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Summary 

Introduction: This comparative study was conducted to assess, in terms of cost-effectiveness, the clinical benefits of 

adopting 18F-FDG PET/CT to conventional contrast-enhanced CT (CECT) imaging for patients with oligometastatic 

colorectal liver metastases (CRLM) after receiving thermal ablation (TA) therapy in first-line follow-up. It was 

investigated whether the routine use of 18F-FDG PET/CT in first-line follow-up cost-effectively improves health 

outcomes through improved clinical decision-making and patient management. 

Methods: The study design was twofold. First, we conducted a single-centre multidisciplinary clinical trial 

complemented by retrospectively searching the hospital’s electronic patient database. Second, we conducted a 

treatment-driven discrete event simulation (DES). Individual patient data collected in the clinical trial were analysed to 

determine accurate input parameter values for the DES study. For each input parameter, a distribution describing the 

variation at patient-level was defined. A literature search was performed to collect aggregated evidence on health 

outcomes and CRLM care pathway-related costs. To enhance the quality of secondary survival data analyses, we applied 

the algorithm of Guyot et al. which derives from published Kaplan-Meier curves a close approximation to the original 

individual patient-level time-to-event data from which they were generated. Incremental cost-effectiveness ratios 

(ICERs) were calculated by dividing the estimated mean difference in costs by the mean difference in  

quality-adjusted life years (QALYs) or life years gained (LYGs). The consequences of uncertainty in input parameter 

values on model outcomes were assessed through probabilistic analysis (PA).  

Results: Through PA, we simulated a minimum of 10,000 patients per run which was a sufficiently large number to 

remove the impact of patient-level variation in our cost-effectiveness outcomes. When performing 10,000 runs, the 

mean number of cases of residual/local recurrence observed in first-line follow-up was nearly doubled when adopting 

18F-FDG PET/CT in first-line follow-up (1530 versus 888 cases). Furthermore, the mean number of false-negative 

test results in first-line follow-up was nearly halved (737 versus 1374 cases). Consecutively, we observed a small increase 

in the number of consecutive LAT procedures provided when adopting 18F-FDG PET/CT (4859 versus 4755 cases). 

Consequently, we could waive (or postpone) providing less favourable complex systemic therapy in a meaningful 

number of patients. Finally, the summarised lifetime health and economic consequences in the case of adopting   

18F-FDG PET/CT resulted in an ICER of €17,850.12 saved per QALY lost, which was a non-dominant ratio, and, 

€14,668.67 saved per LYG, which was a dominant ratio, respectively. 

Conclusions: Adopting 18F-FDG PET/CT in first-line follow-up was not proven to be a cost-effective alternative to 

conventional follow-up by CECT. However, note that conclusions about our findings regarding lifetime health and 

economic outcomes should be drawn with caution, as the results of our scenario analyses did not prove to be robust. 

Discussion: Our health economic results are in line with previously published cost-effectiveness studies. It is 

suggested that the use of 18F-FDG PET/CT may lead to a change in the originally planned patient management in up 

to 20% of all CRLM patients. However, the quality and quantity of available observational data resulted in a large 

uncertainty surrounding the parameter values used for simulation modelling. Finally, we argue that this study could 

potentially influence daily clinical practice but further research is needed to determine the cost-effectiveness when 

integrating multiple lines of consecutive treatment strategies. 

Keywords: Cost-effectiveness, colorectal liver metastases, follow-up, 18F-FDG PET/CT,  

thermal ablation therapy, discrete event simulation, treatment-driven 
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Introduction 

On a global level, colorectal cancer (CRC) introduces a substantial health burden on patients and 

societies due to its relatively high incidence and mortality. In 2020, CRC was the third most commonly 

diagnosed cancer accounting for about 10% of all new cancer cases. Moreover, CRC was the second 

leading cause of cancer mortality and accounted for 9.4% of all cancer-related deaths in the world. (1) 

Approximately 15-25% of all the patients with diagnosed CRC history suffer metastatic CRC disease 

(mCRC). About 20% of these patients present with synchronous metastases and up to 60% develop 

metachronous metastases within three years after primary diagnosis. (2–4) 

After apparently curative resection of the primary colorectal tumour, the liver is the most common and 

first metastatic site of CRC (2–11). In approximately half of the patients with oligometastatic colorectal 

liver metastases (CRLM), the metastases occur in the liver only, in which curative intended local 

aggressive treatment (LAT) reaches a 5-year overall survival of approximately 50-60%. However, due 

to several criteria such as the tumour volume, lack of future liver remnant, location of metastases near 

vital structures, multifocality of the disease and a poor clinical condition of the patient, only a minority 

group of patients is eligible for LAT. Neoadjuvant therapy could shrink metastases sufficiently to enable 

LAT for a subset of patients with initially unresectable CRLM, but for the majority of patients, the aim 

remains to prolong survival and maintain quality of life by receiving systemic therapy. (2-4,12–19) 

CRLM recurrence following LAT is prevalent. Approximately 90% of all recurrences are diagnosed 

within the first three years after LAT was received. Curation highly depends on the advancement of 

recurrent disease and is determined in multidisciplinary review board meetings. During these meetings, 

prognostic factors are proposed to achieve accurate overall survival prediction and to restrict LAT to 

those patients who will strictly benefit. (20,21) Several papers assessed the most relevant prognostic 

tumour and patient characteristics; no prognostic and predictive factors were common in all models, 

though there was a tendency towards the age and clinical condition of patients, the primary CRC site, 

the primary tumour stage, the mutational status, the disease-free duration, synchronous or metachronous 

metastases, the number of metastases, the spread to lymph nodes, the maximum size of metastases, 

bilateral disease, CEA level and extrahepatic spread as representing meaningful independent risk factors 

(11,17,21–40). Consequently, because of the lack of clarity, several studies aimed to establish a 

comprehensive prognostic scoring system to achieve more accurate overall survival prediction and 

proper patient selection. The scoring system should be unambiguous, based on established prognostic 

patient and disease characteristics, and should not require additional diagnostic testing. (35,41–51) 

Surgical metastasectomy of tumour lesions is considered the golden standard and is the most provided 

LAT option for patients suffering from resectable CRLM. Nonetheless, repeat surgical metastasectomy 

can be challenging due to adhesions and reduced liver volume (29,34,52–54). Thermal ablation (TA) 
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could be considered a valid, less invasive and attractive alternative to metastasectomy. Minimally 

invasive TA techniques lead to lower blood loss, lower complication rates, a shorter duration of hospital 

stay and lower incremental costs. Also, iterative TA therapies are supported to be safe and effective, 

because it is associated with health outcomes similar to first-line TA. Particularly in elderly and patients 

with severe comorbidity, TA is considered an effective alternative LAT option. (7,9,22,52,55–62) 

A variety of TA approaches has evolved to complement surgical metastasectomy, or as an autonomous 

treatment modality, for otherwise unresectable CRLM. Radiofrequency ablation (RFA) and microwave 

ablation (MWA) are currently the most frequently provided TA techniques (7,29,63,64). Evidence 

suggests that both TA techniques present similar complications, disease-free survival and overall 

survival rates (7,65,66). Compared to RFA, however, it is suggested that MWA improves local tumour 

control while significantly shortening the operative time (67). On the other hand, both TA techniques 

have lower accuracy and show a higher rate of local/residual recurrence than surgical metastasectomy. 

Therefore, evolutions in the imaging field during post-operative follow-up workup including  

18F-FDG PET/CT are essential to reach increased efficacy rates of TA therapy. (15,16,66,68–70) 

The main aims of the diagnostic follow-up following LAT are early and asymptomatic detection of 

residual tumours and local tumour progression (1), and, the detection of new intrahepatic non-local and 

extrahepatic distant metastases (2). Anatomical imaging by conventional contrast-enhanced CT (CECT) 

plus serum carcinoembryonic antigen level (CEA) is considered the golden standard and is, traditionally, 

the most provided diagnostic for patients suffering from resectable CRLM. MRI abdomen with 

Primovist is often used as an additional modality in case of suspected tumour recurrence.  

The adoption of integrated 18F-FDG PET/CT combines anatomical and metabolic imaging. 

18F-FDG PET/CT provides complementary metabolic information that enables the detection of 

malignant disease at unexpected sites or in morphologically normal structures that may be easily 

overlooked on cross-sectional imaging. So that early detection of CRLM and tumour activity is 

demonstrated before structural tissue changes become detectable. Also, purely structural tissue changes 

can be misleading and do not always reflect tumour aggressiveness correctly. (17,71,72) Moreover, the 

effectiveness of 18F-FDG PET/CT is emphasized in patients with consecutively elevated CEA levels or 

patients with potential false-negative results on conventional imaging, as elevated levels of CEA cannot 

provide accurate localization to a potential site of recurrence (10,73).  

However, the precise role of 18F-FDG PET/CT imaging in current national guidelines remains 

controversial. During imaging assessment, the main challenge appears to distinguish residual tumours 

from false-positive signs due to postinterventional non-malignant changes such as inflammation or 

necrosis in the ablation zone (74). The most characteristic advantage of the 18F-FDG PET/CT is the 

ability to quantify tumour biology using FDG uptake by measuring the standardized uptake value 

(75,76). Accordingly, several studies quantitatively show a clinical superiority of 18F-FDG PET/CT over 
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CECT in detecting local tumour progression after TA therapy. It is indicated that the use of  

18F-FDG PET/CT in this setting particularly allows for minimization of the false-negative rate compared 

with CECT, without compromising the low false-positive rate. (77–85) 

This comparative study is performed to assess, in terms of cost-effectiveness, the clinical advantages of 

adopting 18F-FDG PET/CT imaging to first-line follow-up by conventional CECT for patients with 

CRLM after receiving TA therapy. It explores whether routinely adopting 18F-FDG PET/CT in first-line 

follow-up cost-effectively improves health outcomes through enhanced clinical decision-making and 

patient management. 

Methods 

The study design was twofold. First, we conducted a single-centre controlled clinical trial. Ethical 

approval was waived since it was considered not obligatory under Dutch law as this study provides an 

anonymized dataset (determined by the METC LDD with reference no. G21.061). Informed consent 

was given by patients and obtained by the clinician before reporting data to the cancer registry. All 

methods were carried out following the clinical guidelines and regulations. 

Second, we performed a discrete event simulation (DES) to study the cost-effectiveness of adopting  

18F-FDG PET/CT imaging to routine first-line follow-up. The individual patient data gathered in the 

clinical trial were analysed to define accurate input parameter values for the DES study. For each input 

parameter, a distribution was defined that describes the variation at patient-level (86). 

This study was reported according to the Consolidated Health Economic Evaluation Reporting 

Standards (CHEERS) checklist (87). Also, a recently published verification checklist to reduce errors in 

models and improve their credibility (TECH-VER) was applied during our study (88). 

1 Data gathering process 

Data were prospectively collected from patients with resectable CRLM receiving LAT at Leiden 

University Medical Centre (LUMC) from 01-06-2020 until 31-01-2022. Within the LUMC the 

concerned departments were the departments of Radiology (section of Nuclear Medicine, Intervention 

Radiology and Abdominal Radiology) and Surgery. When required, additional recollecting of data was 

performed by retrospectively searching the hospital’s electronic patient database. In addition, a literature 

search was performed to collect aggregated evidence on health outcomes and CRLM care  

pathway-related costs. Leftover evidence gaps were addressed by an extended literature search and 

multi-centre expert elicitation. The single-centre LUMC database, expert elicitation and literature 

search, together, enclosed a state-of-the-art starting point for explorative health economic evaluation.  
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2 Study population 

Patients were included in this study if they underwent open or minimally invasive metastasectomy, RFA 

and/or MWA or a combination of these treatments; and an abdominal 18F-FDG PET/CT was made 

within 6 months following LAT. Patients were excluded when no LAT was performed or if LAT was 

followed by adjuvant chemotherapy affecting the metabolic activity of tumour cells, and when no  

18F-FDG PET/CT was made within 6 months of follow-up. An overview of data on the clinical condition 

of the patient, TNM-classification of the primary 

tumour, location of primary tumour and hepatic 

metastases characteristics, history of systemic 

therapy, Fong clinical risk score, and previous local 

hepatic treatments provided, were available via the 

hospital’s electronic patient database. 

Demographics 

A total of 45 patients with unique LAT procedures 

were prospectively included. Each unique LAT 

procedure was followed by imaging with  

18F-FDG PET/CT and a conventional CECT scan. 

Patient characteristics (age, clinical condition), 

tumour characteristics (primary CRC site, recurrent 

disease, clinical risk score) and treatment 

characteristics (induction therapy received, treatment 

type received) are summarised in Table 1. 

3 Multidisciplinary evaluation of diagnostics 

Assessment of the 18F-FDG PET/CT and CECT scans 

within first-line follow-up was completed by a 

multidisciplinary expert panel. The panel, consisting 

of two nuclear physicians (LFG and DR) and two 

radiologists specialised in abdominal examinations 

(EPM and SSF) appointed tumour recurrences. For 

liver detail, all the scans were individually assessed by two members of the expert panel. The CECT 

scans were anonymized, shown in random order and analysed by the two experienced abdominal 

radiologists (SSF and EPM). The 18F-FDG PET/CT scans were anonymized, shown in random order 

and analysed by the two experienced nuclear physicians (LFG and DR). All scans were checked for 

extrahepatic metastases by LFG, DR and alternately by EPM and SSF. 

Table 1 Demographics of included patients in clinical trial 

Study population (n=45) Value (%) 

Patient’s mean age at diagnosis 64.62 

(SD=11.63) 

Number of unique LAT procedures 45  
Number of unique scans assessed 

   18F-FDG PET/CT 

   Conventional CECT 

90 

45/90 

45/90 

Site of primary CRC 

   Colon 

   Rectum 

 

30/45 (67) 

15/45 (33) 

Clinical risk score 1 

   Fong ≥ 3, “high risk” 

   Fong < 3, “low risk” 

   Missing values 

 

18/45 (40) 

14/45 (31) 

13/45 (29) 

Clinical condition 2 

   ASA ≥ 3,  “poor condition” 

   ASA < 3,  “good condition” 

 

15/45 (33) 

30/45 (67) 

Recurrent disease 

   Yes 

   No 

 

23/45 (51) 

22/45 (49) 

Induction therapy received 

   Yes 

   No 

 

13/45 (29) 

32/45 (71) 

Treatment type received 

   Autonomous TA therapy 

   TA additional to metastasectomy 

 

34/45 (76) 

11/45 (24) 

1 The Fong Clinical Risk Score for CRC recurrence assigns 

CRC patients with liver metastases a score of 0-5 based on 

five independent preoperative risk factors to estimate the 

5-year survival and median months of survival. Higher 

scores correlate with lower survivals (41). 

2 The ASA score is a six-category classification system for 

assessing the fitness of patients before surgery and 

anesthesia. Higher scores correlate with lower survivals. 

Abbreviations: SD = standard deviation 
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The radiologists were blinded for clinical data other than CEA level and previous scans. The nuclear 

physicians were blinded for clinical data other than CEA level and previous scans. However, the nuclear 

physicians were allowed to analyse the available CECT scan. In case of disagreement between two 

assessments of the same imaging modality, a second view of the same experts was realized and 

consensus was reached. Decisions by the multidisciplinary team meeting and/or follow-up imaging were 

considered golden standards since no standard biopsy was taken of suspected tumour lesions. 

4 Disease states 

Local/residual recurrence in the ablation or resection zone following LAT indicates the strength of the 

provided intervention. New intrahepatic and extrahepatic metastases following LAT indicate the degree 

of aggressiveness of colorectal liver disease. Early tumour detection ensures that we minimalize 

intrahepatic non-local and extrahepatic distant spread. Also, early detection ensures that tumours are 

relatively small and can be treated with minimally invasive interventions with minimal risks of adverse 

events. 

Researcher SvM classified all unique and raw observations on both imaging modalities from the 

multidisciplinary evaluation of the first-line diagnostics to a set of mutually exclusive and collectively 

exhaustive disease states. Retrospectively used as a reference was the hospital’s electronic patient 

database. Table 2 shows that the detection of CRLM was divided into four patient-level disease states: 

(1) no recurrence, (2) residual/local recurrence in the ablation or resection zone (=no new metastases 

but residual/local recurrence only demonstrating the strength of the provided intervention), (3) any 

intrahepatic metastases (≥1 new intrahepatic non-local metastases possibly supplemented with 

residual/local recurrence) and (4) any extrahepatic metastases (≥1 new extrahepatic distant metastases 

possibly supplemented with residual/local recurrence and/or new intrahepatic non-local metastases). 

Note that after classification, an expert panel consensus was reached if any disagreement occurred. 

Table 2 Four disease states representing patient-level observations from the clinical trial 

Observed in the clinical trial Disease state in the DES model 

No recurrence/clean follow-up No recurrence                        (1) 

Residual/local recurrence only Residual/local recurrence      (2) 

Intrahepatic non-local metastases Any intrahepatic metastases  (3) 

Residual/local recurrence and  

intrahepatic non-local metastases 

Any intrahepatic metastases  (3) 

Distant metastases outside the liver Any extrahepatic metastases (4) 

Distant metastases outside the liver and  

residual/local recurrence 

 

Any extrahepatic metastases (4) 

Distant metastases outside the liver and  

intrahepatic non-local metastases 

 

Any extrahepatic metastases (4) 

Distant metastases outside the liver, residual/local 

recurrence and intrahepatic non-local metastases 

 

Any extrahepatic metastases (4) 



8 

 

Estimating the consequences of false-negative and false-positive test results 

Observations from the clinical trial made by the clinicians were essential input parameters for the DES 

model. In most cases, the observation was a true test result (i.e., the observation “no recurrence” would 

be a true negative test result and all other observations would be true positive test results) but some 

observations were false test results (i.e., observation “no recurrence” would be a false-negative test result 

and all other observations would be false-positive test results). Typically, each observation had a 

probability of being a true or false test result resulting in, for example: ‘the number of patients with no 

recurrence = true negative test results + false-positive test results’. The concerned decision-making 

depends on the test result presented (Figure 1). 

  

Figure 1 Clinical decision-making depends on true and false test results 

Scenario analyses for false-negative test results 

Scenario analyses were performed to assess the consequences of false-negative imaging resulting in a 

varying spread of CRLM recurrence. Proportions of occurring CRLM spread after a false-negative test 

result were restricted to the implementation of three ‘what-if’ scenarios (Table 3). 

Table 3 Three what-if scenarios for estimating the consequences of false-negative test results 

Scenario Implementation 

Worst case All patients with a false-negative test result develop extrahepatic distant metastases 

Base case All patients with a false-negative test result have a probability of 1/3 to develop intrahepatic 

residual/local metastases, a probability of 1/3 to develop intrahepatic non-local metastases and  

a probability of 1/3 to develop extrahepatic distant metastases 

Best case All patients with a false-negative test result develop intrahepatic residual/local metastases only 

5. Introduction to DES 

DES provides a flexible framework that can be used to model a wide variety of health care problems 

(89–93). A patient-level and process-oriented DES model was developed to represent the complex 

dynamics of CRLM clinical practice and how clinical decision-making impacts cost-effectiveness 
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outcomes. Patient-level variation was reflected as it was relevant to address the differences in parameter 

values between subgroups (e.g., age dependence, LAT type received). DES is a modelling technique to 

which the challenges associated with discrete-time cycles do not apply. Events can occur at any time 

because the time to these events is modelled using smooth time-to-event distributions (86). Particularly 

in our scenarios in which few events would be observed per time cycle, the use of DES was preferable 

(e.g., compared to patient-level Markov modelling). 

For all simulation analyses, R version 4.1.2 (R Foundation for Statistical Computing, Vienna, Austria; 

http://www.R-project.org/) was used, package simmer version 4.4.3 (94). For all cost-effectiveness 

analyses, R version 4.1.2 (R Foundation for Statistical Computing, Vienna, Austria;  

http://www.R-project.org/) was used, package BCEA version 2.4.1 (95). 

6 Populating the DES model 

All simulated patients entered the model immediately after diagnosis of CRLM. All patients received 

LAT preceded, if necessary, by induction therapy. There were two types of imaging modalities available 

for first-line diagnosis of CRLM recurrence: conventional CECT and 18F-FDG PET/CT respectively. 

During higher-order surveillance of potential tumour recurrences, patients remained in a general  

follow-up state. After the diagnosis of recurrence, repeat LAT (rLAT) might be received. If rLAT would 

be futile, systemic therapy could be started and complemented with supportive end-of-life care.  

A graphical representation of the DES model structure is provided in Figure 2. In upcoming paragraphs, 

the CRLM care pathway will be discussed chronologically and in more detail. 

 

Figure 2 Graphical representation of the CRLM care pathway 

Induction therapy and LAT strategies 

All entered patients received LAT with curative intent (i.e., autonomous TA therapy or TA additional 

to metastasectomy). Percutaneous RFA and MWA procedures were performed under anaesthesia using 

ultrasound (US) and/or CT guidance for needle positioning and to assess the extent of the ablation zone. 

Open ablation was performed during surgery under general anaesthesia and US was used for needle 

positioning. The duration of ablation was determined by the discretion of the interventional radiologist 

and was documented in the treatment report. TA procedures were performed by three different 

experienced interventional radiologists (MB, CvR, AvE), assisted by technologists. 
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Clinical trials argue that LAT is costly and burdensome to the patient (7,9,10). The reported health and 

economic burden indicate the importance of strict identification of patients likely to benefit from 

receiving LAT. Also, LAT is associated with a substantial risk of treatment-related complications. 

Complication rates are based on reported estimates by the Dutch Hepato Biliary Audit (DHBA). 

Complications cause health and economic burden in terms of reduction in quality of life for the patients 

and additional healthcare costs. Therefore, we divided the costs related to LAT into fixed intervention 

costs per treatment type and variable additional hospitalization costs (i.e., the longer the hospitalization 

the more invasive the intervention and/or the more extensive the consequences of the complications). 

In advance of LAT, some of these patients received induction therapy to shrink the tumours to be 

resectable during the intervention. Provided chemotherapy could have been CapOx, FOLFOX, 

FOLFIRI or FOLFIRINOX with or without Avastin, panitumumab or cetuximab. On average, induction 

therapy was provided for 16-20 weeks depending on the extent to which tumours shrink depicted on 

minimal two independent consecutive CECT scans. It was assumed that all patients receiving induction 

therapy responded to chemotherapy (i.e., the tumours shrank in terms of size and/or number). It was also 

assumed that no huge complications occurred during induction therapy such that an induction therapy 

regimen was never interrupted (e.g., in practice, with a dose reduction the patient could always complete 

the whole chemotherapy regimen). 

First-line follow-up: adopting 18F-FDG PET/CT imaging 

Within 6 months following LAT, all patients were monitored for CRLM recurrence with a single  

18F-FDG PET/CT scan and conventional CECT imaging supplemented by serum CEA (in the remainder 

of this report referred to as ‘the intervention group’) or monitored with conventional CECT imaging 

supplemented by serum CEA (in the remainder of this report referred to as ‘the comparator group’). 

Patients with suspicious findings on these scans underwent an additional MRI Primovist or MRI 

abdomen. MRI was performed to further analyse suspected CRLM lesions before going for an additional 

consecutive treatment strategy. Patients, in whom MRI imaging was inconclusive for detecting or 

excluding CRLM, received a CT-guided puncture of suspicious liver tissue. 

Within the intervention group, patients with elevated serum CEA (i.e., CEA level>3.8 µg/L) received a 

whole-body (skull to mid-thigh) 18F-FDG PET/CT scan. Patients with normal CEA levels received  

18F-FDG PET/CT imaging of liver detail and thoracic-abdominal CECT. Combination 18F-FDG PET/CT 

imaging (i.e., PET imaging and a simultaneous low-dose CT scan) was performed using the Philips 

Vereos Digital 18F-FDG PET/CT system (Philips, Eindhoven, the Netherlands). FDG dose and 

acquisition time was calculated based on body weight and height.  

After first-line follow-up, a patient was transferred to a downstream intervention strategy if CRLM 

recurrence occurred (=disease states 2-4). All patients with no recurrence (=disease state 1) were 

transferred to higher-order follow-up lines. 
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Multiple lines of higher-order follow-up diagnostics: a general follow-up phase 

By hospital’s protocol and Dutch guidelines, the patients with no recurrence (=disease state 1) after a 

completed first-line follow-up workup received a higher-order follow-up schedule consisting of 3-4 

monthly serum CEA and CECT scans during years 1-2 and 6 monthly serum CEA and CECT scans 

during years 3-5. Patients with suspicious findings on these scans underwent an additional MRI 

Primovist or MRI abdomen and/or 18F-FDG PET/CT scan. These scans were performed to further 

analyse suspected CRLM lesions before going for an additional downstream treatment strategy. Patients, 

in whom MRI and/or PET/CT imaging was inconclusive for detecting or excluding CRLM, received a 

CT-guided puncture of suspicious liver tissue. 

Higher-order follow-up data was collected with literature evidence on tumour progression rates and 

progression-free survival (PFS) probabilities (Table 4). Patients with initially no recurrence were at risk 

of developing recurrence over at most twelve years. In our model, developing recurrence would cause 

patients to transfer to a downstream intervention strategy. Otherwise, if the patient was disease-free over 

twelve years, it was concluded that the patient was thoroughly clean, no CLRM will be developed in the 

future and the patient simply followed the Dutch life tables by age-dependent overall survival times. We 

have retrieved and averaged survival times from these Dutch life tables for the period 2016-2020. (96) 

Table 4 PFS probabilities after a completed higher-order follow-up schedule over twelve years 

Recurrence developed Value 1 Uncertainty 2,3 Source 

No recurrence 17% (24/144) Dirichlet (alpha=[24,21,50,49]) (29,60) 

Residual/local recurrence 14% (21/144) Dirichlet (alpha=[24,21,50,49]) (29,60) 

Any intrahepatic metastases 35% (50/144) Dirichlet (alpha=[24,21,50,49]) (29,60) 

Any extrahepatic metastases 34% (49/144) Dirichlet (alpha=[24,21,50,49]) (29,60) 

1 Base-case values (percentage, absolute number of total observations), i.e., no parameter uncertainty incorporated 

2 Dirichlet distribution is a natural choice because a direct match with literature evidence 

3 Distribution parameters are presented as alpha which is one set of parameters for all observations 

In each disease state, a probability of death due to other causes was derived from available Dutch 

demographic data (96). This all-cause probability of death was assigned to each patient based on the 

time spent in follow-up and the age of the patient. We retrieved and averaged these general Dutch  

age-dependent survival times for the period 2016-2020. These data can be found in Appendix A. 

Downstream treatment strategies 

All patients with diagnosed recurrent CRLM (=disease states 2-4) were transferred to downstream 

intervention strategies. Based on the spread of the detected recurrence, treatment history (e.g., recurrent 

disease) and general patient characteristics (e.g., age, clinical condition), the downstream intervention 

strategy was determined during multidisciplinary review board meetings. Table 5 visualizes the resulting 

dominant and recessive downstream treatment strategies per disease state. 



12 

 

Table 5 Representing the dominant and recessive downstream treatment strategies per type of CRLM recurrence detected 

Recurrence demonstrated 

on received diagnostics 

Repeat  

LAT 1 

Systemic 

therapy 1 

Wait-and-see 

management 1 

Uncertainty 2,3 

No recurrence - - 100% (32/32) Beta (α=32, β=0) 

Residual/local recurrence 64% (7/11) 36% (4/11) - Beta (α=7,   β=4) 

Any intrahepatic metastases 78% (14/18) 22% (4/18) - Beta (α=14, β=4) 

Any extrahepatic metastases 24% (7/29) 76% (22/29) - Beta (α=7, β=22) 

1 Base-case values (percentage, absolute number of total observations), i.e., no parameter uncertainty incorporated 

2 Beta distribution is a natural choice because a direct match with clinical evidence 

3 Distribution parameters are presented as α- and β-parameters for beta distributions 

In a favourable case, the spread of CRLM recurrence was limited and rLAT could be provided. 

Downstream rLAT procedures may consist of repeat TA therapy, partial hepatectomy or stereotactic 

body radiation therapy. If rLAT would no longer be effective, systemic therapy could be provided. 

Systemic therapy often consisted of multiple consecutive chemotherapy regimens. The most common 

received chemotherapy was Capecitabine/Oxaliplatin with Avastin or Capecitabine/Avastin with 

sequentially Oxaliplatin. An alternative was a regimen with Irinotecan, monotherapy or FOLFIRI, 

panitumumab or cetuximab, or optionally LONSURF. 

In each downstream intervention, a probability of death due to other causes was derived from available 

Dutch demographic data (96). This all-cause probability of death was assigned to each patient based on 

the time spent in downstream treatment strategies and the age of the patient. We retrieved and averaged 

these general Dutch age-dependent survival times for the period 2016-2020 (Appendix A).  

Moreover, after a longer period of downstream intervention strategies, it was assumed that each patient 

did not survive. The sum of the disease-related and the all-cause probability of dying was 100%. So that 

it was assumed that all patients arriving in downstream intervention strategies received end-of-life 

supportive care sequentially after rLAT or systemic therapy. 

7 Survival analysis 

Survival data per downstream intervention strategy was collected from literature (12,19,29,60). The 

results of literature evidence (e.g., randomized controlled trials) on time-to-event outcomes, usually 

reported, were median time-to-events and Cox Hazard ratios. These did not constitute the sufficient 

statistics required for cost-effectiveness analysis. Also, the selection of the type of time-to-event 

distributions could have a major impact on outcomes when extrapolating beyond the time horizon 

supported by the data. Given our limited follow-up time in the single-centre LUMC cohort data, it may 

be expected that the uncertainty in estimates of hazards increased when extrapolating the further into 

the future. Consequently, the magnitude of uncertainty in estimates of a lifetime mean survival and  

cost-effectiveness increased when extrapolating the further into the future. (97–102) 
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The Kaplan-Meier (KM) estimator is a non-parametric statistic used to estimate the survival function 

from lifetime data. When no truncation or censoring occurs, the KM curve is the complement of the 

empirical distribution function. However, specified individual patient-level time-to-event data and the 

status at the last observation are required to generate such a KM estimator. Consequently, for this type 

of survival analysis, there is a need for an empirical baseline hazard function. To enhance the quality of 

secondary data analyses, we applied a method which derives from published KM survival curves a close 

approximation to the original individual patient-level time-to-event data from which they were 

generated. (103,104) This algorithm of Guyot et al. maps from digitized curves back to KM data by 

finding numerical solutions to the inverted KM equations using the information on the number of events 

and the numbers at risk. We checked and justified which distribution was best by visual checks  

(e.g., Q-Q plots, P-P plots, histograms and density plots) and statistical checks (e.g., AIC, BIC). The 

resulting KM data are presented in Appendix B. 

8 Model parameters 

The simulation model was structured using a wide range of input parameter values. Model parameter 

values that were used in the base case, mostly, were a direct match with (binomial) available data from 

the single-centre clinical trial complemented by retrospectively searching the hospital’s electronic 

patient database. Missing hospital data were the diagnostic performance of conventional CECT, 

respectively, 18F-FDG PET/CT imaging, survival times and utility rates. These model input parameters, 

and costs of care as usual, were derived from (aggregated) literature evidence and from Statistics 

Netherlands adhered to the Dutch national guidelines. The final leftovers evidence gaps (i.e., parameters 

for which no information was found or that varied highly among literature) were addressed and valued 

by an expert panel consisting of two nuclear physicians (LFG and DR), two radiologists specialised in 

abdominal examinations (EPM and SSF), one interventional radiologist (MB), one surgeon specialized 

in abdominal oncology (SDM) and a Full Professor health technology and services research (HK). 

A description of the evidence, that was provided in the trial data, is presented in Table 6. 

First-line follow-up: adopting 18F-FDG PET/CT imaging 

The model included a complete first-line follow-up of the entire study population (i.e., all test results 

from the clinical trial were noted and, for each patient, it was concluded if CRLM recurrence occurred). 

A description of the trial evidence on tumour recurrence developed during first-line follow-up is listed 

in Tables 7-8. Table 7 shows the recurrence detected by the comparator group. Table 8 covers the same 

patients, but the recurrence detected is reclassified for the intervention group. 
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Table 6 Evidence for DES modelling gathered as clinical trial data 

Name Data type Information Value 1 Uncertainty 2 Distr. 

RID Integer number Patient’s unique 

research identifier 

- - - 

Age Number of years Patient’s age 65 shape=6.54, 

scale=69.39 

Weibull 

Colon Binary  

(1=colon, 0=rectal) 

Patient’s primary 

CRC site 

67% 

(30/45) 

α=30, β=15 Beta 

CEA level Binary  

(1=stable, 0=decreased) 

Patient’s CEAs 

predict recurrence 

69% 

(22/32) 3 

α=22, β=10 Beta 

Fong score Binary 

(1=high, 0=low) 

Patient’s clinical 

risk score 

44% 

(14/32) 3 

α=14, β=18 Beta 

ASA score Binary  

(1=high, 0=low) 

Patient’s clinical 

condition 

33% 

(15/45) 

α=15, β=30 Beta 

Recurrent Binary  

(1=recurrent, 0=first) 

First diagnosis or 

recurrent disease 

51% 

(23/45) 

α=23, β=22 Beta 

Induction therapy Binary  

(1=yes, 0=no) 

Patient received 

induction therapy 

29% 

(13/45) 

α=13, β=32 Beta 

Response to 

induction therapy 

Binary  

(1=yes, 0=no) 

Patient’s response 

induction therapy 

100% Fixed 4 - 

Complications in 

induction therapy 

Binary  

(1=yes, 0=no) 

Nominative 

complications 

0% Fixed 4 - 

LAT procedure 

type 

Binary  

(1=autonomous TA, 

0=TA additional surgery) 

Patient received 

autonomous TA 

76% 

(34/45) 

α=34, β=11 Beta 

Complications 

reported by the 

DHBA 5 

Binary  

(1=yes, 0=no) 

Complications  

if autonomous TA 

21% 

(7/34) 

α=7, β=27 Beta 

 

if TA additional 

to metastasectomy 

28% 

(3/11) 

α=3, β=8 Beta 

MRI provided per 

follow-up line 

Binary  

(1=yes, 0=no) 

Additional MRI 

for surveillance 

24% 

(11/45) 

α=11, β=34 Beta 

Biopsy provided 

per follow-up line 

Binary  

(1=yes, 0=no) 

Additional biopsy 

for surveillance 

9% 

(4/45) 

α=4, β=41 Beta 

18F-FDG PET/CT 

provided for each 

higher-order FU 

Binary  

(1=yes, 0=no) 

18F-FDG PET/CT 

adopted in higher 

order surveillance 

24% 

(11/45) 

α=11, β=34 Beta 

1 Base-case values (percentage, absolute number of total observations), i.e., no parameter uncertainty incorporated;  

2 Distribution parameters are presented as α- and β-parameters for beta distributions; 3 The CEA levels and Fong scores are not 

always measured/reported (i.e., 13/45 missing values); 4 Estimated after elicitation from the previously mentioned expert panel; 

5 Having complications is defined as “complication” by the DHBA resulting in a prolonged hospital stay. 
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Table 7 Comparator group: CRLM recurrence detected in first-line follow-up 

Detection of CRLM recurrence Value 1 Uncertainty 2,3 

No recurrence/clean first-line follow-up 38% (17/45) Dirichlet (alpha=[17,4,9,15]) 

Residual/local recurrence detected 9% (4/45) Dirichlet (alpha=[17,4,9,15]) 

Any intrahepatic non-local metastases detected 20% (9/45) Dirichlet (alpha=[17,4,9,15])  

Any extrahepatic distant metastases detected 33% (15/45) Dirichlet (alpha=[17,4,9,15]) 

1 Base-case values (percentage, absolute number of total observations), i.e., no parameter uncertainty incorporated 

2 Dirichlet distribution is a natural choice because a direct match with literature evidence 

3 Distribution parameters are presented as alpha which is one set of parameters for all observations 

Table 8 Intervention group: reclassified CRLM recurrence detected in first-line follow-up 

Reclassified detection of CRLM recurrence Value 1 Uncertainty 2,3,4 

If no recurrence was detected by the comparator group 

No recurrence/clean first-line follow-up 88% (15/17) Dirichlet (alpha=[15,ε,1,1]) 

Residual/local recurrence detected  0% (0/17) Dirichlet (alpha=[15,ε,1,1]) 

Any intrahepatic non-local metastases detected 6% (1/17) Dirichlet (alpha=[15,ε,1,1]) 

Any extrahepatic distant metastases detected 6% (1/17) Dirichlet (alpha=[15,ε,1,1]) 

If residual/local recurrence was detected by the comparator group 

No recurrence/clean first-line follow-up 0% (0/4) Dirichlet (alpha=[ε,4,ε,ε]) 

Residual/local recurrence detected 100% (4/4) Dirichlet (alpha=[ε,4,ε,ε]) 

Any intrahepatic non-local metastases detected  0% (0/4) Dirichlet (alpha=[ε,4,ε,ε]) 

Any extrahepatic distant metastases detected 0% (0/4) Dirichlet (alpha=[ε,4,ε,ε]) 

If intrahepatic non-local recurrence was detected by the comparator group 

No recurrence/clean first-line follow-up 0% (0/9) Dirichlet (alpha=[ε,ε,8,1]) 

Residual/local recurrence detected 0% (0/9) Dirichlet (alpha=[ε,ε,8,1]) 

Any intrahepatic non-local metastases detected 89% (8/9) Dirichlet (alpha=[ε,ε,8,1]) 

Any extrahepatic distant metastases detected 11% (1/9) Dirichlet (alpha=[ε,ε,8,1]) 

If extrahepatic distant recurrence was detected by the comparator group 

No recurrence/clean first-line follow-up 0% (0/15) Dirichlet (alpha=[ε,3,ε,12]) 

Residual/local recurrence detected 20% (3/15) Dirichlet (alpha=[ε,3,ε,12]) 

Any intrahepatic non-local metastases detected 0% (0/15) Dirichlet (alpha=[ε,3,ε,12]) 

Any extrahepatic distant metastases detected 80% (12/15) Dirichlet (alpha=[ε,3,ε,12]) 

1 Base-case values (percentage, absolute number of total observations), i.e., no parameter uncertainty incorporated;  

2 Dirichlet distribution is a natural choice because a direct match with literature evidence; 3 Distribution parameters are 

presented as alpha which is one set of parameters for all observations; 4 The value ε represents a small and randomly selected 

number close to zero, and, restricted for 0<ε<0.5. 

Patient-level diagnostic performance of imaging modalities 

Literature-based evidence on the evaluation of the diagnostic accuracy of 18F-FDG PET/CT and CECT 

for the detection of disease progression following TA therapy was included in our model (15,105). 

Samim et al. reported on nine studies defining the diagnostic accuracy of 18F-FDG PET/CT imaging 
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following TA and seven studies defining the accuracy of conventional CECT imaging following TA. 

Samim et al. performed subgroup analysis for different time intervals between TA therapy and the 

follow-up imaging for evaluation of CRLM recurrence (1), lesion and patient-based analysis (2), and 

including/excluding patients with non-intrahepatic mCRC (3). We selected the accuracy values of our 

interest, which were patient-level sensitivity and specificity values with a time interval of at most 6 

months between TA therapy and follow-up imaging, and, including patients with potentially detected 

extrahepatic metastases (i.e., not oligometastatic liver disease only). Table 9 shows these sensitivity and 

specificity values. Note that the evidence from Table 9 represents asymmetric observational data. 

Table 9 Patient-level diagnostic performance of conventional CECT and when adopting 18F-FDG PET/CT respectively 

 Sensitivity (95%-CI) Specificity (95%-CI) 

Conventional CECT workup 81.8% (71.6-89.0) 98.2% (91.5-99.6) 

18F-FDG PET/CT workup 91.6% (83.7-95.8) 97.2% (90.8-99.2) 

The multivariate normal distribution was used to approximate any set of correlated random sensitivity 

and specificity values. The approximated normally distributed collection of correlated sensitivity and 

specificity values were projected on Beta distributions so that we avoided unrealistic extreme sensitivity 

and specificity rates (which were negative values and values≥1 respectively). Table 10 shows the mean, 

median, 25th percentile and 75th percentile of the approximated and beta-distributed sensitivity and 

specificity values used for simulation modelling. 

Table 10 Summary statistics of the sensitivity and specificity values used for simulation 

 Simulated sensitivity Simulated specificity 

Conventional CECT workup mean 85% mean 98% 

25th percentile 83% 25th percentile 98% 

Median 99% Median 99% 

75th percentile 99% 75th percentile 99% 

18F-FDG PET/CT workup mean 91% mean 97% 

25th percentile 90% 25th percentile 96% 

Median 99% Median 99% 

75th percentile 99% 75th percentile 99% 

We assumed that the correlation between the sensitivity and specificity is the same for the intervention 

group and comparator group. Furthermore, we assumed that the sensitivity of the intervention group at 

least equals the sensitivity of the comparator group (correlation=1). That is because if we adopt an extra 

imaging modality to routine first-line follow-up, we are always going to detect more lesions suspected 

of recurrence. As a result, the number of false-negative test results in the intervention group will never 

exceed the number of false-negative test results in the comparator group. 
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Costs 

Costs were determined from a healthcare perspective including the costs related to treatments and 

diagnostics (106). Treatment costs were approximated utilizing the hospital’s specific pricing included 

in the Dutch system of Diagnosis-Treatment Combinations (DBC). Costs for complications during 

treatment were expressed in prolonged hospitalization and/or additional interventional procedures 

received. Independent imaging costs were derived from the hospital’s reference prices with an effective 

date of July first, 2021. Furthermore, costs for end-of-life supportive care were assigned to patients who 

received any downstream patient management.  

An overview of all included health-related costs is given in Table 11. Note that pricing agreements may 

differ per hospital. Following the Dutch guidelines for health economic evaluations, annual discount 

rates of 4.0% were applied to all future costs (107–109). 

Table 11 Cost parameter values approximated utilizing the hospital's specific DBC pricing 

Cost parameter DBC pricing 1 Source 

CECT thorax-abdomen €234.98 (110) 

18F-FDG PET/CT (whole body) €1,298.82 (110) 

MRI Primovist/MRI abdomen €384.82 (110) 

CT-guided puncture liver €935.32 (110) 

Induction therapy (whole regimen) €2,224.93 2 (110) 

TA/low invasive metastasectomy €11,547.05 2 (110) 

Short hospital stay (<6 days) €3,221.56 2 (110) 

Prolonged hospital stay (<29 days) €9,038.56 2 (110) 

Extended hospital stay (≥29 days) €39,391.09 2 (110) 

rLAT procedure (averaged) €20,318.41 2 (110) 

Systemic therapy regimen (averaged) €10,672.41 2 (110) 

Supportive care (end-of-life care) €6,088.78 2 (110) 

1 Reflected hospital’s cost values for groups of patients (that is the average costs) 

2 Including costs of additional medication, complications solving, pain management and examinations 

Health effects 

Health-related utilities were derived from literature (111,112). The applied literature-based evidence on 

utilities was calculated from EQ-5D index scores and can be found in Appendix C. These utilities 

represent the valuation of health-related quality of life (HR-QoL) over time on a scale from zero (death) 

to one (perfect health). All evidence presented in Appendix C is averaged in Table 12. From the mean 

utility values for each disease state, it was clear that the disease-free group (=disease state 1) experienced 

a better quality of life than the group with recurrent CRLM (=disease states 2-4). (112)  

Disutilities were subtracted if treatment-related complications appeared. The disutility in case of 

complications was, on average, valued as 10% of perfect health, which was an assumption based on 

aggregated literature evidence and elicitation from the previously mentioned expert panel. (111) 
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Table 12 Mean health-related quality of life values for each disease state (112) 

Health state Mean value (SD) No. observations 

Death 0 (0) 349 

No recurrence (=disease state 1) 0.78 (0.23) 891 

Recurrence (=disease states 2-4) 

▪ LAT received 

▪ Systemic therapy received 

0.74 (0.25) 

0.82 (0.17) 

0.68 (0.28) 

450 

205 

245 

Non-curative care 0.67 (0.31) 162 

Finally, QALYs were calculated by the discounted sum of utilities over the lifelong evaluation period. 

Following the Dutch guidelines for health economic evaluations, annual discount rates of 1.5% were 

applied to all future health outcomes (107–109). 

9 Handling competing risks 

Different strategies for implementing competing risks in DES models are available. We decided to select 

our event first and the time-to-event second, because of its easy implementation. This approach strictly 

divided the data according to different event types and, consequently, was sensitive to low event rates 

which might affect the performance of our model negatively (113). 

To select events, we draw random numbers from the continuous uniform distribution with a specified 

range of (0,1). The way an event was determined based on a random draw and competing risks, is 

visualised in Figure 3. In this figure, for example, three events could occur with probability p1, p2, p3 

and p1+p2+p3=1 respectively. This principle was used for all events and competing risks in our model. 

 

Figure 3 Comparing strategies for modelling competing risks: event first, time-to-event second 

Reflecting variations in time-to-event data 

A three-step approach was applied for using parametric probability distributions, which consisted of 

fitting the distributions (1), checking the distribution fit (2) and drawing values from the distributions in 

the simulation model (3). Checking the distribution fit was ensured in two ways: a visual check by 

histogram density function overplots and a statistical check by the Akaike information (AIC) and 
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Bayesian information criteria (BIC). In some cases, variables were bound by natural limits. If so, 

truncated distributions were used. A summary of the three-step approach is given in Table 13.  

Table 13 Three-step approach for using parametric probability distributions 

Three-step 

approach 

Continuous non-censored data or fitting distributions 

based on summary statistics 

Fitting the 

distribution 

(1) Inspect the data 

(2) Fit multiple distributions 

Checking the 

distribution fit 

(1) Provide a goodness-of-fit test 

(2) Provide density functions histogram 

(3) Determine the statistical error AIC/BIC 

Propagate 

uncertainty 

(1) Trunk for extreme values (test for n=10,000) 

(2) Draw a random value from the corresponding distribution 

(3) Evaluate the model (run ≥ 1000 times) 

Typically, time-to-event distributions are survival distributions defined by two parameters (e.g., shape 

and scale). By subsetting the data based on the event of interest, time-to-event data was derived from 

the hospital’s clinical trial and complemented by a literature search. An overview of reflected variations 

in the time-to-event data for the corresponding model parameters is given in Table 14. 

Table 14 Reflecting variations in time-to-event data 

Time-to-event parameter Value 1 Uncertainty Distribution Source 

Response to induction therapy 195 meanlog=5.24, sdlog=0.29 Lognorm 5 7 

Hospitalization following LAT 

   if autonomous TA therapy 

   if complications 

   if TA and metastasectomy 

   if complications 

 

1 

11 

6 

17 

 

meanlog=0.060, sdlog=0.30 

shape=0.83, scale=9.22 

meanlog=1.67, sdlog=0.34 

shape=0.83, scale=9.22 

 

Lognorm 

Weibull 5 

Lognorm 

Weibull 5 

 

7 

7 

7 

7 

First-line follow-up by the 

comparator group 2 

118 mean=117.71, sd=28.19 Normal 5 7 

First-line follow-up by the 

intervention group 2 

118 mean=118.33, sd=26.66 Normal 5 7 

Progression-free survival (PFS) 3 

   if local recurrence 

   if non-local/distant recurrence 

 

284 

324 

 

meanlog=1.98, sdlog=0.73 

meanlog=2.00, sdlog=0.87 

 

Lognorm 5,6 

Lognorm 5,6 

 

(29,60) 

(29,60) 

Overall survival (OS) 4 

   if rLAT received 

   if systemic therapy received 

 

1402 

1266 

 

shape=2.93, scale=37.81 

shape=2.51, rate=0.060 

 

Log-logistic 6 

Gamma 6 

 

(29,60) 

(12,19) 

1 Base-case values in days, i.e., no parameter uncertainty incorporated; 2 Time-to-event data for all test results (no, local,  

non-local/distant recurrence detected respectively); 3 PFS probabilities of follow-up consisting of multiple lines of higher-order 

diagnostics scheduled; 4 Overall survival times during downstream intervention strategies consisting of repeat local and 

systemic interventions respectively; 5 Truncated distribution for lower and/or upper extreme (and negative) values following 

the hospital’s protocol; 6 The selection of time-to-event distributions can have a major impact on outcomes when extrapolating;  

7 Direct match with clinical trial data complemented by the hospital’s electronic patient database. 
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10 Cost-effectiveness analysis 

Incremental cost-effectiveness ratios (ICERs) were calculated by dividing the estimated mean difference 

in costs by the mean difference in quality-adjusted life years (QALYs). Health outcomes were also 

expressed in life years gained (LYGs) due to markedly variations in reported HR-QoLs in literature. 

Additionally, as a function of the willingness to pay (WTP) for a QALY, the cost-effectiveness 

acceptability curve (CEAC) was used to graph the probability that the intervention group is  

cost-effective compared to the comparator group. (114–117) In the Netherlands, WTP thresholds of 

€20,000 and €50,000 per QALY are recommended by the Dutch Council for Public Health and Health 

Care for conditions with an intermediate disease burden (108).  

Note that heterogeneous individuals moved through our DES model. Recording individual patient 

outcomes may be interesting, however, the clinical decision-making to be supported will be on cohort 

level (i.e. for the entire (sub)group of patients). Therefore, we assumed that individuals and society wish 

to maximize their health outcomes and aim to achieve the greatest benefit for the greatest number. (116) 

Moreover, in literature, it is argued that rules of inference are arbitrary and entirely irrelevant to the 

decisions which clinical and economic evaluations claim to inform. Decisions should be based only on 

the mean net benefits irrespective of whether differences are statistically significant or fall outside a 

Bayesian range of equivalence. (118) 

11 Probabilistic analyses 

Uncertainty refers to the fact that we cannot know with absolute certainty what the expected effects and 

costs of an intervention are. So, there will always be a chance that the wrong adoption decision is made 

resulting in potentially harming patients due to the consequences of the uncertainty. (89,119)  

The consequences of such uncertainty in input parameter values on model outcomes were assessed 

through probabilistic analysis (PA). PA was performed to reflect parameter uncertainty in the 

accumulated evidence used for the simulation analyses. The provided PAs were based on Monte Carlo 

simulations with 10,000 samples (=patients), which was a sufficiently large number to remove the 

impact of patient-level variation in the cost-effectiveness outcomes (see Appendix D).  

Five independent PAs were provided: the base case and varying scenarios (Table 15). Two scenarios 

reflected different levels of tumour spread after a false-negative test result and before receiving (delayed) 

treatment. Another two scenarios reflected prolonged survival times in case of favourable downstream 

rLAT received. 
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Table 15 PA preparation runs, the base case and the four scenarios listed 

PA scenario Implementation 

PA preparation runs We determined the number of samples (=patients) to simulate, which should 

be a sufficiently large number to remove the impact of patient-level variation 

(i.e. stochastic uncertainty) in cost-effectiveness outcomes. In this analysis, we 

did not incorporate parameter uncertainty (see Appendix D for results). 

PA – the base case PA base case reflected that all patients with a false-negative test result have a 

probability of 1/3 to develop intrahepatic residual/local metastases, a 

probability of 1/3 to develop intrahepatic non-local metastases and a 

probability of 1/3 to develop extrahepatic distant metastases before (delayed) 

treatment is received. 

Scenario A1 – the worst case 

for false-negative test results 

Scenario A1 reflected that all patients with a false-negative test result develop 

extrahepatic distant metastases before (delayed) treatment is received. 

Scenario A2 – the best case 

for false-negative test results 

Scenario A2 reflected that all patients with a false-negative test result develop 

intrahepatic residual/local metastases only (i.e., no further non-local/distant 

tumour spread) before (delayed) treatment is received. 

Scenario B1 – prolonged 

survival if favourable rLAT 

was provided 

In scenario B1 we assigned a prolonged survival time of 12 months if 

downstream rLAT was provided. In this way, we ensured that receiving 

downstream rLAT was more favourable than receiving downstream systemic 

therapy. The value of 12 months was based on literature evidence of the 

medians of overall survival times regarding both strategies (12,19,29,60). 

Scenario B2 – alternative for 

applied survival distribution 

if rLAT was provided 

Scenario B2 reflected the consequences of applying another time-to-event 

distribution for estimating overall survival times following downstream rLAT. 

In this scenario, we did not apply the log-logistic distribution as a parametric 

model for mortality rates, which initially increase and decrease later following 

LAT and CRLM restaging, but we used gamma-distributed time-to-event data 

defined by the parameters shape=3.20 and rate=0.074. 

12 Value of additional information 

Uncertainty analysis can serve two main purposes: assess confidence in a chosen course of action (1) 

and ascertain the value of collecting additional information to better inform the decision (2). In literature, 

it is argued that the evaluation of point estimates and uncertainty in parameters is part of a single process 

and explores the link between parameter uncertainty through decision uncertainty and the relationship 

to value of information analysis (89). Value of information (VOI) analysis gives insights into the amount 

a decision-maker should be willing to pay for more information before making a clinical decision to 

reduce the risk and consequences of making a wrong decision.  

After the PA was performed to characterize the decision uncertainty, we established the value of 

additional information. We determined the VOI in terms of the expected value of perfect information 
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(EVPI). The EVPI for an individual patient is the difference between the expected benefits of making a 

decision with perfect and current information available. We used the EVPI as a first hurdle in 

recommending further research because the EVPI is widely accepted as a criterion for ruling out research 

that would not be worthwhile. (120–122) In terms of research prioritization decisions, the EVPI is 

argued to be the most appropriate presentational technique, alongside CEACs, for representing decision 

uncertainty from the PA (89). 

The EVPI was determined by three parameters: the cost-effectiveness estimates given the information 

available (1), the uncertainty surrounding these cost-effectiveness estimates (2) and the opportunity loss 

determined by the WTP threshold (3). The EVPI could, without additional modelling, directly be 

calculated from the simulated results (i.e., QALYs combined with costs to inform decisions). We 

interpreted the EVPI as an upper bound on the returns from further research. If the population EVPI is 

bigger than the cost of additional research, then it is potentially cost-effective to do further research. 

When multiplying the EVPI for an individual patient by the expected population of patients who will 

benefit from the information, the maximum VOI derived from future research can be quantified. 

However, this required an estimate of the time over which the information would be beneficial (1), the 

number of patients concerned (2) and the discounting of present values (3). (122) Unfortunately, this 

information was not available. Therefore, we limited our VOI analysis by calculating the EVPI for an 

individual patient. 

Results 

The developed DES study consisted of multiple PAs. First, we provide PA cost-effectiveness outcomes 

for the base case. Afterwards, we explore PA cost-effectiveness estimates through scenario analyses. 

PA outcomes: the base case 

The mean number of events associated with the intervention and comparator group respectively, when 

simulating 10,000 runs of 10,000 patients with CRLM, is presented in Table 16. To point out, the mean 

number of residual/local recurrence observed in first-line follow-up in the intervention group compared 

to the comparator group was nearly doubled (1530 versus 888 cases). Further, the mean number of  

false-negative test results in first-line follow-up in the intervention group compared to the comparator 

group was nearly halved (737 versus 1374 cases). Lastly, on average, we observed a small increase in 

the number of consecutive LAT procedures provided in the case of the intervention group (4859 versus 

4755 cases) with the consequence that we could waive (or postpone) providing less favourable complex 

systemic therapy in a small number of patients (for at least 1% of the total simulated population). 
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Table 16 Mean number of events per strategy when simulating 10,000 runs of 10,000 patients 

 Intervention group Comparator group 

Description Number of events 1 (%) Number of events 1 (%) 

No recurrence observed in first-line follow-up (FU1) 3382 (34) 3783 (38) 

Residual/local recurrence observed in FU1 1530 (15) 888 (9) 

Any intrahepatic non-local recurrence observed in FU1 2003 (20) 1997 (20) 

Any extrahepatic distant recurrence observed in FU1 3085 (31) 3332 (33) 

True test result in FU1 9197 (92) 8582 (86) 

False-negative test result in FU1 737 (7) 1374 (14) 

False-positive test result in FU1 66 (1) 44 (0) 

No downstream treatment received 2 452 (4) 409 (4) 

Downstream rLAT received 4859 (49) 4755 (48) 

Downstream systemic therapy received 4689 (47) 4836 (48) 

1 The mean number of events when simulating 10,000 runs of 10,000 individual patients with CRLM; 2 It should not be allowed 

that the intervention and comparator group influence the mean number of patients developing no recurrence resulting in an 

undesirable varying number of patients receiving no downstream treatment (elaborated in section ‘Discussion’). 

The intervention group was estimated to provide 3.38 QALYs compared to 3.42 QALYs provided in 

the case of the comparator group over a lifetime horizon. Moreover, the intervention group was 

estimated to provide 5.08 LYGs compared to 4.98 LYGs in the case of the comparator group. 

Costs associated with LAT received and consecutive diagnosis of recurrent CRLM were estimated to be 

higher for the intervention group compared to the comparator group (€20,419.10 versus €18,870.90). 

However, when accounting for the aforementioned costs and including the estimated costs of 

downstream patient management, the care pathway costs estimated appeared to be lower for the 

intervention group compared to the comparator group (€39,254.01 versus €40,681.57). 

Finally, the summarised lifetime health and economic consequences in the case of the intervention group 

compared to the comparator group resulted in an ICER of €17,850.12 saved per QALY lost which was 

a non-dominant ratio, respectively, €14,668.67 saved per LYG which was a dominant ratio (Table 17). 

Table 17 Costs, QALYs and LYGs per strategy resulting in the base case ICER per QALY and LYG respectively 

Strategy Costs QALYs LYGs ICER (€/QALY) ICER (€/LYG) 

Intervention group €39,254.01 3.38 5.08 intervention group 

non-dominant 

€17,850.12  

saved per QALY lost 

intervention group 

dominant 

€14,668.67 

saved per LYG 

Comparator group €40,681.57 3.42 4.98 

The joint distribution in Figure 4 presents the incremental costs (in Euros) and health benefits  

(in QALYs) of the intervention group compared to the comparator group. Incremental cost-effectiveness 

point estimates above the horizontal can be considered cost increasing and point estimates to the right 
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of the vertical can be considered clinically beneficial. Point estimates below the diagonal represent 

simulations in which the intervention group was a cost-effective alternative compared to the comparator 

group given the Dutch WTP threshold of €20,000/QALY. The ellipsoid shape of the joint distribution 

indicates a clear correlation between incremental costs and incremental effects. 

 

Figure 4 The incremental cost-effectiveness plane presents the ICER obtained through PA. Point estimates below the 

diagonal represent simulations in which the intervention group was cost-effective at a WTP threshold of €20,000/QALY 

We transformed the results of the cost-effectiveness plane to the CEAC. Figure 5 shows the CEAC as a 

function of the WTP for a QALY. It shows that the intervention group was cost-effective at WTP 

thresholds of €20,000/QALY and €50,000/QALY in 54.0% and 43.6% of the simulations respectively. 

Accordingly, the comparator group was estimated to be the preferred strategy over the intervention 

group at the aforementioned WTP thresholds in 46.0% and 56.4% of the simulations respectively.  

 

Figure 5 The CEAC assesses the probability that the intervention group  

was the cost-effective strategy as a function of the WTP threshold (for the base case PA) 
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Figure 6 shows the EVPI at different WTP thresholds. The EVPI increases as the threshold increases. 

The reason for this is that the EVPI increases with increasing uncertainty and with increasing 

consequences of making a (wrong) decision. Figure 6 demonstrates that the EVPI shows a nearly 

exponential rise, after which the curve flattens. Up to the point where the threshold value equals the 

value of the ICER (=where the dashed lines meet), the EVPI is nearly exponentially increasing because 

the uncertainty surrounding the adoption decision is increasing (=error probability is increasing), as is 

the value applied to the consequences of making an incorrect decision. After this point, the uncertainty 

in the adoption decision is flattening while the consequences associated with making an (in)correct 

decision continue to rise. It demonstrates that the falling, however nonnegligible, error probability is 

being outweighed by the costs of making an incorrect decision. 

 

Figure 6 The EVPI for an individual patient in the base case PA 

PA outcomes: scenarios for estimating the consequences of false-negative test results 

It was reflected that all patients with a false-negative test result developed extrahepatic distant 

metastases before (delayed) treatment received (=worst case), respectively, developed local/residual 

intrahepatic metastases only (i.e., no further non-local or distant tumour spread) before (delayed) 

treatment received (=best case). Table 18 shows the results. 

It can be seen that the consequences of the extent of tumour spread before (delayed) treatment received 

in the consecutive patient management were minimal. As a result, its impact on lifetime health and 

economic outcomes was negligible. The ICER estimates (€/QALY) fluctuated negligibly between the 

worst case and best case scenario (range from €23,188.22 to €23,902.68 saved per QALY lost) resulting 

in estimates which turned out to be strictly larger than the Dutch WTP threshold of €20,000/QALY for 

conditions with an intermediate disease burden.   
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Table 18 Worst and best case simulation results when varying the tumour spread before (delayed) treatment was received 

 Intervention group Comparator group 

 Number of events 1 (%) Number of events 1 (%) 

Description Worst case Best case Worst case Best case 

No recurrence observed in first-line follow-up (FU1) 3433 (34) 3438 (34) 3777 (38) 3786 (38) 

Residual/local recurrence observed in FU1 1507 (15) 1516 (15) 885 (9) 885 (9) 

Any intrahepatic non-local recurrence observed in FU1 1993 (20) 1996 (20) 1991 (20) 1997 (20) 

Any extrahepatic distant recurrence observed in FU1 3067 (31) 3050 (31) 3347 (33) 3332 (33) 

True test result in FU1 9183 (92) 9184 (92) 8581 (86) 8583 (86) 

False-negative test result in FU1 752 (7) 750 (7) 1375 (14) 1373 (14) 

False-positive test result in FU1 65 (1) 66 (1) 44 (0) 44 (0) 

No downstream treatment received 2 457 (5) 459 (5) 407 (4) 410 (4) 

Downstream rLAT received 4627 (46) 4622 (46) 4324 (43) 4321 (43) 

Downstream systemic therapy received 4916 (49) 4919 (49) 5269 (53) 5269 (53) 

Below, the summarised lifetime health and economic consequences 

Costs €39,019.20 €39,045.57 €40,241.94 €40,267.52 

QALYs 3.35 3.35 3.40 3.40 

LYGs 5.11 5.11 4.99 5.00 

Resulting ICERs Worst case Best case 

ICER (€/QALY)  intervention group 

non-dominant 

€23,902.68  

saved per QALY lost 

intervention group 

non-dominant 

€23,188.22 

saved per QALY lost 

ICER (€/LYG) intervention group 

dominant 

€10,481.23 

saved per LYG 

intervention group 

dominant 

€10,505.91 

saved per LYG 

1 The mean number of events when simulating 10,000 runs of 10,000 individual patients with CRLM; 2 It should not be allowed 

that the intervention and comparator group influence the mean number of patients developing no recurrence resulting in an 

undesirable varying number of patients receiving no downstream treatment (elaborated in section ‘Discussion’). 

PA outcomes: scenarios for estimating the consequences of prolonged survival if LAT received 

The first scenario reflected a prolonged survival time of 12 months if rLAT was received (Table 19). It 

demonstrates that the health outcomes increased considerably (e.g., the QALYs gained increased by 

0.28 and 0.34 for the intervention and comparator group respectively). Consequently, the ICER values 

also increased from €17,850.12 to €18,513.09 saved per QALY lost. 

Another scenario reflected the consequences of applying gamma-distributed time-to-event data defined 

by the parameters shape=3.20 and rate=0.074, instead of applying the log-logistic distribution, for 

estimating the overall survival times if rLAT was received (Table 20). It demonstrates that the 
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distribution applied substantially affected the ICER. The ICER estimates (€/QALY) fluctuated 

considerably between the scenarios (range from €17,850.12 to €27,718.13 saved per QALY lost) 

resulting in estimates which turned out to be either larger or smaller than the Dutch WTP threshold of 

€20,000/QALY for conditions with an intermediate disease burden. 

Table 19 Costs, QALYs and LYGs per strategy resulting in the new ICER per QALY and LYG respectively 

when a prolonged survival time of 12 months was rewarded if rLAT was received 

Strategy Costs QALYs LYGs ICER (€/QALY) ICER (€/LYG) 

Intervention  

group 1 

€38,924.47 

(€39,254.01) 

3.66 

(3.38) 

5.56 

(5.08) 

intervention group 

non-dominant 

€18,513.09 

saved per QALY lost 

(€17,850.12) 

intervention group 

dominant 

€15,628.60 

saved per LYG 

(€14,668.67) 

Comparator  

group 1 

€40,798.91 

(€40,681.57) 

3.76 

(3.42) 

5.44 

(4.98) 

1 For smooth comparison, the original health outcomes of the base case are shown in brackets 

Table 20 Costs, QALYs and LYGs per strategy resulting in the new ICER per QALY and LYG respectively 

when gamma-distributed time-to-event data was assigned to the estimated overall survival times if rLAT was received 

Strategy Costs QALYs LYGs ICER (€/QALY) ICER (€/LYG) 

Intervention  

group 1 

€39,272.40 

(€39,254.01) 

3.32 

(3.38) 

5.02 

(5.08) 

intervention group 

non-dominant 

€27,718.13 

saved per QALY lost 

(€17,850.12) 

intervention group 

dominant 

€12,039.72 

saved per LYG 

(€14,668.67) 

Comparator  

group 1 

€40,648.37 

(€40,681.57) 

3.37 

(3.42) 

4.91 

(4.98) 

1 For smooth comparison, the original health outcomes of the base case are shown in brackets 

In addition, applying gamma-distributed time-to-event data for estimating the overall survival times if 

rLAT was received, affected the uncertainty surrounding the cost-effectiveness estimates (Figure 7). 

Clearly, the number of extreme values decreased so that the unique point estimates with extreme values 

such as 2 QALYs lost, respectively, 3 QALYs lost (while saving of costs) no longer occurred. 

 

Figure 7 Applying gamma-distributed time-to-event data for estimating the overall survival times if rLAT was received. 

Estimates below the diagonal represent simulations in which the intervention group was cost-effective (WTP €20,000/QALY) 
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Conclusions 

This economic evaluation estimated the cost-effectiveness of adopting 18F-FDG PET/CT in first-line 

follow-up compared to conventional CECT workup. Adopting 18F-FDG PET/CT resulted in a nearly 

doubled mean number of residual/local recurrences observed. Furthermore, the mean number of  

false-negative test results was nearly halved. Consequently, we observed a small increase in the number 

of LAT procedures provided when adopting 18F-FDG PET/CT in first-line follow-up, such that we could 

waive (or postpone) providing less favourable complex systemic therapy in a meaningful number of 

patients.  

However, adopting 18F-FDG PET/CT was not proved to be a cost-effective alternative to conventional 

follow-up by CECT. Specifically, the uncertainty surrounding the cost-effectiveness estimates was 

demonstrated in the incremental cost-effectiveness planes (Figures 4,7). In addition, conclusions about 

our findings regarding lifetime health and economic consequences should be made with caution as the 

results of the scenario analyses did not prove to be quite robust. Accordingly, ICER estimates (€/QALY) 

fluctuated considerably between the discussed scenarios. 

Discussion 

Complexity in the CRLM care pathway regarding LAT, systemic therapy and multiple lines follow-up 

diagnostics is unlikely to be resolved by randomized controlled clinical trials only, indicating an 

opportunity for DES modelling utilizing observational data to provide information on optimal 

intervention and diagnostics sequencing (123–125). The ever-increasing pressure to ensure the most 

efficient and effective use of limited health service resources will also encourage clinicians and policy 

makers to make use of modelling solutions (92). From a policy perspective, the value of model-based 

analysis lies not simply in its ability to generate a precise point estimate for a specified health outcome, 

but also in the systematic examination and responsible reporting of uncertainty surrounding the ultimate 

clinical decision-making being addressed (89,126).  

Despite the estimated mean number of false-negative test results that was nearly halved, adopting  

18F-FDG PET/CT in routine first-line follow-up was not proven to be cost-effective over conventional 

follow-up by CECT. Hence, our health-economic simulation results are in line with the overall 

conclusions of previous cost-effectiveness studies published in which compelling cost-effectiveness 

outcomes are also absent (8,10). There are several reasons for this absence but it all comes down to the 

quality and quantity of observational data available resulting in a large uncertainty surrounding the 

parameter values used for simulation. Most importantly, the aforementioned studies had to deal with a 

small study population (n<50) while no standard biopsy was taken of suspected tumour lesions (1). Also, 

there is much uncertainty surrounding survival rates, quality of life and the assigned costs regarding 
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sequentially received downstream treatment procedures (2). Moreover, there is little evidence available 

on CRLM progression rates over time (3). And, the consequences of individual lesion-based false test 

results without a disease state shift at patient-level remain unclear (4). 

Moreover, the existing literature on the cost-effectiveness of adopting 18F-FDG PET/CT in routine  

first-line follow-up is very limited and has taken different approaches in terms of modelling methods, 

model structures and the time horizon of simulation. Consequently, this results in considerably different  

cost-effectiveness point estimates. Because of the lack of model validation and the wide variation in 

structural assumptions, the exact cost-effectiveness of adopting 18F-FDG PET/CT in routine first-line 

follow-up remains highly uncertain in current literature. 

Clear is that the improved accuracy of first-line follow-up when adopting 18F-FDG PET/CT strongly 

underlines the incremental interest and benefits of minimally invasive TA therapy. The increased 

sensitivity resulted in the detection of smaller tumours which are more amendable to rLAT, and, which 

can postpone complex systemic therapy. Accordingly, in the existing literature on the clinical use of  

18F-FDG PET/CT, it is suggested that the use of 18F-FDG PET/CT can lead to a change in the primarily 

intended patient management in up to 20% of all CRLM patients. (5,10,16,70,73,84–101) 

Our cost-effectiveness study has several limitations that may restrict the interpretation of our simulation 

results for daily clinical practice. First of all, our DES model is a simplified reflection of clinical practice 

and the accuracy of the estimated probabilities, particular time-to-event data, costs and utilities are 

dependent on the availability and quality of representative literature source data. Note that this is a 

limitation of all model-based cost-effectiveness analyses. 

The overall survival curves of the reported downstream treatment strategies and the progression-free 

survival curves of higher-order follow-up were based on such literature evidence (12,19,29,60). The 

survival curves were digitized for particular time points and the number at risk at the beginning of each 

interval was calculated. The reliability of the reconstructed and digitized data depended on two related 

elements: the quality of the initial input (1) and the level of information provided by the publication (2). 

(103) Noteworthy, we experienced implementation struggles while undertaking the initial digitization 

and pre-processing of the survival data via multiple open-source digitizing software.  

Furthermore, the inability to derive separate survival curves for different subgroups or to model the joint 

effects of covariates and treatment with the algorithm of Guyot et al. might affect the estimated treatment 

effects due to aggregation bias. Aggregation over the covariate tends to bias the treatment effects 

towards the null, and the extent of the bias increases with the strength of the covariate effect. (103,144) 

In general, biases can significantly affect health economic outcome estimates and should be minimised. 

Typically, there is a substantial difference between theoretical study results and real-life observations 

due to bias and confounding factors. (145)  
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Therefore, we extensively compared the reconstructed survival data with the results reported in the 

original publication (e.g., survival probabilities, medians, hazard ratios). The reported outcomes were 

somewhat striking since the digitized survival times of systemic therapy were not strongly 

differentiating from the survival times of rLAT. Despite the reported inclusion and exclusion criteria, it 

proved difficult to determine whether the study populations of the studies consulted were entirely 

appropriate comparators. It also remained unclear whether unconscious selection bias occurred within 

the consulted studies. 

Second, the magnitude of uncertainty when extrapolating survival curves may be substantial. This is an 

issue for all time-to-event studies where extrapolation is unavoidable. In literature, differences in 

estimates of uncertainty are collectively observed even when models provided near-identical point 

estimates. (97–102) 

Third, applied was a model structure that was process-oriented and treatment-driven incorporating a 

detailed colorectal liver disease-specific clinical care pathway. Adopting a treatment-driven structure 

was preferable over a health-state-driven structure to reflect the complex pathway and the dynamics of 

clinical practice more realistically (123,124). However, reflecting multiple treatment lines with varying 

imaging modalities, different adverse events and their impact on health outcomes while considering 

downstream effects of patients’ treatment history, proved to require a substantial number of model states 

and assumptions regarding the occurrence of CRLM recurrence, that we decided to average the cost and 

health outcomes of downstream treatments. As a consequence of our model focusing on a single LAT 

procedure with multiple lines of diagnostic follow-up while only averaging the consequences of 

downstream treatment strategies, there was a profound source of structural uncertainty implying the 

cost-effectiveness of multiple sequential treatment strategies across the CRLM care pathway remained 

highly uncertain. 

Fourth, when classifying all unique and raw observations on both imaging modalities from the 

multidisciplinary evaluation of first-line follow-up diagnostics to a set of four mutually exclusive and 

collectively exhaustive disease states, loss of information was unavoidable (i.e., a unique patient with 

intrahepatic and extrahepatic tumour lesions was classified to the same disease state as another patient 

with extrahepatic tumour lesions only).  

In particular, we must be very careful when interpreting false-negative test results. For all disease states 

where CRLM recurrence was correctly indicated, we may overlook individual tumour lesions whereas 

it would not be noticed as a false-negative test result by our model. The reason is that the incorporated 

evidence was not sufficient to distinguish lesion-based analysis in our patient-level model 

(e.g., you need to know the probability of a negative test result for an individual tumour cell within the 

group of patients with proven intrahepatic respectively extrahepatic CRLM, as well as the probability 

of a positive test result for an individual tumour cell within these disease states). 
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Consequently, we argue that the true added value of adopting 18F-FDG PET/CT in first-line follow-up 

is systematically underestimated. On the other hand, we have to consider that false-negative test results 

are about missing the smaller and less dangerous tumour cells. Moreover, some tumour cells (i.e., micro 

cancer cells) will never be detected by any imaging modality. But for convenience, our model assumed 

that all tumour cells are detected after finishing the total follow-up duration (a period of at most twelve 

years). So that after multiple lines of higher-order follow-up no single tumour cell remained undetected. 

Further, note that after the multidisciplinary evaluation of the first-line follow-up diagnostics, a second 

view of the same two observers appointed from the expert panel was realized and consensus was reached 

if any disagreement occurred between two assessments of the same imaging modality. In the case of 

assessing the 18F-FDG PET/CT scans, no inter-observer variability was shown. But the assessments of 

the conventional CECT scans showed inter-observer variability and consensus was reached for a dozen 

CECT scans. Typically, in all cases reaching consensus meant a repair of a false-negative to a true 

positive test result. In daily clinical practice, however, a single expert is assessing the CECT scans and 

such a repair would not be possible. Therefore, we argue that our simulation study is underestimating 

the number of false-negative CECT scans compared to what would be expected in daily clinical practice. 

For all disease states where patient-level recurrence was correctly indicated, false-positive individual 

tumour lesions could also arise. Again, the reason is that incorporated evidence was not sufficient to 

distinguish lesion-based analysis in our patient-level model. Dependent on the type of downstream 

patient management, false-positive individual tumour lesions within the correctly indicated disease state 

might introduce unnecessary operating costs to the healthcare system and are burdensome to the patient. 

In the case of systemic therapy, probably no extra costs or health burden on patients was introduced 

(i.e., other true positive tumour lesions still benefit from the therapy) but if LAT was provided 

unnecessary operating costs and health burden on patients were introduced (i.e., LAT may be received 

for a segment of purely healthy liver tissue). 

Fifth, in literature, reported HR-QoLs vary markedly between studies and this adds to the uncertainty 

regarding our cost-effectiveness estimates. Despite several publications about CRLM-related HR-QoLs, 

there did not exist a recent publication that was methodologically robust with a full range of values for 

all health states of our interest. (111) Therefore, health outcomes were also expressed in LYGs. 

Sixth, due to the absence of biopsies taken of suspected tumour lesions in the hospital data, we used 

aggregated literature evidence on the diagnostic performance of the imaging modalities consulted. The 

literature-based estimated performance projected on the hospital data resulted in a biased a priori 

probability to develop no recurrence over a lifetime horizon when a patient is assigned to the intervention 

group that is, in the base case, 0.4% higher than in the comparator group. Consequently, there existed a 

biased a priori probability to develop CRLM recurrence over a lifetime horizon when a patient is 

assigned to the intervention group that is, in the base case, 0.4% lower than in the comparator group. 
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This small difference originated because we combined aggregated literature evidence with patient-level 

hospital data available and can be solved by minimally correcting for the ratios of false-negative and 

false-positive test results. 

Seventh, we overestimated the mean value of the sensitivity of conventional first-line follow-up by 

CECT used for simulation (Table 10) compared to the mean sensitivity value of the asymmetrically 

distributed evidence from literature (Table 9) by almost 4%. Even more striking was that the estimated 

median values of the sensitivity and specificity of both imaging strategies were unrealistically high and, 

therefore, almost completely non-distinguishing. As a consequence of the overestimated mean value of 

the sensitivity of conventional CECT (1) and the extremely skewed distribution of the sensitivity and 

specificity of both imaging strategies (2) used for simulation, we overestimated the diagnostic 

performance of the comparator group relatively to the intervention group and compared to what would 

be realistic for clinical practice. Finally, the chance that the intervention group would be accepted as 

standard care decreased drastically. 

Further, it should be emphasized that the discussed EVPI represents a maximum value of additional 

research. As long as the cost of a given research project is less than the EVPI, there is at least a potential 

of representing efficient use of resources. To decide if further research will be worthwhile and identify 

an efficient research design, we need to consider the marginal benefits and marginal cost of sample 

information. VOI analysis can be extended to establish the expected value of sample information for 

particular research designs and to compare these expected benefits of research to the expected costs. 

This type of analysis provides a societal payoff to alternative designs and can be used to establish optimal 

sample size, optimal allocation of patients within a clinical trial and appropriate follow-up workup. (122) 

Lastly, it should be recognized that some interesting subjects were out of the scope of our study. We did 

not consider the patient’s preference and adherence to treatment procedures and diagnostic follow-up. 

Also, we did not consider the hospital’s capacity allocation and potential waiting lists. Furthermore, 

during the clinical trial, we did not report on any comorbidities or secondary cancer diseases presented. 

We wrap up by addressing the use of observational data as applied in our simulation study. In literature, 

observational studies based on real-world data have been recognized as a valuable source of evidence 

for comparative cost-effectiveness research in oncology. In particular, when evidence from randomized 

controlled trials is not available (1) or when results from these trials only apply to a selected group of 

patients (2). Although observational studies are subject to selection bias, careful analysis of real-world 

data has the potential to provide valuable information on the comparative cost-effectiveness of different 

diagnostics. However, regardless of whether clinical outcomes of different patient management are 

studied through clinical trials or observational studies, it remains highly challenging to translate results 

from these studies to an optimal care pathway that informs patient management across multiple 

downstream lines of interventions. (123–125) Moreover, it is argued that the hospital’s diagnostic 
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surveillance schedules are most intensive during the first three years than at later time points, but there 

is no consensus on the optimal surveillance interval. (74,127,130,146,147) This strongly contributes to 

the uncertainty surrounding the ultimate downstream patient management being addressed.  

Implications for clinical practice and further research 

Model-based analysis is an unavoidable fact of life in health economic evaluations (148,149). Our DES 

modelling study contributes to a scientific foundation on how to reach a cost-effective follow-up care 

pathway for patients with CRLM. This study provided insights into the benefits of adopting  

18F-FDG PET/CT in routine first-line follow-up under various scenarios without intervening in the real 

process. Keeping this in mind, this study served as a bridge between clinical practice and mathematical 

modelling. It supported clinical decision-making by simulation modelling and analysis in which we used 

computer technology to estimate time-to-events, which is similar to what we would do in a randomized 

controlled clinical trial.  

This explorative study could be seen as the first step for further clinical research regarding the added 

value of 18F-FDG PET/CT in the restaging of CRLM. This study could potentially influence daily 

clinical practice, but further investigations should be performed to determine the cost-effectiveness 

when comprehensively incorporating multiple lines of sequentially provided downstream treatment 

strategies. 
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Appendix A 

A probability of non-disease-related death was derived from available Dutch demographic data. This 

all-cause probability of death was assigned to each patient based on the age of the patient. Table 21 

visualises the Dutch averaged age-dependent survival times for the period 2016-2020. 

Table 21 Averaged Dutch age-dependent and non-disease-related life expectancy (period 2016-2020) 

Age Mortality rate Cumulative survival rate Life expectancy 

0 0,003218 0,996782 81,696 

1 0,000464 0,996319 81,46 

2 0,000184 0,996136 80,496 

3 0,000112 0,996025 79,51 

4 0,000104 0,995921 78,52 

5 0,00007 0,995851 77,53 

6 0,000096 0,995756 76,53 

7 0,000056 0,9957 75,54 

8 0,000064 0,995636 74,544 

9 0,00006 0,995576 73,55 

10 0,000058 0,995519 72,556 

11 0,000058 0,995461 71,556 

12 0,000078 0,995383 70,564 

13 0,000078 0,995306 69,566 

14 0,000108 0,995198 68,572 

15 0,00013 0,995069 67,58 

16 0,000148 0,994922 66,59 

17 0,000166 0,994756 65,6 

18 0,000218 0,99454 64,612 

19 0,000254 0,994287 63,624 

20 0,000292 0,993997 62,638 

21 0,000258 0,99374 61,658 

22 0,000284 0,993458 60,674 

23 0,000292 0,993168 59,69 

24 0,000288 0,992882 58,706 

25 0,000292 0,992592 57,722 

26 0,000286 0,992308 56,742 

27 0,000342 0,991969 55,758 

28 0,000346 0,991625 54,774 

29 0,00036 0,991268 53,794 

30 0,00038 0,990892 52,812 

31 0,000384 0,990511 51,832 

32 0,000428 0,990087 50,854 

33 0,00049 0,989602 49,876 

34 0,00045 0,989157 48,9 

35 0,000538 0,988625 47,922 
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36 0,000542 0,988089 46,946 

37 0,000572 0,987524 45,972 

38 0,000652 0,98688 45 

39 0,00068 0,986209 44,026 

40 0,000712 0,985507 43,056 

41 0,00082 0,984698 42,086 

42 0,000894 0,983818 41,12 

43 0,001008 0,982826 40,158 

44 0,001128 0,981718 39,198 

45 0,001224 0,980516 38,24 

46 0,001322 0,97922 37,288 

47 0,001492 0,977759 36,334 

48 0,001664 0,976132 35,39 

49 0,001784 0,974391 34,448 

50 0,001922 0,972518 33,51 

51 0,002266 0,970314 32,572 

52 0,002536 0,967853 31,646 

53 0,00276 0,965182 30,724 

54 0,00304 0,962248 29,806 

55 0,003412 0,958965 28,896 

56 0,003686 0,95543 27,992 

57 0,004156 0,951459 27,096 

58 0,004562 0,947119 26,206 

59 0,00511 0,942279 25,326 

60 0,005664 0,936942 24,452 

61 0,006308 0,931032 23,59 

62 0,007004 0,924511 22,738 

63 0,007618 0,917468 21,89 

64 0,008454 0,909711 21,054 

65 0,009124 0,901411 20,23 

66 0,010092 0,892314 19,412 

67 0,010906 0,882583 18,606 

68 0,011992 0,871999 17,806 

69 0,013132 0,860548 17,014 

70 0,014454 0,848109 16,234 

71 0,016008 0,834533 15,466 

72 0,017804 0,819675 14,71 

73 0,01963 0,803584 13,966 

74 0,021796 0,78607 13,234 

75 0,024324 0,766949 12,518 

76 0,027284 0,746024 11,822 

77 0,030046 0,723609 11,138 

78 0,033482 0,699381 10,466 

79 0,03787 0,672895 9,81 

80 0,043184 0,643837 9,176 
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81 0,048262 0,612764 8,568 

82 0,055068 0,57902 7,974 

83 0,062608 0,542769 7,412 

84 0,070844 0,504317 6,874 

85 0,080656 0,463641 6,36 

86 0,092662 0,420679 5,874 

87 0,105016 0,376501 5,424 

88 0,119386 0,331552 4,998 

89 0,134266 0,287036 4,606 

90 0,152346 0,243307 4,246 

91 0,168792 0,202239 3,916 

92 0,187974 0,164223 3,61 

93 0,209098 0,129884 3,33 

94 0,231226 0,099852 3,08 

95 0,25312 0,074577 2,854 

96 0,27637 0,053966 2,646 

97 0,303366 0,037595 2,472 

98 0,318636 0,025616 2,33 

99 0,373104 0,016058 2,184 
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Appendix B 

The Kaplan-Meier (KM) estimator is a non-parametric statistic used to estimate the survival function 

from lifetime data. To enhance the quality of secondary data analyses, we applied a method which 

derives from published KM survival curves a close approximation to the original individual patient-

level time-to-event data from which they were generated. The algorithm of Guyot et al. maps from 

digitized curves back to KM data by finding numerical solutions to the inverted KM equations using the 

information on the number of events and the numbers at risk.  

The algorithm of Guyot et al. is incorporated in R version 4.1.2 (R Foundation for Statistical Computing, 

Vienna, Austria; http://www.R-project.org/), package survHE version 1.1.2 (150). 

Notice that we checked and justified which distribution was best by visual checks (e.g., Q-Q plots,  

P-P plots, histograms and density plots) and statistical checks (e.g., AIC, BIC). Final results are given 

in Figures 8 and 9. For more detailed information, see the accompanied r-file named ‘Data Analysis’. 

In Figure 8, the time points, when reaching the median values of both downstream treatment strategies1, 

clearly vary in favour of rLAT. The reason is that patients receiving LAT have, a priori, better survival 

probabilities (e.g., these are patients with, on average, less tumour spread and a better clinical condition). 

 

Figure 8 Visualised overall survival times for downstream rLAT (solid line) and systemic therapy (dashed line) 

 
1 The median value was assumed to be 0.5 because each patient starts in perfect health (value=1) and will 

eventually not survive (value=0). 
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Local/residual recurrence in the ablation or resection zone following TA therapy indicates the strength 

of the provided intervention. Intrahepatic non-local and extrahepatic distant metastases indicate the 

degree of aggressiveness of colorectal liver disease. Early tumour detection ensures that we minimalize 

extrahepatic tumour spread. Also, early detection ensures that tumours are relatively small and can be 

treated with minimally invasive interventions with minimal risks of adverse events.  

Figure 9, below, underlines these considerations. It shows the PFS rates following TA therapy. It is 

expected that residual/local recurrence is, on average, detected earlier (in time) but less often (in number) 

compared to intrahepatic non-local and extrahepatic distant CRLM respectively. 

 

Figure 9 Visualised PFS rates after TA therapy. The solid line shows the PFS rates for residual/local recurrence.  

The dashed line shows the PFS rates for intrahepatic non-local and extrahepatic distant recurrence respectively  
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Appendix C 

The applied literature-based evidence on HR-QoLs was calculated from the EQ-5D index scores and 

can be found in Tables 22-25 (112). The utility tables reflect HR-QoL values for groups of patients  

(that is the average utilities). The tables are categorized by the defined disease states (1) and the 

downstream treatment strategy received (2). Tables 22 and 23 reflect HR-QoL values in case of 

developing no recurrence, respectively, developing recurrence. Tables 24 and 25 reflect HR-QoL values 

in the case of rLAT, respectively, systemic therapy received. Note that all HR-QoL values were 

truncated for a maximum upper value and a minimum lower value resulting in a restricted predefined 

range of [-0,59;0.92] (112). 

Table 22 Reflecting the disease state: developing no recurrence (112) 

Time after TA therapy received Mean HR-QoL value SEM No. SD 

0 (=baseline value) 0,8202 0,012209 117 0,132057 

3 weeks 0,573807 0,027747 103 0,281601 

6 weeks 0,72586 0,023307 97 0,229552 

3 months 0,798002 0,018313 91 0,174695 

6 months 0,830189 0,023862 70 0,199647 

9 months 0,810211 0,024972 60 0,193434 

12 months 0,833518 0,022752 54 0,167196 

15 months 0,82242 0,022752 43 0,149198 

18 months 0,781354 0,039401 43 0,258367 

21 months 0,804661 0,036071 41 0,230967 

24 months 0,804661 0,036071 38 0,222357 

27 months 0,833518 0,024417 38 0,150518 

30 months 0,809101 0,027747 35 0,164153 

33 months 0,780244 0,04717 30 0,25836 

36 months 0,758047 0,045505 34 0,265337 

Abbreviations: SEM=standard error of the mean, No.=number of patients, SD=standard deviation 

Table 23 Reflecting the disease state: developing local/residual, non-local and/or distant recurrence (112) 

Time after TA therapy received Mean HR-QoL value SEM No. SD 

0 (=baseline value) 0,8202 0,012209 117 0,132057 

3 weeks 0,573807 0,027747 103 0,281601 

6 weeks 0,72586 0,023307 97 0,229552 

3 months 0,784205 0,031146 16 0,124583 

6 months 0,660734 0,058954 34 0,34376 

9 months 0,720801 0,047831 37 0,290944 

12 months 0,806452 0,021691 41 0,138889 

15 months 0,709677 0,031146 45 0,208932 

18 months 0,751947 0,027253 44 0,180773 

21 months 0,756396 0,025584 44 0,169705 

24 months 0,760845 0,036151 43 0,23706 
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27 months 0,765295 0,03337 39 0,208398 

30 months 0,746385 0,035595 37 0,216517 

33 months 0,72525 0,039488 33 0,226843 

36 months 0,570634 0,064516 36 0,387097 

Abbreviations: SEM=standard error of the mean, No.=number of patients, SD=standard deviation 

Table 24 Reflecting the downstream treatment: rLAT received (112) 

Time after LAT received Mean HR-QoL value SEM No. SD 

3 months 0,800441 0,03473 12 0,120308 

6 months 0,735391 0,067255 21 0,3082 

9 months 0,803749 0,019846 19 0,086505 

12 months 0,853363 0,015987 21 0,073261 

15 months 0,768467 0,021499 20 0,096148 

18 months 0,848953 0,017089 20 0,076426 

21 months 0,841235 0,023153 19 0,100923 

24 months 0,833517 0,024256 17 0,100009 

27 months 0,818082 0,059537 16 0,238148 

30 months 0,850055 0,025358 13 0,091431 

33 months 0,767365 0,07387 10 0,233597 

36 months 0,733186 0,07387 15 0,286097 

Abbreviations: SEM=standard error of the mean, No.=number of patients, SD=standard deviation 

Table 25 Reflecting the downstream treatment: systemic therapy received (112) 

Time after systemic therapy received Mean HR-QoL value SEM No. SD 

3 months 0,54415 0,102097 13 0,368116 

6 months 0,54415 0,102097 13 0,368116 

9 months 0,636865 0,088852 18 0,376968 

12 months 0,754967 0,038079 20 0,170297 

15 months 0,666667 0,050773 25 0,253863 

18 months 0,675497 0,048565 24 0,23792 

21 months 0,696468 0,04415 25 0,220751 

24 months 0,713024 0,056291 26 0,287031 

27 months 0,737307 0,039183 23 0,187916 

30 months 0,699779 0,05298 24 0,259549 

33 months 0,713024 0,048565 23 0,23291 

36 months 0,453642 0,094923 21 0,434991 

Abbreviations: SEM=standard error of the mean, No.=number of patients, SD=standard deviation 
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Appendix D 

To determine the number of samples (=patients) to simulate, we provided a base case analysis (BCA). 

In this analysis, we did not incorporate parameter uncertainty, however, we incorporated stochastic 

uncertainty. Idea was that we wanted to determine the number of patients to simulate, which should be 

a sufficiently large number to remove the impact of patient-level variation in our cost-effectiveness 

outcomes. Therefore, we needed to get insights into the distribution of the data of the outcomes of our 

interest (e.g., the amount of QALYs gained and/or the costs made for the intervention group and 

comparator group respectively). An appropriate method for displaying this was by providing boxplots, 

which show us if our data is symmetric, tightly grouped and skewed while increasing the number of 

simulated patients. It also shows us outliers (point estimates ≥ 1.5*Interquartile Range + the 75th 

percentile of our data). On the next pages, we show such boxplots for the costs made, the amount of 

LYGs and the amount of QALYs gained when a patient walks through the CRLM care pathway, given, 

a fixed number of 100 runs provided (Figures 10-15). 

Table 26 shows the calculated ICER values for BCA while increasing the number of simulated patients 

(given a fixed number of 100 runs). Here, it was essential to assess their stability while only accepting 

a decent computation time. Finally, it was decided to simulate a minimum of 10,000 patients per run. 

Table 26 ICER estimates while increasing the number of simulated patients 

Number of patients to simulate ICER (€/QALY) 

1.000 (x100 runs) €18,256.17 

5.000 (x100 runs) €15,999.06 

10.000 (x100 runs) €29,931.51 

20.000 (x100 runs) €17,130.20 

50.000 (x100 runs) €15,071.39 

Note that we did not run a certain amount of Monte Carlo samples just because the error in the 

incremental costs/effects then is sufficiently small. Such thresholds of statistical significance are 

arbitrary and completely ignore the magnitude of making the (wrong) decision (118).  
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Figure 10 Distribution of the costs made while increasing the number of simulated patients (comparator group) 

 

Figure 11 Distribution of the costs made while increasing the number of simulated patients (intervention group) 
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Figure 12 Distribution of the amount of QALYs gained while increasing the simulated patients (comparator group) 

 

Figure 13 Distribution of the amount of QALYs gained while increasing the simulated patients (intervention group) 
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Figure 14 Distribution of the amount of LYGs while increasing the number of simulated patients (comparator group) 

 

Figure 15 Distribution of the amount of LYGs while increasing the number of simulated patients (intervention group) 


