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Simple Summary: Colorectal cancer is among the most prevalent cancers worldwide, with every
second patient developing liver metastasis during their illness. For treatment of oligometastatic pa-
tients, there are several alternatives such as surgery, microwave ablation (MWA) and radiofrequency
ablation (RFA). Our aim was to evaluate the cost-effectiveness for each strategy, accounting for
short- and long-term costs and efficacy. The analysis demonstrated that MWA and surgery offer a
comparable efficacy. MWA was the most cost-effective strategy in intermediate resource settings,
and can be considered a cost-effective alternative to surgery in high resource settings.

Abstract: Background: Colorectal cancer is among the most prevalent cancer entities worldwide,
with every second patient developing liver metastases during their illness. For local treatment of liver
metastases, a surgical approach as well as ablative treatment options, such as microwave ablation
(MWA) and radiofrequency ablation (RFA), are available. The aim of this study is to evaluate the
cost-effectiveness of RFA, MWA and surgery in the treatment of liver metastases of oligometastatic
colorectal cancer (omCRC) that are amenable for all investigated treatment modalities. Methods:
A decision analysis based on a Markov model assessed lifetime costs and quality-adjusted life years
(QALY) related to the treatment strategies RFA, MWA and surgical resection. Input parameters
were based on the best available and most recent evidence. Probabilistic sensitivity analyses (PSA)
were performed with Monte Carlo simulations to evaluate model robustness. The percentage of
cost-effective iterations was determined for different willingness-to-pay (WTP) thresholds. Results:
The base-case analysis showed that surgery led to higher long-term costs compared to RFA and MWA
(USD 41,848 vs. USD 36,937 vs. USD 35,234), while providing better long-term outcomes than RFA,
yet slightly lower than MWA (6.80 vs. 6.30 vs. 6.95 QALYs for surgery, RFA and MWA, respectively).
In PSA, MWA was the most cost-effective strategy for all WTP thresholds below USD 80,000 per
QALY. Conclusions: In omCRC patients with liver metastases, MWA and surgery are estimated to
provide comparable efficacy. MWA was identified as the most cost-effective strategy in intermediate
resource settings and should be considered as an alternative to surgery in high resource settings.

Keywords: cost-effectiveness; ablation; omCRC

1. Introduction

Colorectal cancer is among the most relevant cancer entities, in regard to both cancer-
related mortality and morbidity worldwide [1]. About 50% of patients will experience
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metastatic disease (mCRC)—most commonly in the liver [2]. Oligometastatic colorec-
tal cancer (omCRC) is a state with 3–5 liver metastases arising from a colorectal cancer
through the portal venous system [3]. For classification of metastatic disease, the concept
of oligometastatic cancer as an intermediate state between localized and disseminated
disease has been proposed [4,5]. In this context, local ablative treatments of patients with
oligometastatic disease gain further importance as potential alternatives to surgical ap-
proaches [6]. In the past, surgery was seen as the gold standard in treatment of liver
metastases, as it was regarded as the only approach to achieve a cure. Over the last few
years, local ablative therapies, such as radiofrequency ablation (RFA), microwave ablation
(MWA) or cryoablation, have complemented the treatment of oligometastatic liver diseases,
especially for patient groups that are not suitable for surgery, e.g., older patients with
comorbidities or metastases near important vessels [7]. In subgroups, local treatment of
oligometastatic disease can even be curative [8]. Therefore, ablative treatment is recom-
mended as a potential therapeutic modality in current guidelines [9]. Apart from thermal
ablation techniques, other interventional treatment modalities, such as brachytherapy and
stereotactic ablative radiotherapy, gain importance [10]. Further, for patients unable to
undergo surgical treatment or after chemotherapy failure, transarterial chemoembolization
(TACE) can be a valuable option for treating liver metastases [11]. This study, however,
is focused on ablative and surgical treatment options.

The performance of RFA and MWA have been studied comprehensively in comparison
to surgery [12], and these studies focus on metastatic disease that allows for the application
of either treatment modality, e.g., based on tumor location and size. While local ablative
treatments are associated with a reduced length of hospital stay [13] and lower initial costs,
surgery has been advocated as the reference standard for complete resection. As a result,
an assessment of treatment modalities for oligometastatic colorectal cancer (omCRC) with
liver metastases should take both efficacy and short- and long-term costs into account.

Therefore, the aim of this study is to analyze the comparative cost-effectiveness of
surgery, RFA and MWA in patients amenable to all investigated treatment modalities for
the management of liver metastases in omCRC.

2. Results
2.1. Cost-Effectiveness Analysis

In the base-case scenario (WTP USD 100,000 per QALY), the strategies surgery,
RFA and MWA resulted in lifetime costs of USD 41,848; 36,937 and 35,234 with an ef-
fectiveness of 6.80, 6.30 and 6.95 QALYs. As a result, surgery and RFA were dominated by
MWA in the base-case scenario. As an overview for the Markov model, the stage-dependent
states after successful treatment are shown in Supplemental Figure S1.

2.2. Sensitivity Analysis

To investigate the comparative cost-effectiveness for several thresholds of patient age, a
corresponding cost-effectiveness analysis was performed (Figure 1). This resulted in MWA
being a suitable option for a broad range of patients, with a tendency towards surgery for
younger and towards RFA for older patients. Based on a WTP of USD 100,000 per QALY,
MWA yielded the highest net monetary benefit (NMB) in a starting age ranging from 60
to 85 years. In particular, the NMB ranged from USD 800,000 for MWA and surgery for
a patient aged 60 years, to consistently more than USD 400,000 for all modalities in the
case of a patient aged 85 years. The NMB is defined as the difference of the product of
effectiveness and WTP and the actual costs of a treatment [14,15].
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monetary benefit. 

To further investigate the influence of all input variables, a probabilistic sensitivity 
analysis was performed. This analysis showed results in favor of MWA, with an overall 
higher effectiveness than RFA and lower overall costs than surgery (Figure 2). A WTP-
dependent analysis showed that for all WTP thresholds from USD 0 per QALY to USD 
200,000 per QALY, MWA was a cost-effective strategy in more than 80% of iterations (Fig-
ure 3). 

 
Figure 2. Cost-effectiveness scatterplot based on 30,000 iterations shows a higher effectiveness of MWA and surgery when 
compared to RFA. Additionally, MWA results in average lower costs than surgery. 

Figure 1. Age-dependent net monetary benefits based on a WTP of USD 100,000 per QALY. For a patient aged under
60 years, surgery yields the highest net monetary benefits; for other patients, microwave ablation results in the highest net
monetary benefit.

To further investigate the influence of all input variables, a probabilistic sensitiv-
ity analysis was performed. This analysis showed results in favor of MWA, with an
overall higher effectiveness than RFA and lower overall costs than surgery (Figure 2).
A WTP-dependent analysis showed that for all WTP thresholds from USD 0 per QALY
to USD 200,000 per QALY, MWA was a cost-effective strategy in more than 80% of
iterations (Figure 3).
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is the cost-effective choice for follow-up [7]. In addition, the cost-effectiveness of resection 
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the majority of iterations.

3. Discussion

In this model-based cost-effectiveness analysis comparing RFA, MWA and surgery
in the setting of omCRC, surgery was compared to the two most common imaging-based
ablation techniques for liver metastases. Based on the prerequisite that all treatment
modalities are equally applicable, this analysis applies to patients that comply with the
most important selection criteria, such as tumor location, size and number. In this patient
scenario, our analysis showed that MWA is a cost-effective alternative for the treatment
of omCRC liver metastases compared to RFA and surgery. MWA turned out to be the
treatment option with the lowest overall cost and the highest cumulative cost-effectiveness
for the patients, deeming it the dominant modality.

The cost-effectiveness of image-guided ablation techniques and surgery for treatment
of liver metastases has already been raised in past studies. For instance, Gazelle et al., 2004
investigated the cost-effectiveness of percutaneous RFA compared to hepatic resection in
mCRC, concluding that RFA may in fact be a cost-effective strategy, but the effectiveness of
hepatic resection was superior in the majority of cases. It has to be emphasized that not only
the technical quality of ablation treatment, but also the data availability, improved between
the two analyses. By now, the complete ablation success of 93% with RFA is far superior to
the reported success rates between 31.6 and 78.4%, depending on the size of the metastases
in Gazelle et al., 2004, indicating that there might be a shift in cost-effectiveness due to
improved performance of ablative methods or improved patient selection over time [16].

Additionally, Gazelle et al., 2003 showed in a study investigating the cost-effectiveness
of hepatic metastasectomy in mCRC patients, that a more aggressive surgical approach en-
tails a better and more cost-effective outcome compared to a less aggressive procedure [17].
Over time, the number of performed ablation techniques increased significantly. This de-
velopment yields the necessity of an appropriate and cost-effective follow-up after the
ablation of liver metastases. More recent economic analyses have analyzed the topic of
imaging after ablation of liver metastases in mCRC. Schnitzer et al., 2020 examined the
cost-effectiveness of follow-up after ablation of colorectal liver metastases by comparing
contrast-enhanced CT and 18F-FDG PET/CT, showing that 18F-FDG PET/CT is the cost-
effective choice for follow-up [7]. In addition, the cost-effectiveness of resection or ablation
of other tumor entities has been analyzed. Cucchetti et al. aimed to identify the most
economical treatment option for early hepatocellular carcinoma (HCC). RFA turned out
to be the cost-effective approach in singular HCCs smaller than 2 cm and multiple HCCs
smaller than 3 cm, whereas resection was more cost-effective for single HCCs measuring
3–5 cm [18]. Further, the ongoing COLLISION trial investigates the effectiveness of surgery
and thermal ablation in small colorectal liver metastases (≤3 cm). The results of this trial
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will have an impact on the treatment strategies in the future and may, therefore, lead to a
shift in cost-effectiveness of small colorectal liver metastases treatment [19].

Although our study showed an improved cost-effectiveness of MWA, the following
limitations have to be taken into account. Our study may not be applicable as a general
guideline for all patient cases, as the main question of our analysis is very specific and has
an explicit focus on MWA, RFA and surgery in resectable colorectal liver metastasis that are
amenable to all investigated treatment modalities. Every investigation results in different
efficacies and may, therefore, result in deviations when considering several divergent input
parameters. We tried to focus our analysis on the best input data available and applied
them in our model. Nonetheless, we cannot guarantee that our study fits every scenario,
but we consider the results of our model as a point of reference in the cost-effectiveness
of colorectal liver metastases treatment. We were not able to consider different surgery
techniques for the treatment of colorectal liver metastasis as there is a lack of adequate
input data. Further, we assumed a second session treatment performance of 100% (Table 1).
This approximation may deviate from clinical reality in some cases. This limitation results
from the lack of data on second session treatment. Besides, a chemotherapeutic approach
was excluded from the analysis. Ruers et al. showed that RFA in combination with
systemic treatment is in fact a superior treatment option and provides better outcomes [20].
However, as this analysis only investigated the effectiveness of RFA and systemic therapy
in unresectable liver metastases, the results are not applicable to our study which focuses
only on resectable liver metastases. In general, the topic of unresectable liver metastases of
colorectal cancer, and also conclusions concerning other oncologic modalities, have to be
regarded as a subject of future studies.

In general, every model has to rely on some simplifications and on certain modeling
assumptions. The analysis strongly depends on the available input data. In our analysis,
we aimed to depict the most realistic outcome possible based on the most appropriate and
contemporary data. For some of our model input data, we needed to adapt to limited
resources, which may influence the results. In particular, the data input based on Creasy
et al. and Abdalla et al. analyzed survival and recurrence rates of surgery in patients
with resectable colorectal liver metastases in general, and not specifically in patients with
omCRC. As specific recurrence and survival values of omCRC surgery were not available,
this limitation needs to be taken into account as a potential bias when interpreting the
results. Further, the treatment success probabilities in this model may depend on experience
and the setting of treatment. Therefore, the parameters may deviate between individual
surgeons and interventional radiologists. Furthermore, efficacy parameters are subject to
ongoing research and technical development. For example, additional transcatheter hepatic
angiography (CTHA) is an emerging technique used for tumor visualization in ablative
therapy in order to achieve better local tumor control and may result in better efficacies [21].
However, there are not enough adequate data available to include this technique in our
analysis. Nevertheless, the analysis of an additional CTHA during ablation might be a
promising topic for future studies. The presented modeling results may therefore only
apply in settings which are represented realistically by the input parameters. In the case
of a significant shift of input data values, the results of our analysis and therefore the
cost-effectiveness results may change.

The economic evaluation of treatment modalities of oligometastatic liver disease
remains an important topic, as this patient collective will further grow due to demo-
graphic changes and enhanced survival due to improved medical treatment [22]. Therefore,
not only the increasing number of necessary treatments and in course surging expenses,
but, moreover, the fact that the resources of healthcare systems are limited, call out for a
shift to a more value-based care, in order to provide the best care and treatment for all
assured persons of a healthcare system. Hence, the American Society of Clinical Oncology
(ASCO) defined clinical benefit, toxicity and cost as the three substantial columns of value-
based healthcare in cancer treatment on which basis the treatment strategies should be
evaluated [23]. Therefore, the purpose of a more value-based healthcare in cancer treatment
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and radiology is to optimize the clinical outcomes without increasing the costs. The subject
of radiology takes an important place in this proposition as it should not be seen just as
image acquisition, but more as an intersection that has an enormous impact on the further
treatment of patients and the quantity of expenses needed for the treatment.

Although stereotactic ablative radiotherapy is an increasingly utilized strategy in
patients with mCRC [24], this modality was not included in the model due to distinctly
different mechanisms of action and lack of adequate head-to-head datasets. In addition,
this cost-effectiveness analysis focuses on the situation of the US healthcare system and
application to the setting of other healthcare systems should be performed with caution.

Aside from traditional criteria such as tumor size and location, the selection of the
optimal treatment option also depends on patient age, as younger and less morbid patients
are better suited for surgery. Older patients, often with comorbidities, are not fit enough for
resection and, therefore, are better suited for minimally invasive treatment. To investigate
this topic, a dedicated deterministic sensitivity analysis was performed. In the performed
sensitivity analysis, the age-dependent net monetary benefit was calculated. It showed a
lower net monetary benefit for RFA and, beginning with age 60, a higher net monetary
benefit of MWA compared to surgery, showing the economic superiority of MWA, even with
changing age ranges. At age 60, surgery and MWA yield equal net monetary benefit,
suggesting that underneath this age, surgery might still be a cost-effective alternative.
However, as the mean age of patients is 73 years, MWA may still be the most economical
approach for the majority of patients.

In case patients are suitable for local ablative treatments, our results may lead to a
reevaluation in choice of therapy towards MWA, as it offers excellent outcomes and is
cost saving. Still, treatment decision making for patients largely depends on patients’
and treating physicians’ preferences. For example, tumor localization in certain liver
segments may favor different techniques. Therefore, every treatment option should be
chosen on a case-by-case basis in the setting of a multidisciplinary tumor board decision [9].
This analysis may give some guidance for decision makers on the payer level, as well as
from a healthcare perspective. For the future, a cost-effectiveness analysis investigating
RFA and MWA in combination with systemic therapy in unresectable liver metastasis
should be performed in order to broaden the range of economic analyses in more advanced
stages of mCRC.

Taken together, our current health economic evaluation extends the published lit-
erature and broadens the range of investigated modalities by including the modality of
MWA. In conclusion, MWA can be regarded as a suitable alternative for surgery and RFA
in hepatic omCRC from a current cost-effectiveness perspective.

4. Materials and Methods
4.1. Model Structure

To evaluate the cost-effectiveness of treatment strategies for liver metastases in the
setting of omCRC, a decision model was developed (Figure 4A) using decision-analytic
software (TreeAge Pro, version 19.1.1, Williamstown, MA, USA). At first, a short-run model,
including costs and outcomes in the first 30 days was created. Additionally, long-term out-
comes and costs were calculated in a long-run Markov model with a cycle length of one
year. This model included the health states of no recurrence/hepatic recurrence only/any
other recurrence/death (Figure 4B). A Markov model is defined as a stochastic simulation
where the current status can be changed in the beginning of every cycle according to the
predefined probabilities. In every stage of the model run, the patient can be allocated
to a health state. Further, every health state can be allocated to presumed expenses and
quality-of-life that are associated with this state.
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states “No recurrence”, “Hepatic-only recurrence”, “Any other recurrence” and “Death”.

4.2. Input Parameters

The age at ablation was set to 73 years in accordance with published patient collec-
tives [25]. The maximum patient age was set to 100 years. Based on recommendations
on cost-effectiveness analyses, the discount rate was set to 3% [26]. Additionally, willing-
ness to pay (WTP) was set to USD 100,000 per quality-adjusted life year (QALY). All input
parameters are summarized in Tables 1 and 2.
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Table 1. Input parameters for treatment performance, costs and quality of life for all treatment modalities.

Parameter Surgery Radiofrequency Ablation
(RFA) Microwave Ablation (MWA)

Treatment performance (%
complete ablation/surgery)

99% Assumption, Gazelle
et al., 2004 [16] 93% Shady W et al., 2018 [12] 97% Shady W et al., 2018 [12]

Treatment performance in
second session 100% Assumption

Acute costs for treatment USD 2421 Medicare 2018 USD 1493 Medicare 2018 USD 1493 Medicare 2018

Average number of days in
hospital 7NG KKC et al., 2017 [13] 4NG KKC et al., 2017 [13] 4 Assumption, NG KKC et al.,

2017 [13]

Cost per day of hospital stay USD 2424 Henry J Kaiser Foundation 2017 [27]

Calculated total treatment
costs USD 19,389 USD 11,189 USD 11,189

Quality of life 1 month after
treatment 0.7 Gazelle et al., 2004 [16] 0.95 Gazelle et al., 2004 [16] 0.95 Gazelle et al., 2004 [16]

Table 2. Additional input parameters for long term costs and outcomes.

Name Estimate Distribution Source

Age at diagnosis 73 Kolligs FT et al., 2016 [25]

Discount rate 3.00% Weinstein MC et al., 1996 [28]

Costs (Long Term, Monthly)

Cost after treatment USD 855 γ Taplin SH et al., 1995/Assumption [29]

Cost hep./non-hep. recurrence USD 3935 γ Färkkilä N et al., 2015/Assumption [30]

Utilities

QOL after >1 month: no recurrence 1 β Fryback DG et al., 1993 [31]

QOL after >1 month: hepatic recurrence only 0.65 β Kim et al., 2016 [32]

QOL after >1 month: any other recurrence 0.19 β Kim et al., 2016 [32]

Death 0

Transition Probabilities

Probability of death without recurrence US Life Tables β US Life Tables 2014

Probability of death with hepatic recurrence 12% β Masi G et al., 2009 [33]

Probability of death with non-hepatic
recurrence 5% β Abdalla EK et al., 2004 [34]

1-year mortality after surgery 8.25% β Creasy et al., 2018 [35]

1-year mortality after RFA 6% β Bonne L et al., 2018 [36]

1-year mortality after MWA 5.50% β Bonne L et al., 2018 [36]

Probability of hepatic recurrence after
surgery 2.50% β Abdalla EK et al., 2004 [34]

Probability of hepatic recurrence after RFA 7.70% β Correa-Gallego C et al., 2014 [37]

Probability of hepatic recurrence after MWA 4% β Correa-Gallego C et al., 2014 [37]

Probability of non-hepatic recurrence 5% β Abdalla EK et al., 2004 [34]

4.2.1. Efficacy of Treatment Modalities

The ablation performance of RFA and MWA in the first session was set to 93% and 97%,
based on literature comparing both modalities in one analysis [12]. The efficacy of surgery
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was set to 99% to account for its often-advocated position as the reference standard. In the
case of an incomplete resection/ablation, a complete resection/ablation was assumed in a
second approach for all treatment modalities. This approach has been utilized before for
the modelling of ablation techniques [16].

4.2.2. Costs and Utilities

Costs derived from Medicare in 2018 were included as initial treatment costs. To ac-
count for the different length of hospital stay for surgery and local ablation, length and
daily cost of hospital stay were included in the analysis [13,27].

Utilities were collected as quality-adjusted life years (QALYs) based on the respective
health state. For one month after treatment, a lower quality of life was used for surgery
than for RFA and MWA [16]; however, the quality of life after more than one month was
assumed to be solely based on recurrence status [31,32].

4.2.3. Transition Probabilities

According to the Markov Model described above, probability of death, hepatic or
non-hepatic recurrence were included in the analysis. US life tables were utilized for
estimation of probability of death without recurrence. Further transition probabilities were
collected from the literature [33–37].

4.2.4. Cost-Effectiveness Analysis

According to the WTP—the assumed boundary of expenses for a patients’ medical
benefit—and discount rate defined above, the expected QALYs and costs were calculated
for a baseline scenario. Furthermore, incremental cost-effectiveness ratios (ICER) were
estimated. An ICER reflects the economic value of a strategy. In this analysis, the results of
the economic evaluation only refer to omCRC patients that are amenable to all investigated
treatment modalities.

4.2.5. Sensitivity Analysis

To analyze the robustness of the model and the effects of input parameters on the
outcomes, a probabilistic sensitivity analysis was performed. For the latter, 30,000 Monte
Carlo simulation iterations were applied. Based on the probabilistic analysis, acceptability
curves were calculated. Further, to investigate the comparative cost-effectiveness for several
thresholds of patient age, a corresponding cost-effectiveness analysis was performed.

5. Conclusions

In omCRC patients with liver metastases that are amenable to all investigated treat-
ment modalities, MWA was identified as the most cost-effective strategy in intermediate
resource settings and should be considered as an alternative to surgery in high resource
settings. Nonetheless, MWA and surgery are estimated to provide comparable efficacy.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-6
694/13/7/1507/s1, Figure S1: Simulation of monthly Markov states after successful microwave
ablation.

Author Contributions: Conceptualization, M.F.F., J.R. (Johannes Rübenthaler) and W.G.K.; Data
cura-tion, M.F.F., N.R., F.T., M.U., S.R., M.S., J.R. (Johannes Rübenthaler) and W.G.K.; Formal analysis,
M.F.F., N.R., F.T., M.U., S.R., M.S., J.R. (Johannes Rübenthaler) and W.G.K.; Investigation, M.F.F.;
Methodology, M.F.F. and J.R. (Johannes Rübenthaler); Project administration, W.G.K.; Resources,
M.L.S.; Supervision, J.R. (Jens Ricke), J.R. (Johannes Rübenthaler) and W.G.K.; Validation, W.G.K.;
Visuali-zation, M.F.F.; Writing—original draft, M.F.F. and M.L.S.; Writing—review and editing,
M.F.F., M.L.S., N.R., F.T., M.U., S.R., M.S., J.R. (Jens Ricke), J.R. (Johannes Rübenthaler) and W.G.K.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

https://www.mdpi.com/2072-6694/13/7/1507/s1
https://www.mdpi.com/2072-6694/13/7/1507/s1


Cancers 2021, 13, 1507 10 of 11

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global Cancer Statistics 2018: GLOBOCAN Estimates of

Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2018, 68, 394–424. [CrossRef]
2. Riihimäki, M.; Hemminki, A.; Sundquist, J.; Hemminki, K. Patterns of Metastasis in Colon and Rectal Cancer. Sci. Rep. 2016,

6, 29765. [CrossRef]
3. Petersen, C.; Gauer, T. Local ablative radiotherapy of oligometastatic colorectal cancer. Radiologe 2017, 57, 105–110. [CrossRef]

[PubMed]
4. Hellman, S.; Weichselbaum, R.R. Oligometastases. J. Clin. Oncol. 1995, 13, 8–10. [CrossRef] [PubMed]
5. Weichselbaum, R.R.; Hellman, S. Oligometastases Revisited. Nat. Rev. Clin. Oncol. 2011, 8, 378–382. [CrossRef] [PubMed]
6. Rusthoven, C.G.; Schefter, T.E. Rationale for Ablation of Oligometastatic Disease and the Role of Stereotactic Body Radiation

Therapy for Hepatic Metastases. Hepat. Oncol. 2014, 1, 81–94. [CrossRef]
7. Schnitzer, M.L.; Froelich, M.F.; Gassert, F.G.; Huber, T.; Gresser, E.; Schwarze, V.; Nörenberg, D.; Todica, A.; Rübenthaler, J.

Follow-Up 18F-FDG PET/CT versus Contrast-Enhanced CT after Ablation of Liver Metastases of Colorectal Carcinoma-A
Cost-Effectiveness Analysis. Cancers 2020, 12, 2432. [CrossRef]

8. Pitroda, S.P.; Khodarev, N.N.; Huang, L.; Uppal, A.; Wightman, S.C.; Ganai, S.; Joseph, N.; Pitt, J.; Brown, M.; Forde, M.; et al.
Integrated Molecular Subtyping Defines a Curable Oligometastatic State in Colorectal Liver Metastasis. Nat. Commun. 2018,
9, 1793. [CrossRef]

9. Van Cutsem, E.; Cervantes, A.; Adam, R.; Sobrero, A.; Van Krieken, J.H.; Aderka, D.; Aranda Aguilar, E.; Bardelli, A.; Benson, A.;
Bodoky, G.; et al. ESMO Consensus Guidelines for the Management of Patients with Metastatic Colorectal Cancer. Ann. Oncol.
2016, 27, 1386–1422. [CrossRef]

10. Hass, P.; Mohnike, K. Extending the Frontiers Beyond Thermal Ablation by Radiofrequency Ablation: SBRT, Brachytherapy, SIRT
(Radioembolization). Viszeralmedizin 2014, 30, 245–252. [CrossRef]

11. Massmann, A.; Rodt, T.; Marquardt, S.; Seidel, R.; Thomas, K.; Wacker, F.; Richter, G.M.; Kauczor, H.U.; Bücker, A.; Pereira, P.L.;
et al. Transarterial Chemoembolization (TACE) for Colorectal Liver Metastases—Current Status and Critical Review. Langenbecks
Arch Surg. 2015, 400, 641–659. [CrossRef]

12. Shady, W.; Petre, E.N.; Do, K.G.; Gonen, M.; Yarmohammadi, H.; Brown, K.T.; Kemeny, N.E.; D′Angelica, M.; Kingham, P.T.;
Solomon, S.B.; et al. Percutaneous Microwave versus Radiofrequency Ablation of Colorectal Liver Metastases: Ablation with
Clear Margins (A0) Provides the Best Local Tumor Control. J. Vasc. Interv. Radiol. 2018, 29, 268–275.e1. [CrossRef]

13. Ng, K.K.C.; Chok, K.S.H.; Chan, A.C.Y.; Cheung, T.T.; Wong, T.C.L.; Fung, J.Y.Y.; Yuen, J.; Poon, R.T.P.; Fan, S.T.; Lo, C.M.
Randomized Clinical Trial of Hepatic Resection versus Radiofrequency Ablation for Early-Stage Hepatocellular Carcinoma. Br. J.
Surg. 2017, 104, 1775–1784. [CrossRef]

14. Net Monetary Benefit. Available online: http://yhec.co.uk/glossary/net-monetary-benefit/ (accessed on 23 February 2021).
15. Messori, A.; Trippoli, S. The Results of a Pharmacoeconomic Study: Incremental Cost-Effectiveness Ratio versus Net Monetary

Benefit. Heart 2017, 103, 1746. [CrossRef] [PubMed]
16. Gazelle, G.S.; McMahon, P.M.; Beinfeld, M.T.; Halpern, E.F.; Weinstein, M.C. Metastatic Colorectal Carcinoma: Cost-Effectiveness

of Percutaneous Radiofrequency Ablation versus That of Hepatic Resection. Radiology 2004, 233, 729–739. [CrossRef] [PubMed]
17. Gazelle, G.S.; Hunink, M.G.M.; Kuntz, K.M.; McMahon, P.M.; Halpern, E.F.; Beinfeld, M.; Lester, J.S.; Tanabe, K.K.; Weinstein,

M.C. Cost-Effectiveness of Hepatic Metastasectomy in Patients with Metastatic Colorectal Carcinoma: A State-Transition Monte
Carlo Decision Analysis. Ann. Surg. 2003, 237, 544–555. [CrossRef]

18. Cucchetti, A.; Piscaglia, F.; Cescon, M.; Colecchia, A.; Ercolani, G.; Bolondi, L.; Pinna, A.D. Cost-Effectiveness of Hepatic Resection
versus Percutaneous Radiofrequency Ablation for Early Hepatocellular Carcinoma. J. Hepatol. 2013, 59, 300–307. [CrossRef]
[PubMed]

19. Puijk, R.S.; Ruarus, A.H.; Vroomen, L.G.P.H.; van Tilborg, A.A.J.M.; Scheffer, H.J.; Nielsen, K.; de Jong, M.C.; de Vries, J.J.J.;
Zonderhuis, B.M.; Eker, H.H.; et al. Colorectal Liver Metastases: Surgery versus Thermal Ablation (COLLISION)—A Phase III
Single-Blind Prospective Randomized Controlled Trial. BMC Cancer 2018, 18, 821. [CrossRef]

20. Ruers, T.; Van Coevorden, F.; Punt, C.J.A.; Pierie, J.-P.E.N.; Borel-Rinkes, I.; Ledermann, J.A.; Poston, G.; Bechstein, W.; Lentz,
M.-A.; Mauer, M.; et al. Local Treatment of Unresectable Colorectal Liver Metastases: Results of a Randomized Phase II Trial.
J. Natl. Cancer Inst. 2017, 109, djx015. [CrossRef] [PubMed]

21. Puijk, R.S.; Nieuwenhuizen, S.; van den Bemd, B.A.T.; Ruarus, A.H.; Geboers, B.; Vroomen, L.G.P.H.; Muglia, R.; de Jong, M.C.; de
Vries, J.J.J.; Scheffer, H.J.; et al. Transcatheter CT Hepatic Arteriography Compared with Conventional CT Fluoroscopy Guidance
in Percutaneous Thermal Ablation to Treat Colorectal Liver Metastases: A Single-Center Comparative Analysis of 2 Historical
Cohorts. J. Vasc. Interv. Radiol. 2020, 31, 1772–1783. [CrossRef]

http://doi.org/10.3322/caac.21492
http://doi.org/10.1038/srep29765
http://doi.org/10.1007/s00117-016-0201-z
http://www.ncbi.nlm.nih.gov/pubmed/28054139
http://doi.org/10.1200/JCO.1995.13.1.8
http://www.ncbi.nlm.nih.gov/pubmed/7799047
http://doi.org/10.1038/nrclinonc.2011.44
http://www.ncbi.nlm.nih.gov/pubmed/21423255
http://doi.org/10.2217/hep.13.12
http://doi.org/10.3390/cancers12092432
http://doi.org/10.1038/s41467-018-04278-6
http://doi.org/10.1093/annonc/mdw235
http://doi.org/10.1159/000366088
http://doi.org/10.1007/s00423-015-1308-9
http://doi.org/10.1016/j.jvir.2017.08.021
http://doi.org/10.1002/bjs.10677
http://yhec.co.uk/glossary/net-monetary-benefit/
http://doi.org/10.1136/heartjnl-2017-311816
http://www.ncbi.nlm.nih.gov/pubmed/29025922
http://doi.org/10.1148/radiol.2333032052
http://www.ncbi.nlm.nih.gov/pubmed/15564408
http://doi.org/10.1097/01.SLA.0000059989.55280.33
http://doi.org/10.1016/j.jhep.2013.04.009
http://www.ncbi.nlm.nih.gov/pubmed/23603669
http://doi.org/10.1186/s12885-018-4716-8
http://doi.org/10.1093/jnci/djx015
http://www.ncbi.nlm.nih.gov/pubmed/28376151
http://doi.org/10.1016/j.jvir.2020.05.011


Cancers 2021, 13, 1507 11 of 11

22. Ricke, J.; Westphalen, C.B.; Seidensticker, M. Therapeutic Concepts for Oligometastatic Gastrointestinal Tumours. Visc. Med. 2020,
36, 359–363. [CrossRef]

23. Young, R.C. Value-Based Cancer Care. N. Engl. J. Med. 2015, 373, 2593–2595. [CrossRef] [PubMed]
24. Palma, D.A.; Olson, R.; Harrow, S.; Gaede, S.; Louie, A.V.; Haasbeek, C.; Mulroy, L.; Lock, M.; Rodrigues, G.B.; Yaremko, B.P.;

et al. Stereotactic Ablative Radiotherapy for the Comprehensive Treatment of Oligometastatic Cancers: Long-Term Results of the
SABR-COMET Phase II Randomized Trial. J. Clin. Oncol. 2020, 38, 2830–2838. [CrossRef]

25. Kolligs, F.T. Diagnostics and Epidemiology of Colorectal Cancer. Visc. Med. 2016, 32, 158–164. [CrossRef]
26. Sanders, G.D.; Neumann, P.J.; Basu, A.; Brock, D.W.; Feeny, D.; Krahn, M.; Kuntz, K.M.; Meltzer, D.O.; Owens, D.K.; Prosser, L.A.;

et al. Recommendations for Conduct, Methodological Practices, and Reporting of Cost-Effectiveness Analyses: Second Panel on
Cost-Effectiveness in Health and Medicine. JAMA 2016, 316, 1093–1103. [CrossRef]

27. Hospital Adjusted Expenses per Inpatient Day. Available online: https://www.kff.org/health-costs/state-indicator/expenses-
per-inpatient-day/?currentTimeframe=0&sortModel=%7B%22colId%22:%22Location%22,%22sort%22:%22asc%22%7D (accessed
on 23 February 2021).

28. Weinstein, M.C.; Siegel, J.E.; Gold, M.R.; Kamlet, M.S.; Russell, L.B. Recommendations of the Panel on Cost-Effectiveness in
Health and Medicine. JAMA 1996, 276, 1253–1258. [CrossRef] [PubMed]

29. Taplin, S.H.; Barlow, W.; Urban, N.; Mandelson, M.T.; Timlin, D.J.; Ichikawa, L.; Nefcy, P. Stage, Age, Comorbidity, and Direct
Costs of Colon, Prostate, and Breast Cancer Care. J. Natl. Cancer Inst. 1995, 87, 417–426. [CrossRef] [PubMed]

30. Färkkilä, N.; Torvinen, S.; Sintonen, H.; Saarto, T.; Järvinen, H.; Hänninen, J.; Taari, K.; Roine, R.P. Costs of Colorectal Cancer in
Different States of the Disease. Acta Oncol. 2015, 54, 454–462. [CrossRef]

31. Fryback, D.G.; Dasbach, E.J.; Klein, R.; Klein, B.E.; Dorn, N.; Peterson, K.; Martin, P.A. The Beaver Dam Health Outcomes Study:
Initial Catalog of Health-State Quality Factors. Med. Decis. Mak. 1993, 13, 89–102. [CrossRef] [PubMed]

32. Kim, H.; Gill, B.; Beriwal, S.; Huq, M.S.; Roberts, M.S.; Smith, K.J. Cost-Effectiveness Analysis of Stereotactic Body Radiation
Therapy Compared with Radiofrequency Ablation for Inoperable Colorectal Liver Metastases. Int. J. Radiat. Oncol. Biol. Phys.
2016, 95, 1175–1183. [CrossRef]

33. Masi, G.; Loupakis, F.; Pollina, L.; Vasile, E.; Cupini, S.; Ricci, S.; Brunetti, I.M.; Ferraldeschi, R.; Naso, G.; Filipponi, F.; et al.
Long-Term Outcome of Initially Unresectable Metastatic Colorectal Cancer Patients Treated with 5-Fluorouracil/Leucovorin,
Oxaliplatin, and Irinotecan (FOLFOXIRI) Followed by Radical Surgery of Metastases. Ann. Surg. 2009, 249, 420–425. [CrossRef]

34. Abdalla, E.K.; Vauthey, J.-N.; Ellis, L.M.; Ellis, V.; Pollock, R.; Broglio, K.R.; Hess, K.; Curley, S.A. Recurrence and Outcomes
Following Hepatic Resection, Radiofrequency Ablation, and Combined Resection/Ablation for Colorectal Liver Metastases. Ann.
Surg. 2004, 239, 818–825. [CrossRef]

35. Creasy, J.M.; Sadot, E.; Koerkamp, B.G.; Chou, J.F.; Gonen, M.; Kemeny, N.E.; Balachandran, V.P.; Kingham, T.P.; DeMatteo, R.P.;
Allen, P.J.; et al. Actual 10-Year Survival after Hepatic Resection of Colorectal Liver Metastases: What Factors Preclude Cure?
Surgery 2018, 163, 1238–1244. [CrossRef]

36. Bonne, L.; De Paepe, K.; Fotiadis, N.; Starling, N.; Chau, I.; Gerlinger, M.; Rao, S.; Watkins, D.J.; McCall, J.; Koh, D.-M.; et al.
Percutaneous Radiofrequency versus Microwave Ablation for the Treatment of Colorectal Liver Metastases. JCO 2018, 36, 401.
[CrossRef]

37. Correa-Gallego, C.; Fong, Y.; Gonen, M.; D′Angelica, M.I.; Allen, P.J.; DeMatteo, R.P.; Jarnagin, W.R.; Kingham, T.P. A Retrospective
Comparison of Microwave Ablation vs. Radiofrequency Ablation for Colorectal Cancer Hepatic Metastases. Ann. Surg. Oncol.
2014, 21, 4278–4283. [CrossRef]

http://doi.org/10.1159/000509897
http://doi.org/10.1056/NEJMp1508387
http://www.ncbi.nlm.nih.gov/pubmed/26580243
http://doi.org/10.1200/JCO.20.00818
http://doi.org/10.1159/000446488
http://doi.org/10.1001/jama.2016.12195
https://www.kff.org/health-costs/state-indicator/expenses-per-inpatient-day/?currentTimeframe=0&sortModel=%7B%22colId%22:%22Location%22,%22sort%22:%22asc%22%7D
https://www.kff.org/health-costs/state-indicator/expenses-per-inpatient-day/?currentTimeframe=0&sortModel=%7B%22colId%22:%22Location%22,%22sort%22:%22asc%22%7D
http://doi.org/10.1001/jama.1996.03540150055031
http://www.ncbi.nlm.nih.gov/pubmed/8849754
http://doi.org/10.1093/jnci/87.6.417
http://www.ncbi.nlm.nih.gov/pubmed/7861461
http://doi.org/10.3109/0284186X.2014.985797
http://doi.org/10.1177/0272989X9301300202
http://www.ncbi.nlm.nih.gov/pubmed/8483408
http://doi.org/10.1016/j.ijrobp.2016.02.045
http://doi.org/10.1097/SLA.0b013e31819a0486
http://doi.org/10.1097/01.sla.0000128305.90650.71
http://doi.org/10.1016/j.surg.2018.01.004
http://doi.org/10.1200/JCO.2018.36.4_suppl.401
http://doi.org/10.1245/s10434-014-3817-0

	Introduction 
	Results 
	Cost-Effectiveness Analysis 
	Sensitivity Analysis 

	Discussion 
	Materials and Methods 
	Model Structure 
	Input Parameters 
	Efficacy of Treatment Modalities 
	Costs and Utilities 
	Transition Probabilities 
	Cost-Effectiveness Analysis 
	Sensitivity Analysis 


	Conclusions 
	References

