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Abstract
Background and Objective This systematic literature review addresses model-based cost-effectiveness studies for therapy 
response monitoring with positron emission tomography (PET) generally combined with low-dose computed tomography 
(CT) for various cancer types. Given the known heterogeneity in therapy response events, studies should consider patient-
level modelling rather than cohort-based modelling because of its flexibility in handling these events and the time to events. 
This review aims to identify the modelling methods used and includes a systematic assessment of the assumptions made in 
the current literature.
Methods This study was conducted and reported following the Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) 2020 statement. Information sources included electronic bibliographic databases, reference lists 
of review articles and contact with experts in the fields of nuclear medicine, health technology assessment and health eco-
nomics. Eligibility criteria included peer-reviewed scientific publications and published grey literature. Literature searches, 
screening and critical appraisal were conducted by two reviewers independently. The Consolidated Health Economic Evalu-
ation Reporting Standards (CHEERS) were used to assess the methodological quality. The Bias in Economic Evaluation 
(ECOBIAS) checklist was used to determine the risk of bias in the included publications.
Results The search results included 2959 publications. The number of publications included for data extraction and synthesis 
was ten, representing eight unique studies. These studies addressed patients with lymphoma, advanced head and neck cancers, 
brain tumours, non-small cell lung cancer and cervical cancer. All studies addressed response to chemotherapy. No study 
evaluated response to immunotherapy. Most studies positioned PET/CT as an add-on modality and one study positioned 
PET/CT as a replacement for conventional imaging (X-ray and contrast-enhanced CT). Three studies reported decision-tree 
structures, four studies reported cohort-level state-transition models and one study reported a partitioned survival model. No 
patient-level models were reported. The simulation horizons adopted ranged from 1 year to lifetime. Most studies reported 
a probabilistic analysis, whereas two studies reported a deterministic analysis only. Two studies conducted a value of infor-
mation analysis. Multiple studies did not adequately discuss model-specific aspects of bias. Most importantly and regularly 
observed were a high risk of structural assumptions bias, limited simulation horizon bias and wrong model bias.
Conclusions Model-based cost-effectiveness analysis for therapy response monitoring with PET/CT was based on cohorts 
of patients instead of individual patients in the current literature. Therefore, the heterogeneity in therapy response events 
was commonly not addressed appropriately. Further research should include more advanced and patient-level modelling 
approaches to accurately represent the complex context of clinical practice and, therefore, to be meaningful to support deci-
sion making.
Registration This review is registered in PROSPERO, the international prospective register of systematic reviews funded 
by the National Institute for Health Research, with CRD42023402581.
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Key Points for Decision Makers 
response to therapy and, thus, prognosis. Consequently, 
correct continuation of effective therapy, but also timely 
discontinuation of ineffective therapy and shifting patients 
to alternative therapy options, is suboptimal in a meaning-
ful subgroup of patients.

Response to therapy is determined with the Response 
Evaluation Criteria in Solid Tumours (RECIST) and adap-
tions to RECIST have been made for immunomodulatory 
drugs in 2009 (iRECIST) [3]. The RECIST Working Group 
2009 also included an examination on whether it was con-
venient to move from morphological (CT or MRI) to func-
tional imaging using PET (i.e. molecular imaging consid-
ering a tumour’s metabolism such as glucose uptake and 
protein expression). In 2009, there was insufficient stand-
ardisation and evidence available to abandon a morphologi-
cal assessment. By now, several qualitative and quantitative 
criteria for response assessment with PET are thoroughly 
validated and a metabolic response (shutdown of metabo-
lism) generally precedes a morphological response (tumour 
shrinkage) [5–9]. Therefore, PET biomarkers indicating a 
metabolic response—generally combined with low-dose CT 
to preserve detailed information on location, size and tissue 
characteristics [10]—improve clinical decision making to 
continue, timely change or discontinue therapy.

The high costs of therapy and the health burden to 
patients emphasise the added value of more accurate and 
early response monitoring with PET/CT. Depending on the 
positioning of PET/CT in the care pathway, it can be consid-
ered as a replacement scan for purely morphological imag-
ing (CT or MRI) or as an early interim or add-on scanner 
option [11]. When morphological imaging accuracy is unsat-
isfactory, PET/CT should be considered as a replacement 
modality. Early PET/CT is relevant to support timely shift-
ing or discontinuing therapy by shortening the lead time to 
response assessment. The considerable cost of PET/CT itself 
suggests that insight into the cost effectiveness of PET/CT is 
needed to inform optimal usage [2, 12]. Randomised clini-
cal trials (RCTs) may support a cost-effectiveness analysis. 
However, RCTs are not always recommended because they 
are costly and time consuming. They are also considered 
less feasible given the large number of available response 
assessment strategies that can be compared, and the limited 
time horizon of an RCT may not allow the evaluation of 
long-term costs and health outcomes. [13–15] These limita-
tions are apparent from the low number of RCTs for therapy 
response monitoring in the current literature [2].

As an alternative for conducting RCTs, simulation model-
ling can be applied to estimate the cost and health benefits 
of using PET/CT for therapy response monitoring [14–16]. 
Consensus guidelines provide direction to select an appropri-
ate model structure given the decision problem and available 
evidence [17–19]. Different modelling approaches can be 
applied including state-transition models (STM), partitioned 

There have only been a few published health economic 
evaluations of the use of positron emission tomography/
computed tomography in therapy response monitoring, 
since its introduction for oncology in 2001.

Simulation models evaluating the cost effectiveness of 
therapy response monitoring with positron emission 
tomography/computed tomography are based on cohorts 
of patients rather than individual patients. The heteroge-
neity in therapy response events is, therefore, commonly 
not appropriately addressed.

Future research should include more advanced and/or 
patient-level modelling approaches to accurately reflect 
therapy response monitoring in clinical oncology prac-
tice and, therefore, to be meaningful to support decision 
making.

1 Introduction

The past decade has seen compelling developments in sys-
temic cancer therapies resulting in improved patient out-
comes. At the same time, new challenges emerged includ-
ing the need for the oncological community to reconsider 
the conventional ways of therapy response monitoring. 
Measurement of response to therapy—in oncology often 
pursued by serial transactional imaging using computed 
tomography (CT), magnetic resonance imaging (MRI) 
or positron emission tomography (PET) in combination 
with low-dose CT and/or serial follow-up of a serologi-
cal biomarkers—is used both in studies and in clinical 
routine as an immediate marker of patient prognosis (e.g. 
disease-free or overall survival [OS]), and provides the 
opportunity to change clinical decision making [1, 2]. His-
torically, based on morphological imaging (CT or MRI), 
response to therapy is defined by changes in the tumour 
diameter and number of lesions. A shrinkage in tumour 
size above a preset threshold and/or a decrease in the num-
ber of lesions categorises patients as being responsive to 
therapy [3, 4]. The opposite, an increased diameter above 
a preset threshold and/or increase in the number of lesions, 
signifies progressive disease. However, flare reactions or 
pseudoprogression (i.e. an initial increase in tumour size 
preceding response) and dissociated or mixed responses 
are also regularly observed, mainly in immunotherapeu-
tics [5–7]. Therefore, morphological imaging (CT or MRI) 
might not provide the best immediate marker of the actual 
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survival models (PSM) and discrete event simulations. There 
is sufficient awareness among policy makers and decision 
makers that the choice of model structure and evidence used 
to parametrise the model may affect cost-effectiveness out-
come estimates [20, 21]. Given the known heterogeneity in 
therapy response events, it is suggested that modelling stud-
ies consider patient-level modelling rather than cohort-based 
modelling because of its flexibility in handling these events 
and the time to events [22]. Accordingly, this study system-
atically assesses whether published simulation models for a 
cost-effectiveness analysis adequately reflect heterogeneity 
in events, and whether patient-level models are available in 
the current literature.

2  Methods

This systematic literature review is conducted and reported 
following the Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses (PRISMA) 2020 statement 
[23]. This review is also registered in PROSPERO, the 
international prospective register of systematic reviews 
funded by the National Institute for Health Research, with 
CRD42023402581.

2.1  Eligibility Criteria

Eligibility criteria covered peer-reviewed scientific pub-
lications and published grey literature. Eligible scientific 
publications were original research articles. Excluded sci-
entific publications were review articles, editorial letters, 
commentaries, conference reports, consensus and best-
practice guidelines. Only studies published from the year 
2001 onwards were included. This time horizon was selected 
because the year 2001 marks the introduction of integrated 
PET/CT for clinical oncology [24]. The focus was on studies 
evaluating PET-based tumour response-adaptive systemic 
therapy approaches. Hence, studies were excluded if the role 
of PET/CT in cancer screening, pre-treatment diagnosis and 
staging, or re-staging after radical treatment was considered. 
In addition, eligible studies should have reported on full 
health economic evaluations defined as cost-effectiveness, 
cost-utility and cost-benefit studies. Therefore, costing stud-
ies and budget impact analyses were excluded. Addition-
ally, studies reporting trial-based economic evaluations were 
excluded.

2.2  Information Sources and Search Strategy

Information sources included electronic bibliographic data-
bases, reference lists of review articles, and contact with 
study investigators and experts in nuclear medicine, health 
technology assessment (HTA) and health economics. The 

databases and search strategies were discussed with an 
information specialist and exploratively tested to verify that 
all relevant papers already known to the study investigators 
were retrieved. At the least, relevant search results in the 
disease areas of malignant lymphoma and advanced head 
and neck cancers were expected. A comprehensive search 
in four bibliographic databases was conducted including 
Scopus and PubMed as well as the HTA domain-specific 
international HTA database and the National Health Service 
Economic Evaluation Database. Search dates were from 16 
February, 2023 to 24 February, 2023. Searches were updated 
to identify and retrieve any further studies for inclusion 
before the full-text review (3 May, 2023), data extraction 
(17 July, 2023), and quality and risk of bias assessments (26 
January, 2024). The databases were searched using free-text 
terms and medical subject headings (MeSH terms). Free-
text terms included cost-effectiveness and cost-utility, health 
economic evaluation and HTA, PET/CT, cancer or malig-
nancy, and systemic therapies including immunotherapy, 
chemotherapy and hormonotherapy. The search queries 
are reported in the ESM. Exclusion criteria regarding the 
availability of full texts and non-English language were not 
enforced during the searches to avoid erroneous exclusion of 
eligible publications. A machine translation engine that lev-
erages convolutional neural networks to convert text (DeepL 
Translator) was found to be a viable tool for translating data-
base searches into English to facilitate the study selection 
process [25].

2.3  Selection Process

Following the PRISMA guidelines, literature searches, 
screening and critical appraisal were conducted by multiple 
reviewers. Covidence systematic review software and auto-
mation tools were used for the screening, full-text review 
and data extraction process [26]. Automation was used for 
de-duplication of references, for highlighting inclusion and 
exclusion keywords to assist with the screening, and for add-
ing study tags to assist with the filtering of reasons for final 
inclusion or exclusion of publications.

Reviewers SvM and RFC independently screened titles 
and abstracts from all searches and reviewed the full texts 
of the selected publications for final inclusion or exclusion. 
Disagreements between the reviewers during both the initial 
screening and full-text review were resolved by consensus 
after consulting SS. Studies excluded during the full-text 
review were categorised according to the following catego-
ries: non-English articles, ineligible article type, no com-
parison of diagnostics, PET/CT used in non-oncology care, 
no assessment of mass forming tumours, no assessment 
of response to therapy, no simulation modelling applied 
and no full health economic evaluation performed. Arti-
cles discussing malignant lymphoma might be included as 
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hematogenous tumours may form solid masses. Addition-
ally, it is worth noting that articles excluded at the stage of 
study selection because of language will be included in the 
list of excluded studies. This allows transparency regarding 
the number of eligible reports in other languages and allows 
future review authors to investigate these studies when 
checking prior literature reviews on the same topic [27].

2.4  Data Extraction and Synthesis

Reviewer SvM performed the full data extraction from all 
included publications. General information was extracted 
for each of the following aspects: author list, year of pub-
lication, journal of publication, location of publication, 
funding sources, the aim of the study, study population, 
imaging used, tumour biomarkers and radiopharmaceuti-
cals, diagnostic timing and time interval including recur-
rent cycles, alternative diagnostics, diagnostic performance, 
consequences of incorrect classifications, therapy strategies, 
therapy line of focus, type of health economic evaluation, 
perspective of analysis (hospital, insurance company or soci-
etal), discounting, estimated costs and health effects.

Furthermore, simulation modelling information was 
extracted for each of the following aspects: modelling tech-
nique, model structure, level of modelling (cohort or patient-
based), evidence sources, comparator strategy, reflection 
of heterogeneity, extrapolation methods, competing risks, 
time-cycle length, or time-to-event distributions and simu-
lation time horizon. Additionally, the approaches used to 
characterise uncertainty were extracted. The consideration 
of a subgroup analysis, scenario analysis, probabilistic anal-
ysis, value of information (VOI) analysis and main areas 
of structural uncertainty including major assumptions and 
limitations mentioned was assessed. In addition, the report-
ing of validation was evaluated using the Assessment of the 
Validation Status of Health-Economic Decision Models 
(AdViSHE) consensus checklist [28].

2.5  Quality Assessment

Reviewers SvM and RFC independently performed a struc-
tured quality assessment of the included publications. The 
Consolidated Health Economic Evaluation Reporting Stand-
ards (CHEERS) were used to assess the methodological 
quality of the included publications [29]. The assessment 
criteria for the individual items from the CHEERS check-
list were determined before having executed the database 
searches and was also reported in the PROSPERO regis-
tration (CRD42023402581). More specifically, the title 
and abstract were correctly reported if they defined all 
imaging, tumour biomarkers/tracers and the therapy line 
of focus (abstract only), the ‘selection of health outcomes’ 
item was correctly reported if the choice of primary health 

outcomes was explained where this was not quality-adjusted 
life-years, the ‘measurement of effectiveness’ item was cor-
rectly reported if a search and analysis of relevant studies 
was described, and uncertainty in the results was consid-
ered to be correctly reported if confidence intervals were 
provided for the primary health economic outcomes or if an 
incremental cost-effectiveness plane was presented including 
the distribution of outcomes or a confidence ellipse. Further-
more, items regarding the inclusion of patient preferences 
and the reflection of heterogeneity in the outcomes could be 
not applicable. The template is provided in the ESM.

2.6  Risk of Bias Assessment

Reviewers SvM and RFC independently performed a struc-
tured risk of bias assessment of the included publications. 
The Bias in Economic Evaluation (ECOBIAS) checklist 
was used to assess the risk of bias in the included publica-
tions [30]. The checklist contains 22 criteria and includes 
11 criteria related to model-specific aspects of biases. The 
assessment criteria for the individual items from the ECO-
BIAS checklist were determined before having executed the 
database searches and was also reported in the PROSPERO 
registration (CRD42023402581). Specifically, model-spe-
cific biases were classified as biases related to model struc-
ture, data sources or internal consistency. Biases related to 
the model structure included structural assumptions bias, 
comparator bias, wrong model bias and limited simulation 
horizon bias. Biases related to data sources included biases 
related to health effects, cost data and limited scope bias. 
The template is provided in the ESM.

3  Results

3.1  Search Results

The PRISMA flowchart shows the search results (Fig. 1). 
A total of 2959 publications were obtained from the bib-
liographic database searches. There were 1914 records 
identified from the Scopus database, 901 records from the 
PubMed database, 30 records from the international HTA 
database and 114 records from the National Health Service 
Economic Evaluation Database. A total of 561 duplicate 
records were removed before screening. After de-duplica-
tion, 2398 publications were included in the title and abstract 
screening. A total of 2341 publications were excluded dur-
ing the title and abstract screening and 57 publications were 
included in the full-text review. The three main reasons for 
exclusion were the absence of a full health economic evalu-
ation, the absence of simulation modelling and the absence 
of therapy response monitoring. Based on a full-text review, 
a total of 47 further publications were excluded. Reasons for 
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exclusion are reported in Fig. 1. The number of publications 
included for data extraction and synthesis was ten [31–40]. 
Two studies were published in a scientific journal and as a 
full report within the UK National Institute for Health and 
Care Research HTA programme [31, 34, 39, 40]. For these 
studies, data were extracted based on the information availa-
ble in all relevant reports, resulting in a final sample of eight 
unique studies [32–39]. For two studies, data were extracted 
only for the subgroup of patients with advanced disease who 
received systemic therapy [34, 37].

3.2  Study Characteristics

Most studies were conducted in Europe [33–35, 37–39], one 
study in the USA [32], and one study in Canada [36]. All 
studies were published in a clinical journal. Most studies 
adopted a healthcare perspective [32, 34, 36–39], while only 
two Dutch studies considered a societal perspective cover-
ing potential productivity losses [33, 35]. One study studied 
patients with malignant lymphoma [33], four studies studied 
patients with advanced head and neck cancers [32, 35, 36, 

39], one study studied patients with brain tumours [38], one 
study studied patients with non-small cell lung cancer [37], 
and one study studied patients with late-stage and persis-
tent cervical cancer [34]. All studies studied responses to 
chemotherapy. Prescribed medication differed between the 
studies and was not always reported. Most studies consid-
ered first-line systemic therapy [32–37, 39], but also second-
line therapy [37] and adjuvant therapy [38] were considered. 
The simulation time horizons adopted ranged from 1 year 
to lifetime. Three studies considered a lifetime horizon [34, 
36, 39], two studies considered a fixed horizon of 5 years 
[33, 37], and one study considered a fixed horizon of 1 year 
[32]. The remaining two studies considered a horizon shorter 
than 1 year and adaptive to the therapy duration [35, 38]. A 
study-level overview is provided in Table 1.

3.3  Imaging Characteristics

All studies compared PET/CT using  [1⁸F]Fluorodeoxy-
glucose (FDG) as PET-radiopharmaceutical with mor-
phological imaging [33–37, 39], except for one study that 

Fig. 1  Preferred reporting items 
for systematic reviews and 
meta-analyses (PRISMA) 2020 
statement flowchart visualises 
the search results [23]. A total 
of eight unique studies, for 
which ten reports were con-
sulted, were included for review. 
Note that reasons for exclu-
sion during eligibility assess-
ment are also included. iHTA 
international health technology 
assessment, NHS-EED National 
Health Service Economic 
Evaluation Database
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considered stand-alone PET using  [1⁸F]Fluoroethyl-L-
tyrosine as a PET radiopharmaceutical [38]. One study did 
not report the PET radiopharmaceutical used [32]. In six 
studies, therapy response monitoring was scheduled within 
3 months after the end of treatment [32, 34–37, 39]. In two 
studies, early therapy response monitoring was scheduled 
after two initial cycles of therapy [33, 38]. The performance 
of PET/CT was compared with contrast-enhanced CT [32, 
34, 36, 37] or MRI [34, 35, 38]. One study included X-ray 
imaging as a relevant comparator [37]. Imaging test results 
were supported with histological proof in four studies [34, 
35, 38, 39]. Histological proof was not reported in the other 
studies [32, 33, 36, 37]. One study positioned PET/CT as a 
replacement scan for morphological imaging [37], while the 
other studies positioned PET/CT as add-on scans [32–36, 38, 
39]. As PET/CT is an expensive imaging modality, hospitals 
want to restrict its use as an add-on scan to patients who 
likely benefit from the imaging result. In general, add-on 
scans increase the sensitivity of an existing care pathway but 
potentially at the cost of specificity [11]. Depending on the 
positioning of PET/CT within the care pathway, diagnostic 
performance measures of sensitivity, specificity, positive 
predictive value or negative predictive value were alternately 
used in the simulation models.

Imaging test results impact therapy selection and further 
patient management. Four studies reported imaging-based 

stratification of patients to subsequent therapies [34, 36, 37, 
39]. These studies distinguished curatively and palliatively 
intended therapy options and best supportive care. Moreo-
ver, four studies reported the avoidance of overtreatment [32, 
33, 35, 38]. In these studies, patients were prevented from 
receiving futile or unnecessary therapy. Furthermore, five 
studies estimated patients’ survival after sequential imag-
ing and therapy [33, 34, 36, 37, 39]. Three studies reported 
5-year OS rates [33, 34, 37], one study reported 3-year OS 
rates [34], and three studies reported 2-year OS rates [34, 
36, 39]. Noteworthy, costing consequences of sequential 
imaging and therapy were commonly included as the lump 
sum cost per patient. A study-level overview of the reported 
imaging test results, treatment consequences and corre-
sponding survival estimation is provided in Table 2.

3.4  Model Characteristics

Three studies reported decision-tree structures [32, 35, 
38], four studies reported cohort-level STM [34, 36, 37, 
39], and one study reported a traditional three-health-
state PSM with progression-free, progression and death 
health states [33]. No patient-level STM, discrete event 
simulations or agent-based models were reported, which 
was unexpected given the heterogeneity observed in many 
of the considered patient populations. Of the five models 

Table 2  Study-level overview of the reported imaging test results, therapy consequences and survival estimations

CT computed tomography, N/A not applicable, NPV negative predictive value, OS overall survival, PET positron emission tomography, PPV 
positive predictive value, Sens sensitivity, Spec specificity

Study (year) Role of PET/CT Imaging statistics Imaging test results Consequences (therapy 
selection)

Consequences 
(survival 
estimation)

Van Loon (2010) [37] Replacement scan Not reported [1] No progression, [2] 
symptomatic progres-
sion, [3] asymptomatic 
progression

[1] Curative intent, [2] 
palliative intent, [3] 
supportive care

5-Year OS

Rabalais (2012) [32] Add-on scan Not reported [1] Response, [2] no 
response

Avoid neck dissection N/A

Auguste and Meads 
(2014) [34]

Add-on scan [1] Sens, [2] spec [1] No progression, [2] 
symptomatic progres-
sion, [3] asymptomatic 
progression

[1] Curative intent, [2] 
palliative intent

[1] 2-year OS, 
[2] 3-year 
OS, [3] 
5-year OS

Greuter (2017) [35] Add-on scan [1] Sens, [2] spec, [3] 
PPV, [4] NPV

[1] Response, [2] no 
response

Avoid examination under 
anaesthesia

N/A

Smith and Mehanna 
(2017) [39]

Add-on scan [1] Sens, [2] spec, [3] 
PPV, [4] NPV

[1] Response, [2] no 
response

[1] Curative intent, [2] 
palliative intent

2-Year OS

Fu (2021) [36] Add-on scan Not reported [1] Response, [2] no 
response

[1] Surgery, [2] salvage 
therapy, [3] palliative 
therapy

2-Year OS

Greuter (2022) [33] Add-on scan Not reported [1] Early progression, [2] 
no early progression

[1] Stop therapy, [2] 
continue therapy

5-Year OS

Rosen (2022) [38] Add-on scan Not reported [1] Early response, [2] no 
early response

[1] Stop therapy, [2] 
continue therapy

N/A
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explicitly considering time, one study considered a fixed 
cycle time of 6 months [37], two studies considered a 
fixed cycle time of 3 months [34, 36], one study consid-
ered a fixed cycle time of 1 month [39] and one study 
considered a fixed cycle time of 3 weeks [33]. Three stud-
ies used aggregated evidence from the scientific literature 
to populate their models [32, 34, 38], while five stud-
ies primarily used individual patient data (IPD) gathered 
from prospective studies, RCTs or national registries [33, 
35–37, 39]. All studies provided a clear rationale for the 
selection of their evidence sources. Noteworthy, only four 
studies reported the software used for model building, 
parametrisation and simulation [34, 36, 38, 39]. A study-
level overview is provided in Table 3. An overview of the 
conducted model validation is available in the Electronic 
Supplementary Material (ESM).

3.5  Health Economic Analysis

A cost-utility analysis assessing the cost per quality-
adjusted life-year was performed in five studies [33, 
34, 36, 37, 39]. To measure quality of life, two studies 
reported the use of the EuroQol 5D questionnaire [34, 
39] and one study reported the use of the EORTC QLQ-
C30 questionnaire [33]. The remaining two studies did 
not specify the questionnaire used [36, 37]. All cost-util-
ity analyses were based on cohort-level STM or PSM. 
The willingness-to-pay (WTP) thresholds ranged from 
€20,000 to €80,000 per quality-adjusted life-year depend-
ing on the severity of disease. The discount rates ranged 
from 1.5 to 4%. Three cost-utility studies concluded that 
the use of PET/CT was cost effective [36, 37, 39]. Oth-
erwise, the use of PET/CT was not cost effective [34], or 
only cost effective in a subgroup of patients [33].

In contrast, a cost-effectiveness analysis assessing the 
cost per true-positive test result was performed in two 
studies [35, 38]. One study performed a cost-effective-
ness analysis in which the cost per therapy procedure was 
assessed [32]. All three studies were based on decision-
tree structures. Simulation time horizons longer than 1 
year and discount rates for future costs and health out-
comes were not reported. Moreover, no WTP thresholds 
were reported. Consequently, no clear conclusions regard-
ing cost effectiveness were reported. Therefore, the cost-
effectiveness outcomes of these studies could not answer 
the question if PET/CT would be cost effective.

3.6  Probabilistic and VOI Analysis

Two studies only reported a deterministic analysis [32, 35]. 
The other studies reported a probabilistic analysis [33, 34, 
36–39], where it is essential to report which parameters were 

included in the analysis and how uncertainty surrounding 
the point estimates was quantified [41]. A one-way sen-
sitivity analysis was reported in all studies except for one 
study [32]. All parameters were typically included in the 
sensitivity analysis. Five studies performed additional sce-
nario analyses adjusting disease-related model parameters 
(e.g. survival-related probabilities) [33, 34, 36, 37, 39]. Six 
studies performed additional scenario analyses adjusting 
pathway-related model parameters (e.g. diagnostic accu-
racy estimators) [34–39]. Noteworthy, one study reported 
a threshold analysis in which quality-of-life estimates for 
disease progression and specific therapy cycles were system-
atically decreased [33]. No study explored alternative model 
structures in additional scenario analyses.

Five studies included cost-effectiveness planes depicting 
the distribution of simulated point estimates [33, 34, 36, 
38, 39]. Five studies also included cost-effectiveness accept-
ability curves [33, 34, 36, 37, 39]. Moreover, two studies 
performed a VOI analysis by calculating the expected value 
of perfect information (EVPI) [34, 37]. One study described 
that additional research regarding the use of PET/CT in the 
follow-up of non-small cell lung cancer has great value and 
outweighs the associated costs: an EVPI of €282 per person 
and a Dutch population EVPI of €423 million was estimated 
given a WTP threshold of €80,000 per quality-adjusted life-
year [37]. Another study declared that additional research 
regarding the use of PET/CT in the follow-up of cervical 
cancer has no value: an UK population EVPI of zero was 
estimated as the probability of PET/CT to be cost effective 
was zero for all considered relevant WTP thresholds [34].

3.7  CHEERS and ECOBIAS Assessments

The CHEERS checklist was used to assess the methodo-
logical quality of the included studies. The extent to which 
individual items from the CHEERS checklist were reported 
appropriately is provided in the ESM. Items that were com-
monly reported inadequately (or missing) were (i) the valu-
ation of outcomes, (ii) the rationale and description of the 
model, and (iii) analytics and assumptions made. Hence, a 
description of the methods used to measure and value out-
comes was often missing [32, 33, 35–38]. Additionally, the 
detail of the models and why these model structures were 
chosen were not described [32, 33, 35, 37, 38]. Finally, 
methods for analysing or statistically transforming data 
as well as any extrapolation methods were commonly not 
(adequately) described [32, 34–39].

The ECOBIAS checklist was used to assess the risk of 
bias of the included studies. The extent to which individual 
items from the ECOBIAS checklist were reported appro-
priately is provided in the ESM. In line with the CHEERS 
assessment, an invalid valuation bias was often observed 
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[32, 33, 35–38]. Additionally, a limited sensitivity bias was 
commonly observed (i.e. the four principles of uncertainty—
methodological, structural, heterogeneity, parameter — were 
not reported in sufficient detail) [32, 35–38]. Furthermore, 
the model-specific aspects of bias items that were most 
often inadequately reported (or missing) were (i) structural 
assumption bias [32, 33, 35–38], (ii) wrong model bias [32, 
33, 35, 37, 38], (iii) bias related to baseline data [32, 35–38] 
and (iv) bias related to diagnostic effects [32–34, 37, 38].

4  Discussion

This systematic literature review evaluated cost-effective-
ness studies in which PET/CT was compared to morphologi-
cal imaging (CT or MRI) for therapy response monitoring. 
This study aimed to identify methodological strengths and 
weaknesses, including a systematic assessment of the model 
structure and assumptions made by the authors. A summary 
of the key recommendations made throughout the discussion 
is provided in Table 4.

4.1  Imaging Statistics

First of all, all studies addressed radiological response to 
chemotherapy. Response to immunotherapy was not studied. 
As treatment with immunotherapy becomes an increasing 
part of daily oncology practice, it is expected that cost-
effectiveness studies will increasingly focus on response to 
immunotherapy. Particularly for immunotherapy, in which 
therapy costs are estimated at €100,000 per line of therapy 
per patient [42], (early) imaging and corresponding therapy 
dropouts might be easily cost saving. However, correctly 

estimating the survival consequences of (early) imaging is 
expected to be challenging because of the hazards of extrap-
olating from the limited survival evidence generally avail-
able [43–48].

Assuming that imaging tests have perfect sensitivity and 
specificity is unrealistic. Therefore, the health and economic 
impact of false imaging classifications should be reflected 
in cost-effectiveness models. A histology-proven tumour 
response is considered the highest level of evidence but is 
generally absent and may also suffer from selective sampling 
errors. The lack of a gold standard test to which imaging 
classifications could be compared poses a huge challenge 
and the subsequent estimation of survival benefits thanks 
to improved imaging remains highly uncertain. Because of 
the lack of evidence, expert opinion was regularly used to 
parametrise the simulation models with imaging character-
istics, effect and survival parameters. It is also worth noting 
that survival outcomes highly depend on contextual factors 
including the availability of therapies and their effectiveness 
[14, 15]. We suggest that future simulation models include 
a comprehensive set of scenarios exploring the impact of a 
plausible range of potential (but marginal) survival benefits.

4.2  Cohort‑Based Models

Decision-tree structures were used in multiple studies to 
reflect imaging results and the subsequent selection or 
avoidance of therapy [32, 35, 38]. Decision-tree struc-
tures are simplistic and often not suitable or realistic to 
simulate long-term cost and health outcomes [17, 18]. 
Alternatively, one model was defined following a tradi-
tional three-health-state model structure with progression-
free, progression and death states [33]. If the intention is 

Table 4  Summary of key recommendations

Section Summary of key recommendations

Imaging statistics The health and economic impact of false imaging classifications should be reflected in cost-effectiveness models. 
Models should include a comprehensive set of scenarios exploring the impact of a plausible range of health 
consequences

Cohort-based models Both state-transition models and partitioned survival models are preferred over decision-tree structures. Moreo-
ver, state-transition models with sufficient health states are preferred over partitioned survival models. Cost-
effectiveness models are encouraged to apply a lifetime simulation horizon when feasible

Patient-level models Cost-effectiveness models that account for time to events would be valuable. Using more advanced modelling 
methods may not necessarily result in more complex models, but ensures face validity of the models (which can 
support clinical decision making in oncology)

Individual patient data Independent of the selected modelling technique (i.e. cohort modelling or patient-level modelling), individual 
patient data should be used whenever available

Value of information analysis In line with the Dutch guideline for performing health economic evaluations in 2024, future cost-effectiveness 
studies should include a value of information analysis, exploring at least the expected value of perfect informa-
tion and the expected value of partial perfect information

Validation techniques Cost-effectiveness models should be tested for external and predictive validation when feasible, in addition to 
the verification of model parameters, face validity and cross validity testing. Furthermore, models should make 
better use of existing frameworks to report model validation efforts appropriately
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that future models should reflect tumour response over 
multiple lines of therapy rather than per individual ther-
apy line, adopting a three health-state structure becomes 
problematic [17, 18]. In a three health-state model, the 
progression-free state typically represents the therapy 
line for which response is monitored and for which cost-
effectiveness estimates are accumulated over discrete time 
cycles. Although therapy is not necessarily provided until 
disease progression, this assumption is reasonable and 
generally made.

Considering later lines of therapies and long-term cost 
and health effects requires an updated model structure with 
robust assumptions and an increased number of health 
states [49]. For example, in the 12th health-state model 
[34], tumour response-dependent long-term therapy effects 
and survival outcomes were considered. Health states dis-
tinguished between symptomatic and asymptomatic disease 
progression. In the nine-health-state model [36], tumour 
response-dependent long-term therapy effects and survival 
outcomes were also considered. Health states distinguished 
between surgery, salvage therapy and best supportive care. 
These studies showed that, for the assumption of homog-
enous patients within health states [50], these cohort models 
require a large number of health states to reflect patient het-
erogeneity appropriately. Alternatively, to keep the number 
of health states acceptable for simulation, cohort models 
can be detailed regarding subgroup characteristics and be 
specific to the impact of a decision on those subgroups [49].

Complexity is further increased when response to therapy 
is modelled at discrete points in time and adverse events are 
modelled continuously in time, both capturing their impact 
on health outcomes. State-transition models require addi-
tional health states and robust assumptions [49]. Therefore, 
adverse events were rarely included as separate events but 
considered as part of utility and cost estimation [34, 36, 
37, 39]. Alternatively, PSM might be performed. There is, 
however, a need for more guidance on PSM and how it com-
pares with other modelling approaches [51, 52]. For future 
simulation models, both STM and PSM are preferred over 
decision trees. Moreover, STM with sufficient health states 
are preferred over PSM.

Independent of the modelling technique, it is imperative 
that the simulation time horizon is long enough to include 
all cost and effect consequences. In oncology, this implies 
a lifetime simulation horizon, as selecting a shorter time 
horizon might result in a biased view of health effects and 
costs [53, 54]. Therefore, we encourage future modelling 
studies to apply a lifetime simulation horizon.

4.3  Patient‑Level Models

A variety of published modelling approaches was identi-
fied to assess the cost effectiveness of therapy response 

monitoring with PET/CT. All publications were limited to a 
discrete time approach, with the most common being STM 
[34, 36, 37, 39]. Patient-level modelling approaches that 
account for time to events were absent. This was surprising 
given the observed heterogeneity in therapy response events 
and the corresponding risk of bias, especially, when few 
events are observed per time cycle [55]. The continuing per-
sonalisation of therapy pathways highlights the need for use 
of more advanced and patient-level modelling methods to 
accurately represent the complex context of clinical practice 
and, therefore, to be meaningful to support decision making 
[22]. It should be denoted that independent of the modelling 
structure, a sufficient number of individuals must be mod-
elled and guidance for model development is less extensive 
[49, 56, 57]. Individual modelling requires more computa-
tion time but is not limited by the Markovian property [49]. 
Therefore, using more advanced modelling methods will not 
necessarily result in more complex models. On the contrary, 
it will enable models to continue being valuable for what 
they are intended for, which is supporting decisions in an 
increasingly complex environment [22].

4.4  IPD

Five studies primarily used IPD gathered from prospec-
tive studies [35, 37], RCTs [36, 39], or national registries 
[33]. Whenever IPD are available, they should be used. It 
is important to highlight that in health economic evalua-
tions, the availability of IPD can significantly impact the 
robustness and accuracy of a cost-effectiveness analysis 
[58]. While the choice between representing patients as a 
member of a homogenous cohort (Sect. 4.2) or as individu-
als (Sect. 4.3) is an essential consideration, the presence of 
IPD is also crucial for ensuring the validity of the modelling 
results.

In practice, the decision regarding whether to model 
a series of cohorts or individuals is primarily pragmatic. 
There are circumstances in which a patient-level model 
is preferred, for instance, retaining patient characteristics 
as a continuous value. Representing these changes over 
time may add complexity, but if the risks of events are 
determined by such values, a model that represents indi-
viduals should be used [17, 18]. Additionally, use indi-
vidual simulation (agent-based models or discrete-event 
simulations) when the number of health states required 
to reflect the decision problem becomes unmanageably 
large, as individual simulation allows the representation 
of substantial heterogeneity in characteristics [18, 57]. In 
general, the more details required for the parameters that 
predict outcomes, the more reason to select an individual 
representation [17, 18, 49, 56, 57].
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4.5  VOI Analysis

Uncertainty was found surrounding heterogeneity in therapy 
response rates, imaging statistics and classifications, model 
structures, and (extrapolated) effect and survival estima-
tions. This uncertainty reflects suboptimal and incomplete 
evidence. There might be value in reducing uncertainty, 
through the collection of new evidence, to better inform and 
improve decision making in therapy response monitoring. A 
VOI analysis provides a formal assessment of the value of 
additional research, based on the extent to which the infor-
mation improves the expected payoffs associated with a deci-
sion by reducing uncertainty. This value is compared with 
the cost of acquiring the information to determine whether 
it is worthwhile. [59] There are several VOI measures that 
can be studied, including the EVPI, expected value of partial 
perfect information, expected value of sample information 
and expected net benefit of sampling [60]. When PET/CT 
is not cost effective on the basis of current evidence and 
VOI measures suggest that research is not worthwhile, then 
the (potential) usage of PET/CT should be rejected and dis-
continued. In line with the Dutch guideline for performing 
health economic evaluations 2024 [61], we suggest future 
cost-effectiveness studies to explore a VOI analysis includ-
ing (at least) the EVPI and expected value of partial perfect 
information.

4.6  Validation Techniques

Model structures and assumptions could only be reviewed 
based on what is reported. The two main methods for achiev-
ing confidence in the value of simulation models are trans-
parency and validation [62]. On the one hand, some valida-
tion was evident for all reviewed studies. Reported validation 
efforts captured limited verification of model parameters, 
face validity testing wherein experts evaluated the model 
inputs and outputs, and cross-validity testing wherein results 
were compared to results from other models. On the other 
hand, the two strongest forms of validity testing—external 
validation wherein model results are compared to real-world 
data and predictive validation wherein model results are 
compared to prospectively observed events—were not gen-
erally reported. When feasible with respect to the decisions 
being addressed, models should be tested for their events and 
their prediction of future events [62]. Furthermore, model-
ling studies should make better use of existing frameworks 
to report model validation efforts appropriately [28].

4.7  Limitations

This study strictly focussed on the cost effectiveness of 
therapy response monitoring with PET/CT, rather than 

(early) radiological therapy response monitoring in gen-
eral (i.e. including conventional imaging modalities such 
as CT and MRI), resulting in the low number of inclusions. 
Furthermore, during the review process, no clear definition 
for therapy response monitoring was identified. Most stud-
ies considered therapy response monitoring when being 
on treatment as well as the first weeks or even months off 
treatment [32, 33, 35, 36, 38, 39]. Other studies attached 
more value to the intent of the scan rather than the timing 
of the scan [34, 37]. All studies that considered PET/CT as 
intended for therapy response monitoring during or within 
3 months after stopping therapy were included.

When using CHEERS items to assess the methodological 
quality and ECOBIAS items to assess the risk of bias of the 
included studies, two sources of publication bias may have 
influenced the results. First, relevant details of included stud-
ies may have been excluded to meet the manuscript require-
ments of peer-reviewed scientific journals. In such cases, 
online supplementary materials and/or full reports within 
the UK National Institute for Health Research HTA pro-
gramme were consulted. After consulting supplementary 
materials and full National Institute for Health Research 
reports, there was no need to contact study investigators for 
unreported data or additional details. Second, not all health 
economic studies performed were published. This might 
be the case for studies finding the PET/CT strategy to be 
not cost effective and may limit the generalisability of the 
extracted information.

Another limitation is that the CHEERS checklist was 
developed to support the reporting of health economic stud-
ies. The checklist was not developed to assess the methodo-
logical quality of health economic evaluations. Therefore, 
we limited ourselves to the extent to which individual items 
from the checklist were reported. In the absence of a better 
alternative, the CHEERS checklist has recently been used 
more frequently for review assessments in oncology [54, 63]. 
It should be emphasised that an overall scoring mechanism 
(i.e. assigning weights or summation of different items) was 
excluded from this study because such a mechanism could 
mislead readers and reviewers [29].

5  Conclusions

In the current literature, simulation models that assessed the 
cost effectiveness of therapy response monitoring with PET/
CT were based on cohorts of patients rather than individual 
patients. Therefore, heterogeneity in therapy response events 
was generally not appropriately reflected. Further research 
should include more advanced and patient-level modelling 
approaches to accurately represent the complex context of 
daily clinical practice and, therefore, to be meaningful to 
support decision making.
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