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Background: The previously published ROBOT trial demonstrated that robot assisted minimally invasive
esophagectomy (RAMIE) is associated with a lower percentage of postoperative complications compared
to open esophagectomy (OTE) for patients with esophageal cancer. The implications of these results on
healthcare costs are important given the increased attention for cost-reduction in healthcare. Therefore
the aim of this study was to report the hospital costs of RAMIE compared to OTE as treatment for
esophageal cancer.

Methods: The ROBOT trial randomized 112 patients with esophageal cancer between RAMIE and OTE

K ds: . . . . .

Esggﬁargzal cancer through January 2012 and August 2016 in a single tertiary care academic centre in the Netherlands. The
Esophagectomy primary outcome of the current study was hospital costs from the day of esophagectomy until 90 days
RAMIE after discharge based on Time-Driven Activity-Based Costing methodology. Secondary outcomes

MIE included the incremental cost-effectiveness ratio per complication prevented and risk factors for
Healthcare costs increased hospital costs.
Results: Of the 112 included patients, 109 patients underwent an esophagectomy, of whom 54 RAMIE
and 55 OTE. The mean total hospital costs were comparable between RAMIE €40211 and OTE €39495
(mean difference €-715; bias-corrected and accelerated confidence interval € —14831 to 14783,
p = 0.932). At a willingness-to-pay threshold of €20.000 to €25.000 (i.e. estimated additional costs to
the hospital to treat patients with a complication) RAMIE had a probability 62%—70% of being cost
effective to prevent postoperative complications. In multivariable regression analysis, major post-
operative complications were the main driver of hospital costs after esophagectomy (€31839, p = 0.009).
Conclusion: In this randomized trial RAMIE resulted in fewer postoperative complications compared to
OTE without increasing total hospital costs.
© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

NCT01544790) robot assisted minimally invasive esophagectomy
(RAMIE) was compared to open transthoracic esophagectomy
(OTE) as a treatment for esophageal cancer [1,2]. RAMIE was
associated with a significant lower percentage of overall surgery-
related postoperative complications, less cardiopulmonary com-
plications, less blood loss, lower postoperative pain with better
functional recovery and improved short-term quality of life [2].

1. Introduction

In a recent randomized controlled trial (ROBOT trial,
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Oncologic outcomes, such as the percentage of radical (RO) re-
sections, the number of resected lymph nodes and disease-free and
overall survival were comparable between both groups and in
concordance with large clinical trials [3].
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However, robotic assisted surgery is associated with increased
material costs compared to open surgery due to high costs of the
acquisition of a robotic system, maintenance costs, costs of
disposable instruments and longer duration of surgery [4]. On the
other hand, it was previously shown that complications and
severity of complications after esophageal surgery are associated
with a substantial increase in costs [5,6]. In the ROBOT-trial, RAMIE
was associated with a lower incidence of complications compared
to OTE [2]. Our hypothesis is that a reduction in complications and
their associated costs may compensate the increased surgical costs
associated with RAMIE compare to OTE. Until now, no hospital
costs analyses have been performed for RAMIE compared to OTE in
a randomized setting. Therefore, the aim of this study was to
compare hospital costs after RAMIE and OTE for esophageal cancer
from a previously randomized controlled trial (ROBOT-trial).

2. Methods

The rationale and design for the ROBOT trial and the primary
endpoint results have been described previously [1]. In brief, pa-
tients with resectable esophageal cancer were randomized be-
tween either open transthoracic esophagectomy (OTE) or robot
assisted minimally invasive esophagectomy (RAMIE). All surgical
procedures were performed by the same surgeons in the UMC
Utrecht (J.R. and R.H.) who performed at least 50 RAMIE and 50 OTE
procedures each before the start of the trial. The inclusion and
exclusion criteria, diagnostic workup, neoadjuvant treatment,
pathologic examination, and postoperative management were
described previously [2].

The primary outcome of the initial study was the occurrence of
overall postoperative complications according to the Modified
Clavien Dindo Classification (MCDC) 2—5 [7]. All outcomes were
recorded daily and prospectively by the trial coordinators (P.S. and
S.H.). Outcomes were discussed in a weekly multidisciplinary
meeting, where the participants were unaware of treatment allo-
cation. The medical ethics committee of the University Medical
Center Utrecht approved the study. Written informed consent was
obtained from all participating patients. After obtaining written
informed consent, patients were randomized by the study co-
ordinators separate from the surgeons who informed the patients
for inclusion in the trial. Allocation of concealment was performed
using computer generated random numbers in sealed opaque en-
velopes corresponding to either RAMIE or OTE. This article de-
scribes the costs analysis of the ROBOT trial.

3. Cost analysis

The cost analysis of the ROBOT-trial was conducted from a
hospital perspective. The primary outcome was hospital costs
from the day of esophagectomy until 90 days after discharge. The
cost-effectiveness endpoint was the cost per complication pre-
vented. Resource utilization was extracted from the hospital in-
formation system at a patient level (for example: operative costs
including operation room time, ward and intensive care unit costs,
radiology and laboratory costs) and translated into costs by Per-
formation (Bilthoven, The Netherlands), which is a healthcare
consultancy firm providing patient level costing. Time-Driven
Activity-Based Costing (TD-ABC) methodology was used to
calculate costs for esophagectomy, which is an improved
approach for understanding hospital costs, as in incorporates both
indirect (e.g. catering, cleaning and utilization of the hospital
building) and direct costs (e.g. personnel staff, material and
equipment; including costs of the robot) in this cost analysis [8].
All costs are presented in euros.
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4. Statistical analysis

Analyses were performed according to an intention-to-treat
principle, all patients who were scheduled for surgery after
randomization were included. A sensitivity analysis was performed
excluding patients in whom no formal resection was performed
because irresectable disease was found intraoperatively. Further, a
sensitivity analysis was performed in which the 5% most expensive
patients were excluded to mitigate the effect of extreme cases.
Summary statistics were used to describe patient and treatment-
related characteristics. Categorical variables were presented as
frequencies with percentages and continuous variables were pre-
sented as means with standard deviation (SD).

Differences in hospital costs were analysed by means of non-
parametric bootstrapping, using 1000 samples of the same sizes as
the original samples, with replacement. Mean differences are re-
ported with corresponding 95% bias-corrected and accelerated
confidence intervals (BCaCl) [9]. The relation between patient and
treatment-related characteristics and complications with total
costs was studied using multivariable linear regression with boot-
strapping. Possible predictors were entered in the multivariable
analysis when showing a near significant (p < 0.20) difference in
costs according to the univariable analysis.

A cost-effectiveness analysis considers the difference of costs
between two interventions (in this case RAMIE versus OTE) divided
by the changes in outcome (i.e. difference in effect). An incremental
cost-effectiveness ratio for RAMIE versus OTE was calculated as the
difference in mean costs per patient divided by the mean risk
reduction in complications. In this study the ratio represents the
average incremental cost associated with the prevention of a
complication after esophagectomy. Results of the cost-effectiveness
analysis, using 1000 bootstrap samples, were presented using a
cost-effectiveness plane and a cost-effectiveness acceptability
curve to illustrate the uncertainty of sampling in the estimation of
cost-effectiveness.

The cost-effectiveness acceptability curve shows the probability
of RAMIE being cost-effective for different levels of willingness-to-
pay values, ranging from 0 to larger thresholds. The willingness-to-
pay thresholds can be determined as the amount of money the
payer is willing to pay to obtain the outcome of interest (i.e. price
per complication prevented). For the specific objective of esti-
mating the cost effectiveness in this trial, it was hypothesised that
healthcare providers would be willing to pay to prevent post-
operative complications as long as it costs less than the treatment
of a complication. According to two previously published studies
from the Netherlands and Sweden, the average additional cost
burden of any postoperative complicated course after esoph-
agectomy ranged between €18500 and €22500 euro's [5,6]. Sta-
tistical analysis was performed using SPSS version 27.0 (IBM Corp.,
Armonk, NY). A p-value of <0.05 was considered statistically
significant.

5. Results
5.1. Patients

In total, 112 patients were randomized to undergo either RAMIE
or OTE. Prior to surgery 1 patient died during neoadjuvant treat-
ment, 1 developed interval metastasis, and 1 patient physically
deteriorated and refused surgery. In total 109 patients were plan-
ned for the randomized intervention (RAMIE n = 54 and OTE
n = 55) and were included in the intention to treat analysis. De-
mographic and clinical baseline characteristics were comparable
(Table 1). The primary endpoint, overall surgery related post-
operative complications occurred in 32/54 (59%) patients after
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Table 1
Characteristics of the RAMIE and OTE groups.
RAMIE (n = 54) OTE (n = 55)

Age (year)' 64 (+8.9) 65 (+8.2)
Gender (n (%))
Male 46 (85) 42 (76)
Female 8 (15) 13 (24)
BMI (kg/m?)'t 26.1 (+4.4) 25.5 (+4.7)
ASA score (n (%))°
1 13 (24) 11 (20)
2 37 (69) 34 (62)
3 6(11) 10 (18)
Type of carcinoma (n (%))
Adenocarcinoma 41 (76 43 (78)
Squamous cell carcinoma 13 (24 12 (23)
Location of tumor (n (%))
Upper third 1(2) 0(0)
Middle third 5(9) 8 (15)
Lower third 26 (48) 29 (53)
Gastro-esophageal junction 22 (41) 18 (33)
Neoadjuvant treatment (n (%))
Chemoradiotherapy 42 (79) 44 (80)
Chemotherapy 6(11) 4(7)
None 6(11) 7 (13)
Tumor length (cm — range)’ 5.0 (£2.1) 44 (+1.8)
Clinical T stadium (n (%))
cT1 5(9) 6(11)
cT2 11 (20) 7(13)
cT3 37 (69) 41 (75)
cT4 1(2) 1(2)
Clinical N stadium (n (%))
cTNO 15 (28) 19 (35)
TN+ 39(72) 36 (65)
Any comorbidity (n (%)) 43 (80) 41 (75)
Cardiac comorbidity 3(6) 6(11)
Vascular comorbidity 10 (19) 9(17)
Pulmonal comorbidity 8 (15) 6(11)
Thromboembolic comorbidity 20 (37) 19 (35)
Urological comorbidity 3(6) 8(15)
Neurological comorbidity 2 (4) 3(5)
Previous operation (n (%)) 22 (41) 18 (33)
History of malignancy (n (%)) 15 (28) 16 (29)

IPlus—minus values are means + SD.
*modified Clavien-Dindo classification.
2 ASA denotes American Society of Anesthesiologists.

RAMIE and in 44/55 (80%) patients after OTE (mean difference 21%,
95%CI 4%—36%). Detailed trial outcomes have been published pre-
viously [2]. In the RAMIE group, 2 patients were found to have
irresectable disease intraoperatively and no formal resection was
performed. An additional sensitivity analysis was performed
excluding these two patients.

5.2. Cost analysis

Mean use of hospital resources and costs per patient for RAMIE
and OTE, as well as mean cost differences, are shown in Table 2.
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Fig. 1. For the entire cohort, the distribution of costs of all patients (n = 109), 4,5% of
most expensive patients were responsible for 19.1% of all hospital costs.

Average costs of the initial surgical procedure were higher for
RAMIE €8601 compared to OTE €5937 (mean difference € —2664,
BCaCl € —4301 to € —1227, p = 0.004). However, the mean total
hospital costs were comparable between RAMIE €40211 and OTE
€39495 (mean difference €-715; BCaCl € —-14831 to 14783,
p = 0.932). Sensitivity analysis, excluding 2 patients in the RAMIE
group with irresectable disease intraoperatively, demonstrated no
difference in results. Also the sensitivity analysis excluding the 5%
most expensive patients demonstrated no difference in healthcare
costs between RAMIE and OTE (p = 0.406).

Differences in average intensive care unit costs, ward costs,
laboratory costs, radiology costs and other costs between both
groups did not reach statistical significance. Interestingly, the 5
(4,5%) most expensive patients in the entire cohort (2 robot, 3 open)
were responsible for 19.1% of the total hospital costs assessed in this
randomized controlled trial (Fig. 1). All these 5 patients suffered
from an anastomotic leak leading to a sequela of other complica-
tions, reinterventions and a prolonged hospital stay, all contrib-
uting to high resource utilization.

5.3. Cost-effectiveness of postoperative complication prevention

The incremental cost-effectiveness ratio was EUR 715/
0.21 = €3404 indicating the cost per prevented occurrence of a
complication per patient by RAMIE. Fig. 2 demonstrates the dif-
ference in total hospital costs between RAMIE and OTE according to
the % difference in prevented postoperative complications of the
1000 bootstrap samples. In 42.3% of bootstraps, hospital costs of
RAMIE were lower and RAMIE resulted in less postoperative com-
plications (lower right quadrant). In 55.4%, RAMIE was more
expensive but resulted in less postoperative complications (upper

Table 2
Costs for the OTE and RAMIE groups (€).
OTE (n = 55) RAMIE (n = 54) Difference in costs P-value

Total costs 39495 (30611, 52032) 40211 (32001, 51580) —715 (—14831, 14783) 0.932
Surgical costs 5937 (4825, 6996) 8601 (7479, 9933) —2664 (—4301, —1227) 0.004
Intensive care unit costs 10965 (5553, 18740) 8917 (4458, 15895) 2048 (—7018, 12250) 0.700
Ward costs 13074 (10337, 16376) 13200 (10709, 15928) —125 (-4327, 3830) 0.939
Laboratory costs 2771 (2106, 3638) 2558 (1935, 3287) 213 (-731, 1243) 0.699
Radiology costs 1801 (1433, 2258) 1769 (1435, 2148) 32 (-469—557) 0.887
Other costs*® 4946 (3692, 6858) 5167(3935, 6542) —220 (-2150, 1872) 0.832

2 Other costs includes: other interventions; other diagnostics, blood productsValues are mean (95% bias-corrected and accelerated confidence intervals) costs estimated by

non-parametric bootstrapping.
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Fig. 2. Cost-effectiveness plane showing differences in total hospital costs (vertical axis) and difference in proportion of patients without postoperative complications (horizontal
axis) between RAMIE and OTE. There are four possible outcomes: RAMIE is more costly and more effective: 55.4% (upper right quadrant), more costly and less effective: 1.6% (upper
left), cheaper and less effective: 0.7%(lower left), or cheaper and more effective: 42.3% (lower right).

left quadrant). In 0.7%, RAMIE was cheaper, but resulted in more
postoperative complications, whereas in 1.6% it was more expen-
sive and resulted in more postoperative complications. Fig. 3
demonstrates the probability of RAMIE being cost-effective for
different values of societal willingness to pay per complication
prevented; at a willingness-to-pay threshold of €0, the probability
was 42%, and at €10.000, €20.000, €25.000 and €40.000 it was
53%, 62%, 70% and 82%, respectively.

5.4. Risk factors associated with increased hospital costs in the
entire cohort

An analysis of postoperative hospital costs for patient and
treatment related characteristics, and postoperative complications
after esophagectomy was performed in the entire cohort including
all 109 patients who underwent a surgical procedure after
randomization. Results are shown in Table 3. Factors associated
with additional costs in univariable analysis included age, >70, ASA
score, any comorbidity and postoperative complications. Major
postoperative complications was the only factor that remained
independently associated with an increase in mean total hospital
costs in multivariable analysis (attributable costs of €31839 per
patient with major complications, BCaCl €18919 to 46516
p = 0.009).

Probability of RAMIE being cost effective
© © © © © © © © ©
- N w = w (42} ~ 0 o -

o

0 10000 20000 30000 40000 50000 60000 70000 80000

Willingness to pay per complication prevented (€)

Fig. 3. Cost-effectiveness acceptability curve showing the probability of RAMIE being
cost-effective for different values of willingness to pay per complication prevented.

6. Discussion

In the ROBOT-trial, total hospital costs were comparable be-
tween RAMIE and OTE. A postoperative complicated course was
found to be the most important driver of hospital costs. Although
the costs of the initial surgical procedure in the RAMIE group were
higher, the comparable total hospital costs (costs of initial pro-
cedure combined with postoperative care) were caused by the
lower complication rate in the RAMIE group. At a willingness-to-
pay threshold of €20.000 to €25.000 (i.e. estimated additional
costs to the hospital to treat patients with a complication) RAMIE
had a probability 62%—70% of being cost effective to prevent
postoperative complications.

To enable interpretation of the cost-effectiveness probabilities,
information regarding the willingness-to-pay threshold for
complication reduction is needed. The investment by a hospital to
fund a new treatment can be considered worthwhile if the
improvement in clinical outcome is valued enough to pay for it.
Whereas the willingness-to-pay thresholds for QALY improve-
ments is well established in available literature, no opinion has
been published regarding what can be considered a reasonable
amount to spend on complication prevention after esophagectomy
by a hospital. According to two previously published studies from
the Netherlands and Sweden, the average additional cost burden of
any postoperative complicated course after esophagectomy ranged
between €18500 and €22500 euro's [5,6]. In the current study, at
willingness-to-pay thresholds of these amounts, RAMIE had a >60%
probability of being cost effective to prevent postoperative com-
plications. Indicating that for each complication prevented, RAMIE
is likely to cost hospitals less than the costs to treat complications
after surgery.

These results are in concordance with previously published re-
sults showing that minor and major postoperative complications
are the main drivers of postoperative costs after esophagectomy
[5,6]. In this context, several non-randomized studies have shown
that the reduction in complications and faster postoperative re-
covery after conventional minimally invasive esophagectomy (MIE)
compared to OTE outweigh the increased operative costs of MIE
[10—13]. These results emphasize that the continuing adoption of
minimally invasive surgical techniques to provide improved quality
of care does not necessarily increase healthcare spending. However,
in a time when healthcare resources are frequently constrained,
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Table 3

For the entire cohort, analysis of postoperative hospital costs (in Euros) for patient, treatment related characteristics and postoperative complications after esophagectomy.
Characteristic n (%) Average costs Difference in costs P-value
Number of patients 109 (100) 39850 (32834, 48751)
Gender (n (%))
Male 88 (81) 36884 (30465, 44998) —15939 (—46884, 6424) 0.239
Female 21(19) 52278 (34178, 76750)
Age at the time of Surgery
<70 years 76 (70) 33239 (28797, 38981) —21837 (—47113, —3313) 0.062
>70 years 33(30) 55077 (37128, 77607)
ASA Score
I 24 29983 (24031, 37903) —12653 (—24312, —996) 0.049
II-111 85 42636 (34533, 52136)
Surgical procedure
OTE 55 39495 (30611, 52032) —715 (—14831, 14783) 0.932
RAMIE 54 40211 (32001, 51580)
Any comorbidity
No 25 30327 (24068, 38242) '-12356 (—24230, —852) 0.042
Yes 84 42684 (34515, 52640)
Neoadjuvant treatment
No 13 42314 (21537, 77083) 2797 (—20346, 38720) 0.865
Yes 96 39516 (33316, 47241)
Complications
No complications 19 22620 (18455, 26753) <0.001
Minor complications (MCDC 1-2) 50 31258 (25840, 37886) —8637 (—17093, —1357)
Major Complications (MCDC 3—5) 40 58774 (44187, 74981) —36153 (—56996, —18363)

Values are mean (95% bias-corrected and accelerated confidence intervals) costs estimated by non-parametric bootstrapping.

identification of strategies to reduce surgical costs should be
considered relevant. For example, in the ROBOT trial, the thoracic
phase of RAMIE was performed robotically and the abdominal
phase was performed with conventional laparoscopy. For the
abdominal phase, a full set of laparoscopic trocars, instruments and
a harmonic ace were used. Currently, both phases of the operation
are performed robotically and this reduces operative costs by re-
using the robotic instruments used in the thoracic phase and
saving the costs associated with an additional set of laparoscopic
instruments.

The question remains whether RAMIE is superior to MIE
considering postoperative outcomes and postoperative costs. MIE
showed comparable short-term postoperative benefits compared
to OTE in a randomized trial (TIME trial) [14]. Early results of the
first randomized controlled trial comparing RAMIE with MIE for
treatment of esophageal squamous cell carcinoma demonstrated,
shorter duration of surgery, comparable complication rates and
improved lymph node yield for the RAMIE group. So far no costs
analysis was conducted [15]. Currently, there are two other multi-
center randomized controlled trials recruiting patients comparing
RAMIE to conventional MIE: the REVATE trial (ClinicalTrials.gov
Identifier: NCT03713749) [16] recruiting patients with esophageal
squamous cell carcinoma and the ROBOT-2 trial (ClinicalTrials.gov
Identifier: NCT04306458) recruiting patients with esophageal
adenocarcinoma [17]. Postoperative costs will be an important
secondary endpoint in these studies and will answer the question
whether there is a difference in postoperative costs and cost-
effectiveness between RAMIE and MIE.

Another important driver of costs after esophagectomy is the
preoperative individual physical state (i.e. comorbidity) of the pa-
tient, as is demonstrated by the current study (Table 1) and pre-
viously published studies [5,18]. As most of these characteristics are
well known risk-factors for postoperative complications, they are
therewith also important direct drivers of postoperative costs [5].
There is increase in evidence that shows that prehabilitation before
major (abdominal) surgery, by preoperative exercise programs and
nutritional optimization, improves postoperative recovery and can
reduce postoperative complications [19]. This suggests that
investing in the optimization of the preoperative physical state of

patients could not only improve of quality of care, but may also
decrease postoperative costs.

Strengths of this study include the randomized design.
Furthermore, the financial data used in this study represent the
actual patient-specific costs of postoperative hospitalization using
TD-ABC methodology, which results in a detailed overview of costs
for every aspect of a patient's postoperative hospitalization [9].
Limitations of this study include the limited number of included
patients in this single center randomized controlled trial, which
was not powered to show a difference in postoperative costs. Also
healthcare costs may vary between hospitals and different medical
systems and therewith potentially influence the generalizability of
the current results. As such, direct extrapolation of these results to
other settings should be carefully considered. To handle the
fundamental heterogeneity in hospital costs, as indicated by the
wide BCaCl, and reduced statistical power bootstrapping was
applied. In this technique the original trial's hospital costs and
clinical outcome are run through a mathematical model to simulate
hypothetical results, as if the same trial was conducted thousands
of times over. These simulated cost-effectiveness ratios better
represent the wide range of possible cost-effectiveness outcomes
that could be expected in the population and is considered essential
in estimating cost-effectiveness within randomised controlled tri-
als [20]. Furthermore, the cost-analysis was restricted to a hospital
perspective up to 90 days postoperatively. No information was
gathered from a patient perspective (i.e. earlier return to work) and
no data regarding costs was acquired beyond 90 days
postoperatively.

In conclusion, RAMIE is an effective treatment that reduces the
incidence of postoperative complications compared to open sur-
gery without increasing total hospital costs.
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