were aggregated as a weighted average of the mean 
LYs lived in each subgroup of the patient population strati-
fied by PD-L1 expression, TMB level, and first-line treat-
ment (Table 2). To compute QALYs, we multiplied LYs 
with health utilities during first line (progression free), 
second line (first-line progression), and third line (second-
line progression). Health utilities were taken from literature 
[44] and assumed to be independent of treatment (Table 1). 

However, the influence of a specific treatment on a health 
utility was incorporated by using dis-utilities due to severe 
adverse events (SAEs) associated with each treatment regi-
men. SAEs were assumed to appear and dis-appear within 
the first month of treatment initiation after adequate SAEs 
management. All SAEs parameters were taken from the liter-
ature [35, 37, 45–54] and are listed in Table S3 of the ESM.

Total costs per patient per strategy consist of healthcare 
costs consumed from first-line treatment to death, including 
costs for drugs acquisition, drug administration, molecular 
biomarker testing (including standard diagnostic testing and 
WGS, see Sect. 1.3.1 of the ESM), routine laboratory tests, 
routine tumor assessment, managing SAEs, and end-of-life 
costs (Table 1 and Table S3 of the ESM). Cost were based on 
the Dutch costing manual [28], the Dutch Health Care Insti-
tute [55], and the published literature (Table 1 and Table S3 
of the ESM). Details are given in the Sect. 1.3 of the ESM.

2.6 � Model Validation

The model structure, simulated survival curves, and model 
assumptions were checked for face validity by consulting 
clinical oncology experts (JA, JM, and HG). In addition 
to that, the model was assessed using the Assessment of 
the Validation Status of Health-Economic decision Model 

Table 2   Composition of the patient population in subgroups stratified by underlying PD-L1 expression and TMB level, and first-line treatment 
for each strategy

1L first-line, ChT chemotherapy, DB disease burden, Pembro pembrolizumab, Pembro+ChT pembrolizumab with chemotherapy (here assumed 
ChT as cisplatin-pemetrexed), PD-L1 programmed death-ligand 1, PFS-HR progression-free hazard ratio of 1L treatment compared to ChT, 
TMB tumor mutational burden
a PFS-HR values were computed assuming independent predictive values of TMB and PD-L1 on treatment benefit [8, 18, 20] (details are given 
in Sect. 1.2 of the ESM)
b Percentage depends on the prevalence of the biomarker used in the treatment choice (i.e., PD-L1 and TMB) and the percentage of patients with 
high tumor/disease burden

PD-L1 TMB 1L Treatment PFS-HRa Percentage of each subgroup constituting the population per strategyb

A: PD-L1 
alone

B: TMB 
alone

C: PD-L1 
and TMB

D: PD-L1 + 
DB

E: TMB + 
DB

F: PD-L1 and 
TMB + DB

PD-L1 high TMB high Pembro 0.375 8.75 8.75 8.75 6.39 6.39 6.39
TMB high Pembro+ChT 0.270 0.00 0.00 0.00 2.36 2.36 2.36
TMB low Pembro 0.635 16.25 0.00 0.00 11.86 0.00 0.00
TMB low Pembro+ChT 0.457 0.00 16.25 16.25 4.39 16.25 16.25

PD-L1 inter-
mediate

TMB high Pembro 0.750 0.00 10.15 0.00 0.00 7.41 0.00
TMB high Pembro+ChT 0.413 10.15 0.00 10.15 10.15 2.74 10.15
TMB low Pembro 1.270 0.00 0.00 0.00 0.00 0.00 0.00
TMB low Pembro+ChT 0.699 18.85 18.85 18.85 18.85 18.85 18.85

PD-L1 low TMB high Pembro 1.266 0.00 16.10 0.00 0.00 11.75 0.00
TMB high Pembro+ChT 0.563 16.10 0.00 16.10 16.10 4.35 16.10
TMB low Pembro 1.786 0.00 0.00 0.00 0.00 0.00 0.00
TMB low Pembro+ChT 0.770 29.99 29.99 29.99 29.99 29.99 29.99

Total percentage of Pembro 25.00 35.00 8.75 18.25 25.55 6.39
Total percentage of Pembro+ChT 75.00 65.00 91.25 81.75 74.45 93.61
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checklist [61] by one of the authors (MS) [Sect. 3 of the 
ESM].

2.7 � Scenario Analyses

We performed the following scenario analyses:

1.	 Increased the proportion of patients with high DB from 
27 to 50% (50% high DB).

2.	 Withheld immunotherapy for patients with both PD-L1 
low and TMB low, instead these patients were treated 
with ChT only (withholding immunotherapy).

3.	 No LTS subgroup.

For further information, see Sect. 1.4 of the ESM.

2.8 � Threshold Analyses

One-way, two-way, and three-way threshold analyses were 
performed for the prevalence of TMB high, the cost of pem-
brolizumab acquisition, pemetrexed acquisition, and WGS 
testing. Details are provided in Sect. 1.5 of the ESM.

2.9 � Exploratory Analysis of the Impact of Adjusting 
the Predictive Value of TMB on the Treatment 
Effect of Pembrolizumab (With/Without ChT)

We explore the consequence of improving the predictive 
value of TMB for treatment benefit of pembrolizumab (with 
or without ChT). The predictive value of TMB was var-
ied by increasing the treatment benefit in the responders’ 
group (i.e., TMB high) and decreasing the benefit in the 
non-responders’ group (i.e., TMB low). The magnitude of 
increase was 0.25 years to 1.75 years, in steps of 0.25 years. 
Further details are provided in Sect. 1.6 of the ESM.

3 � Results

3.1 � Base‑Case Analysis

Costs and effects of the base-case analysis are given in 
Table 3 in order of increasing LYs. Strategy B was the least 
costly and also the least effective strategy. Discounted LYs 
(QALYs) per patients ranged from 2.61 (1.84) for strategy 
B (TMB alone) to 2.83 (2.00) for strategy F (PD-L1 and 
TMB + DB). Likewise, discounted lifetime costs per patient 
ranged from €120,800 for strategy B to €140,400 for strategy 
F. Strategy A (PD-L1 alone) had the highest NMB (€27,300) 
and F had the lowest NMB (€19,500). Strategy C (PD-L1 
and TMB) and E (TMB + DB) were extendedly dominated, 
while strategies B, A, D (PD-L1 + DB), and F were on 
the cost-effectiveness frontier (Fig. 2a). The ICER for A Ta
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compared to B was €74,900/QALY. For strategies D and F, 
the ICERs were 199,800/QALY and 299,200/QALY com-
pared to the nearest less effective strategy on the frontier, 
respectively. Note that only strategy A has an ICER below 
the current guidelines with a WTP threshold of €80,000/
QALY, i.e., strategy A was the optimal strategy.

All strategies had total healthcare costs of more than 
€120,000 per patient. These high costs were mainly owing 
to drug acquisition costs (≥84%). Meanwhile, molecular 
biomarker diagnostics contributed 3% or less, even in strat-
egies including WGS.

3.2 � Scenario Analysis

When we assumed that the proportion of patients with high 
DB was 50% instead of 27% (Fig. 2b and Table S6b of the 
ESM), LYs (QALYs) and costs increased for strategies D, 
E, and F, while their NMBs decreased (Table S5b of the 

ESM). However, the order of strategies on the cost-effective-
ness plane and the shape of the cost-effectiveness frontier 
(Fig. 2b) remained similar to that of the base-case analysis 
(Fig. 2a).

In the scenario of withholding immunotherapy for 
patients with PD-L1 low and TMB low (Fig.  2c and 
Table S6c of the ESM), a decrease in LYs (QALYs) and 
costs was observed for strategies C and F that include 
both PD-L1 expression and TMB in treatment selection. 
Because of a relative steep decrease in costs compared with 
the decrease in LYs (QALYs), strategy C now had the low-
est costs and the highest NMB (€40,600) followed by F 
(€39,900), as can be seen from Fig. 2c. Strategies B, E, and 
A were dominated. The ICER of strategy F compared to C 
was €188,200/QALY and D compared to F was €727,400/
QALY, much higher than the threshold of €80,000/QALY.

When we assumed no LTS subgroup for patients receiv-
ing immunotherapy, LYs (QALYs) were lower, while 
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Fig. 2   Cost-effectiveness plane for the base-case analysis (a) and 
scenarios (b)–(d). b Fifty percent high disease burden (DB). c With-
holding immunotherapy. d No long-term survivors subgroup. The 
black line connects strategies in a cost-effectiveness frontier. PD-L1 

programmed death ligand 1, QALYs quality-adjusted life-years, TMB 
tumor mutational burden. *Range of the horizontal axis (discounted 
QALYs) is different from the range used in panels a–c 
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costs remained similar to the base-case costs. The order of 
strategies and the shape of the cost-effectiveness frontier 
(Fig. 2d and Table S6d of the ESM) remained similar to that 
of the base-case analysis. However, the incremental NMB 
of strategy A compared to strategy B decreased from €600 
(Table 3) to €−30 (Table S6d of the ESM) given the WTP 
of €80,000/QALY. The ICER of strategy A compared to B 
was €80,300/QALY, close to the WTP threshold. Therefore, 
under assumption of no LTS, strategies A and B had compa-
rable cost effectiveness at this WTP. Meanwhile, the ICER 
of strategy D compared to A and strategy F compared to D 
remained above the WTP threshold (Fig. 2d).

3.3 � Threshold Analyses

Figure S2 of the ESM shows the results of the one-way 
threshold analyses. The NMB (at a WTP of €80,000/QALY) 
of each strategy (y-axis) is projected against the prevalence 
of TMB high (a), the cost of WGS testing (b), the cost of 
pembrolizumab acquisition (c), and the cost of pemetrexed 
acquisition (d). Strategy B had the highest NMB when the 
prevalence of TMB high is 40% or more (Fig. S2a of the 
ESM) and when WGS testing cost is €2500 or less (Fig. 
S2b of the ESM). In all other one-way threshold analyses, 
strategy A had the highest NMB. The ordering of strategies 
on the basis of NMB was insensitive to the cost of pembroli-
zumab acquisition (Fig. S2c of the ESM) and pemetrexed 
acquisition (Fig. S2d of the ESM), with strategy A consist-
ently having the highest NMB.

Figure 3 shows the ranking of strategies A to F with 
respect to NMB in a two-way threshold analysis varying the 
costs of pembrolizumab and WGS testing. Strategy A had 
the highest NMB over most of the cost range evaluated for 
pembrolizumab and WGS testing, followed by strategy D 
with the second highest NMB. Strategy B had highest NMB 
only for costs of pembrolizumab above €4000 and WGS 
testing below €2500. None of the other strategies achieved 
the highest NMB over the range of costs of pembrolizumab 
acquisition and WGS testing evaluated.

Results of jointly varying the costs of pemetrexed acqui-
sition and WGS testing (Fig. S3 of the ESM) and the costs 
of pembrolizumab acquisition and pemetrexed acquisition 
(Fig. S4 of the ESM) mostly confirm results from the one-
way threshold analyses. The optimal strategy is most sen-
sitive to costs for WGS testing, with strategy B replacing 
Strategy A as the optimal strategy when the costs for WGS 
testing decreased. The exact extent to which WGS testing 
costs should be lowered for a change in the optimal strategy 
depends on the cost of pemetrexed acquisition, with stronger 
decreases in WGS testing costs required at lower pem-
etrexed acquisition costs (Fig. S3 of the ESM). Strategy D: 
PD-L1 + DB became the optimal strategy when pembroli-
zumab acquisition costs were €3000 or less and pemetrexed 

acquisition costs were €500 or less. Otherwise, strategy A 
remains the optimal strategy (Fig. S4 of the ESM). Results 
of the three-way threshold analysis (Fig. S5 of the ESM) 
shows that strategies of combining PD-L1 and TMB testing 
(i.e., strategies C and F) had the highest NMB when the 
cost of both WGS testing, pembrolizumab acquisition, and 
pemetrexed acquisition were simultaneously decreased by 
at least 47%, 39%, and 43%, respectively.

3.4 � Exploratory Analysis on Improving 
the Predictive Value of TMB

In the base-case analysis, the difference in mean undis-
counted LYs during first-line treatment between the TMB-
high and TMB-low subgroups was 0.329 years for pem-
brolizumab and 0.544 years for pembrolizumab with ChT. 
When the difference in LYs between TMB high and TMB 
low increased by 0.25 years, the NMB of strategy B was 
approximately equal to the NMB of strategy A (Fig. S6 of 
the ESM). At an increase of more than 0.25 years, strategy B 
replaced strategy A as the optimal strategy in term of NMB 
(Fig. S6 of the ESM). However, the shape of the cost-effec-
tiveness frontier remained similar to that of the base-case 
analysis with strategy B having the lowest QALYs (LYs) and 
costs, and strategy F having highest QALYs (LYs) and costs 
(Fig. S7 of the ESM). Despite the increase in the difference 
in LYs between the TMB-high and TMB-low subgroups, 
the other TMB testing strategies (C, E, and F) remained not 
cost-effective.

4 � Discussion

This study reports on an early cost-effectiveness analysis of 
using WGS-based TMB for treatment selection compared 
to using PD-L1 expression in patients with non-squamous 
metNSCLC ineligible for targeted therapy [1–4]. Six test 
and treatment strategies based on TMB level and/or PD-L1 
expression were simulated. Treatment selection based on 
WGS-based TMB alone was the least costly and least effec-
tive strategy under the base-case assumptions, with patients 
with TMB ≥ 10 mut/Mb receiving pembrolizumab mon-
otherapy and patients with TMB < 10 mut/Mb receiving 
pembrolizumab with ChT. Compared with the TMB-alone 
strategy, the current strategy where PD-L1 alone guides 
treatment selection (patients with PD-L1 ≥ 50% receiving 
pembrolizumab monotherapy and those with PD-L1 < 50% 
receiving pembrolizumab with ChT) was cost effective with 
an ICER of €74,900/QALY and an incremental NMB of 
€600 at a WTP of €80,000/QALY.

The strategy of using TMB alone replaced PD-L1 alone 
as an optimal strategy (cost effective with highest NMB 
compared with other strategies) when the prevalence of 
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TMB high was ≥ 40%, the predictive value of TMB on 
immunotherapy benefit increased by ≥ 0.5 years, or the 
cost of WGS testing reduced by ≤ 24%. Two-way threshold 
analyses shows that the extent to which WGS testing costs 
should be reduced to turn TMB alone cost effective depends 
on pembrolizumab and pemetrexed acquisition cost, with a 
higher reduction of WGS testing cost required at decreased 
costs of pembrolizumab or pemetrexed acquisition.

A strategy of combining PD-L1 and TMB testing had the 
highest NMB only when the cost of WGS testing, of pem-
brolizumab acquisition, and of pemetrexed acquisition were 
simultaneously decreased by at least 47%, 39%, and 43%, 
respectively. Alternatively, the strategy of combined PD-L1 
and TMB testing would result in the highest NMB if patients 
with the least benefit of pembrolizumab, that is, patients 
with both PD-L1 < 1% and TMB < 10 mut/Mb (30% of 
all patients) were treated with ChT alone, thus withholding 

D: PD−L1 +DB E: TMB +DB F: PD−L1 and TMB +DB

A: PD−L1 alone B: TMB alone C: PD−L1 and TMB

1,000 2,000 3,000 1,000 2,000 3,000 1,000 2,000 3,000

1,500

3,000

4,500

6,000

1,500

3,000

4,500

6,000

Cost of WGS testing (€)

C
os

t o
f P

em
br

ol
iz

um
ab

 (€
)

Ranking of NMB
Highest Lowest Base−case value

Fig. 3   Ranking of the strategies with respect to the net monetary 
benefit (NMB) in a two-way threshold analysis varying the costs of 
pembrolizumab acquisition and whole-genome sequencing (WGS) 
testing. DB disease burden, PD-L1 programmed death-ligand 1, TMB 
tumor mutational burden. The costs were decreased from the base-
case values to €500 and €250 in steps of €500 and €250 for pembroli-
zumab acquisition and WGS testing, respectively. Net monetary ben-

efit was computed using a willingness-to-pay threshold of €80,000/
QALY. For example, at their base-case values, that is at a cost of 
pembrolizumab acquisition of €5721 and WGS testing of €3305, 
strategy A: PD-L1 alone had the highest NMB, followed by B: TMB 
alone, D: PD-L1 + DB, E: TMB + DB, C: PD-L1 and TMB, and last, 
F: PD-L1 and TMB + DB. The strategy in a higher rank is regarded 
as cost effective compared with strategies in a lower rank
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immunotherapy in this group. A scenario of withholding 
immunotherapy resulted in a saving of €14,300 per patient 
with a loss in QALYs (LYs) of 0.02 (0.02) per patient, com-
pared with the current strategy of using PD-L1 alone.

Only one previous study, the study by Li et al. [62], also 
investigated the value of blood TMB testing versus PD-L1 
testing for immunotherapy selection, but their study was 
based on a population of previously treated patients with 
advanced non-small cell lung cancer. Apart from the spe-
cific population, our model differs from theirs with respect 
to model structure, data used for model quantification, test 
and treatment strategies simulated, and country perspective 
(China/USA vs the Netherlands). However, on a global level, 
our results are similar to those reported by Li et al. Tak-
ing a Chinese and US healthcare perspective, the authors 
reported that testing for blood TMB to select atezolizumab 
(immunotherapy) or docetaxel (chemotherapy) resulted in 
lower costs and lower health effects compared with selection 
based on PD-L1 expression; however, it was cost effective 
under the Chinese and the US jurisdiction [62]. Li et al. did 
not consider the cost effectiveness of using the combination 
of PD-L1 and blood TMB testing [62].

A strength of our study is the fact that we used a previ-
ously developed, validated, and published decision analytic 
model [25]. This decision model reflects the Dutch clinical 
setting and it is based on real-world patient data from Dutch 
hospitals [31]. The analysis accounts for outcome varia-
tion at the patient level, as the microsimulation framework 
used in this analysis incorporates patient heterogeneity by 
including characteristics such as performance status, age, 
and patient’s treatment history [63].

Furthermore, through scenario and threshold analyses, 
the influence of important clinical aspects on the conclusions 
of the study were investigated such as the predictive value of 
TMB, drug acquisition costs, withholding immunotherapy, 
and accounting for a patient’s disease condition in treatment 
decisions. Thus, the findings of this study contribute to the 
wider range of aspects that researchers and decision mak-
ers may take into consideration to optimize immunotherapy 
treatment decisions for patients with metNSCLC.

Availability of high-quality evidence is a recognized chal-
lenge for an early health technology assessment [64]. Our 
study utilizes the available evidence as much as possible. 
In the absence of strong evidence, plausible assumptions 
were made in consultation with clinical experts. All assump-
tions and parameter derivations are extensively described in 
the ESM and were validated by clinical experts. Important 
model assumptions and study limitations are as follows:

First, to the best of our knowledge, there are no published 
randomized controlled trial data reporting the PFS-HR of 
pembrolizumab (with/without) ChT compared to ChT 
as a function of both PD-L1 expression and TMB level. 
Therefore, to simulate patients’ LYs lived during first line 

treatment in subgroups defined by both PD-L1 and TMB 
level, the PFS-HRs of pembrolizumab (with/without) ChT 
compared to ChT as a function of both PD-L1 and TMB 
level were derived mathematically. Indirect comparison 
shows that the derived marginal PFS-HR of pembroli-
zumab with ChT compared to ChT given the TMB level 
were comparable to recently published values from analysis 
of keynote-189 [65]. The derived PFS-HRs were 0.43 in the 
TMB-high subgroup and 0.67 in TMB-low subgroup. These 
are reasonably close to the published PFS-HRs of 0.32 (95% 
CI 0.21–0.51) for TMB high and 0.51 (95% CI 0.35–0.74) 
for TMB low [65].

Second, a mixture cure survival distribution was used to 
account for the presence of a subgroup of patients with long-
term survival benefit after pembrolizumab [35–37]. Whether 
the improvement in long-term survival after first-line pem-
brolizumab as observed in randomized controlled trials is 
sufficient to assume the presence of such a subgroup with 
a life-time durable benefit (cured) is uncertain and has yet 
to be validated. Therefore, we repeated the analysis assum-
ing no such LTS subgroup (no-LTS). Compared with the 
base-case results, assuming no LTS resulted in similar costs 
although QALYs decreased for all strategies. Consequently, 
the NMB of PD-L1 alone was approximately equal to the 
NMB of TMB alone with an incremental NMB of strategy A 
compared with strategy B of €− 30. The ordering of strate-
gies and cost-effectiveness outcomes of other strategies (C, 
D, E, and F) remained comparable to the base-case analysis.

Third, although TMB has been shown to have predictive 
value for different immunotherapies such as nivolumab and 
ipilimumab, our study is restricted to the evaluation of TMB 
testing for the selection of patients for pembrolizumab with 
or without ChT as first-line treatment option in advanced 
non-small cell lung cancer. In the Netherlands, pembroli-
zumab is a recommended immunotherapy regimen [3] and 
the most used as a first-line treatment in this subgroup of 
patients [66]. In addition to that, the study simulated only 
non-squamous metNSCLC and did not include squamous 
cell metNSCLC. About 30% of non-small cell lung cancers 
have squamous cell histology [67], which leads to differ-
ent clinical management than for non-squamous histology 
[1, 2, 4]. Therefore, the reported findings may have limited 
generalizability to patients with squamous metNSCLC and 
to healthcare settings where other immunotherapies such as 
nivolumab or ipilimumab are used.

Fourth, this evaluation was performed assuming perfect 
sensitivity and specificity of IHC for PD-L1 testing and 
WGS for TMB testing. Whole genome sequencing is con-
sidered as a golden standard test for TMB [18, 19], with 
presumably near-perfect sensitivity and specificity. For this 
analysis, the assumption of perfect sensitivity and specific-
ity was extended to IHC for PD-L1 testing. Some misclas-
sification with respect to PD-L1 expression will lead to 
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somewhat less favorable cost-effectiveness outcomes for the 
PD-L1-based strategies but is unlikely to change our main 
cost-effectiveness result that a TMB treatment strategy leads 
to the highest NMB, albeit a lower health outcome than a 
PD-L1-alone strategy.

Fifth, the study did not take into account a possible effect 
on the survival of a delay in treatment initiation caused by 
the waiting time for molecular diagnostic test results [43]. 
To what extent the inclusion of a delay in treatment ini-
tiation in the model would have affected the results is not 
immediately clear. Although the standard-of-care diagnos-
tic strategy has a shorter average waiting time (in term of 
turnaround time) compared with WGS, i.e., 8 [5] versus 10 
working days [68], respectively, both are within an accept-
able maximum turnaround time of 2 weeks [69, 70]. This 
suggests the impact would be small. In addition, note that 
WGS has the advantage of allowing most (all) molecular 
markers (except PD-L1) to be tested once together, which is 
likely to result in a low tumor exhaustion and an increase in 
the proportion of patients receiving correct therapy within 
a maximum turnaround time [68, 70].

Sixth, it was not feasible to perform a probabilistic sen-
sitivity analysis because of the computational run time. 
Instead, one-way and multi-way threshold analyses were 
performed for key variables such as test and drug acquisition 
costs and the predictive value of TMB on treatment benefit.

Finally, this study evaluated the health economic utility of 
using TMB as a WGS-based biomarker for immunotherapy 
treatment selection. However, WGS has a wider application 
both in cancer and in other indications, such as rare diseases. 
Evaluation of the economic utility of WGS for other indica-
tions showed that WGS could also be cost effective when 
used as the preferred front-line diagnostic tool for a wider 
patient population and WGS testing costs are reduced [11, 
71–73].

5 � Conclusions

Given the current evidence, the use of WGS-based TMB is 
not cost effective in immunotherapy treatment selection in 
metNSCLC compared to using PD-L1 alone. Whole genome 
sequencing-based TMB testing could be a cost-effective 
strategy in therapy selection when there is a reduction in the 
cost of WGS testing. Alternatively, a combination of WGS-
based TMB and PD-L1 testing could become a cost-effective 
strategy (with a substantial cost saving) if patients with both 
TMB <10 mut/mB and PD-L1 <1% are treated with ChT 
alone, thus withholding immunotherapy in this group. It is 
recommended to further investigate the possibility of limit-
ing immunotherapy in patients who have a low likelihood of 
benefiting from this treatment.
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