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Abstract
Background  The robotic approach is being increasingly utilized for liver resections. Patient benefits from robotic liver 
resection (RLR) have been observed; however, their cost–benefit is yet to be confirmed. This systematic review aimed to 
determine the costs of RLR compared to laparoscopic (LLR) or open liver resections (OLR).
Method  A systematic search of MEDLINE, EMBASE, and Cochrane databases was performed in October 2025. Non-rand-
omized studies of adult patients undergoing RLR were included. The narrative data synthesis focused on total, intraoperative 
and indirect costs, and length of stay (LOS). Where study heterogeneity was deemed acceptable (I2 < 75%), meta-analyses 
were performed. Quality assessment was performed using ROBINS-I and the Drummond economic evaluation checklist.
Results  32 studies were included, involving a total of 16,592 patients. In RLR vs. OLR comparisons, most studies (n = 13/18, 
72.2%) reported equivalent or lower total costs for RLR. In RLR vs. LLR comparisons, most studies (n = 10/18, 55.6%) 
reported higher total costs for RLR, confirmed by meta-analysis (+ 5,250 PPP-adjusted USD, 95% CI + 3,360 to + 7,150). A 
minority of studies (n = 8/32, 25%) addressed indirect costs or costs adjusted for case volume or complexity. When assessed, 
cost differences between RLR and LLR decreased in high-volume centers. No study performed a formal cost-effectiveness 
analysis.
Conclusion  Available evidence suggests laparoscopy remains the least costly approach. The cost of RLR may decrease in 
high-volume centers, complex resections, and with increasing diversity of robotic platforms. Standardization of cost reporting 
and quality of health economic analyses must be improved to provide definitive cost-effectiveness evaluations.

Keywords  Liver disease · Robotic surgery · Robotic liver resection · Laparoscopic liver resection · Open liver resection · 
Cost-effectiveness

Liver resections are a major management strategy for benign 
and malignant liver diseases. In the context of primary and 
secondary liver malignancies, liver resections can provide a 
curative option for patients. In the example of the most com-
mon tumor type, colorectal liver metastasis (CRLM), liver 
resection combined with systemic anti-cancer therapy can 

yield 5-year survival rates of up to 50% for patients [1–3]. 
Technological advances in surgery have led to the develop-
ment of the robotic approach, facilitating novel minimally 
invasive techniques. Accordingly, the robotic approach has 
been adopted for liver resections, showing improved patient 
outcomes such as reduced LOS, blood loss, and postopera-
tive pain [4–6]. With global cancer rates on the rise, pre-
dicted to reach 35 million new cases per year by 2050, it is 
imperative to develop surgical techniques which yield the 
best possible patient outcomes [7].

The adoption of robotic liver resection (RLR) is advo-
cated by professional groups, such as the Brescia European 
guidelines on minimally invasive liver surgery [8]. The use 
of robotic surgery for left and right hepatectomy and minor 
liver resections is supported by clinical evidence. However, 
the guidelines were unable to comment on the current cost-
effectiveness of RLR due to the paucity of available data. 
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With the economic pressure on healthcare providers and the 
aim of a widespread adoption of RLR, cost must be consid-
ered against the clinical advantages. This systematic review 
aimed to evaluate the current cost implications of RLR in 
adult patients, compared to LLR or OLR.

Methods

Study design and definitions

The study protocol was developed in accordance with the 
PRISMA and AMSTAR 2 guidelines and was prospec-
tively registered with PROSPERO (registration number 
CRD420251162341) [9, 10].

Selection criteria

All manuscripts meeting study-type criteria which featured 
a cost analysis for the use of RLR as an intervention for 
adult patients undergoing surgery for benign or malignant 
liver disease were included. Study-type criteria included 
cohort studies and randomized control trials (RCTs). Sys-
tematic reviews were used to identify further relevant pri-
mary research studies but were not included in the analy-
sis directly. We excluded non-English publications, case 
reports/series, conference abstracts/editorials/letters/reviews, 
non-human studies, duplicate/overlapping cohorts, and stud-
ies without extractable data for the predefined outcomes.

Systematic literature search

Embase (Ovid), MEDLINE (Ovid), and Cochrane Library 
databases were systematically searched. All studies pub-
lished until September 2025 were considered for inclusion in 
this systematic review. All identified studies were reviewed 
against the inclusion and exclusion criteria to assess eligi-
bility. Referenced studies within identified literature were 
accessed and also considered for inclusion. Screening was 
performed by two independent investigators (MK and MI) 
and studies identified were analyzed for relevance to the sys-
tematic review prior to full inspection. Any discrepancies 
between the independent investigators were addressed by a 
third senior investigator (PK) until consensus was achieved. 
The search strategies used are displayed in full in Table 6.

Primary and secondary outcomes

Primary outcomes involved costs associated with the surgi-
cal procedure and inpatient admission related to the primary 
surgery and specifically included the total cost of procedure, 
total cost of inpatient admission, and length of stay (LOS). 
The secondary outcomes focused on the costs attributed 

indirectly from the use of robotic surgery to explore the cur-
rent economic factors in RLR.

Data extraction

Two independent investigators (MK & MI) extracted data 
in duplicate using a standardized data collection form. The 
senior author (PK) was consulted on any discrepancies. Data 
were extracted on study characteristics (number of patients, 
study type, country of origin), patient characteristics (pathol-
ogy involved), intervention (minor or major liver resection, 
center volume, type of robotic platform used), and primary 
and secondary outcomes. When available, additional data 
such as postoperative costs or intraoperative costs were 
collected.

Data synthesis

To summarize the current cost analyses for RLR, mean 
costs per procedure and absolute median delta differences 
for comparison groups were reported. An exploratory sub-
analysis was conducted to account for learning-curve and 
center-volume effects by restricting the analysis to stud-
ies from self-reported high-volume centers that reported 
exclusion of early cases due to the learning curve. All cost 
estimates were adjusted to January 2026 values. Country-
specific CPI data from official national statistical agencies 
were used to inflation-adjust costs from the original study 
year to January 2026. Subsequently, costs were converted to 
U.S. dollars using market exchange rates or to PPP-adjusted 
international dollars using country-specific implied PPP con-
version rates from the IMF World Economic Outlook data-
base; OECD guidance was used as the methodological ref-
erence for PPP. Costs already reported in U.S. dollars were 
adjusted using the U.S. CPI. When applicable, treatment 
effects were displayed in odds ratios (ORs) or risk ratios 
(RRs) with 95% confidence intervals (CIs) for dichotomous 
data. Continuous data treatment effects were expressed as 
mean differences with 95% CIs. Statistical significance was 
evaluated using the Mann–Whitney U test for two-group 
comparisons. Alongside the traditional approach to reporting 
data, a structured narrative synthesis was conducted in line 
with the Guidance on the Conduct of Narrative Synthesis in 
Systematic Reviews from the Economic and Social Research 
Council [11].

Due to anticipated study heterogeneity, a formal meta-
analysis of all effect estimates was not planned. Explora-
tory meta-analyses were performed for LOS, intraopera-
tive costs, and total costs. Heterogeneity across studies was 
assessed using the I2 statistic. An I2 value below 75% was 
pre-specified as indicating acceptable heterogeneity for pool-
ing in the primary analyses and was reported in the results. 
Where I2 exceeded this threshold, pooled estimates were still 
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calculated using a random-effects model but are explicitly 
labeled as exploratory, given the substantial between-study 
variance, and should be interpreted with caution. Continuous 
outcomes were pooled as mean differences (MDs) with cor-
responding 95% confidence intervals (CIs), comparing RLR 
resection with either OLR or LLR. When studies reported 
medians with interquartile ranges or ranges, means and 
standard deviations were estimated using established meth-
ods described by Hozo et al. and Wan et al. [12, 13]. Miss-
ing standard deviations were imputed in sensitivity analyses 
using the median coefficient of variation derived from stud-
ies with available variance data. All statistical analyses were 
performed using R statistical software (Version 4.6 for Mac, 
R Foundation for Statistical Computing, Vienna, Austria). 
Meta-analyses were conducted using the meta package.

Quality assessment

Quality assessment was conducted independently by MK 
and MI. Any disagreements were consulted with the senior 

author PK. The ROBINS-I tool was used for non-rand-
omized studies [14]. The risk of bias was assessed as “low 
risk,” “moderate risk” or “serious risk,” for each study. The 
results were depicted graphically using a visualization tool 
by McGuinness et al. [15]. Given the focus of this study on 
cost-analysis outcomes, the Drummond checklist was also 
used for quality assessment, a tool designed for the critique 
of economic evaluations [16].

Results

Included and excluded studies

The search strategy returned 135 articles after removing 
duplicate studies. Following abstract screening, 94 articles 
were excluded. Full-text reviews excluded 9 studies. The 
32 included studies subsequently underwent data extraction. 
The selection process together with reasons for exclusion is 
outlined in the PRISMA flowchart in Fig. 1.

Fig. 1   PRISMA flow diagram of study selection
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Study characteristics

All 32 included studies were non-randomized (Table 1). 
3 studies included data from national registries (n = 3/32, 
9.4%). They were internationally distributed predomi-
nantly from the USA (n = 13/32, 40.6%), Europe (n = 8/32, 
25%), and China (n = 7/32, 21.9%), and conducted between 
2011 and 2025, with the majority within the last 5 years 
(n = 20/32, 62.5%). 11 Studies compared OLR with RLR 
(34.3%), 13 LLR and RLR (40.6%), and 8 (25%) compared 
all three techniques. In total 16,592 patients were included 
in the entirety of the studies. The Intuitive DaVinci System 
was the only reported robotic platform in the studies.

Total costs

29 of 32 studies (90.6%) reported on total costs, including 
the costs of primary hospitalization, procedure, and/or read-
missions. Of these 29 studies, 18 compared OLR with RLR, 
and 18 compared LLR with RLR. 7 studies assessed all three 
techniques and were therefore included in both comparisons. 
In the OLR vs. RLR comparison, 7 studies (n = 7/18, 38.9%) 
reported significantly lower total costs for RLR [17–23], 5 
(n = 5/18, 27.8%) reported lower costs for OLR [24–28], and 
6 (n = 6/18, 33.3%) found no statistically significant differ-
ence [29–34]. In contrast, in the LLR vs. RLR compari-
son, 10 studies (n = 10/18, 55.6%) reported LLR as signifi-
cantly less costly than RLR [19, 27, 28, 34–40], 4 (n = 4/18, 
22.2%) reported lower costs for RLR [21, 23, 41, 42], and 4 
(n = 4/18, 22.2%) found no difference [30, 43–45]. Across 
studies, higher costs for RLR were most commonly attrib-
uted to robot-specific intraoperative cost components (e.g., 
disposable instruments, maintenance, and longer operative 
times). Potential offsetting costs, particularly versus OLR, 
were described through shorter LOS and reduced postop-
erative resource use (e.g., pharmacy and laboratory costs), 
although these drivers were not uniformly captured across 
cost definitions. Overall, earlier studies (predominantly 
pre-2021) more often favored OLR in terms of total costs, 
whereas more recent studies more frequently reported cost 
neutrality or lower costs for RLR versus OLR. Compared 
with LLR, postoperative outcomes and downstream resource 
use were often similar, and differences in total cost were 
largely driven by higher intraoperative robotic costs. More 
recent studies reported cost neutrality between RLR and 
LLR. The distribution of studies over time and correspond-
ing cost ratios for OLR vs. RLR and LLR vs. RLR are shown 
in Fig. 2.

The exploratory meta-analyses revealed high levels of 
heterogeneity (I2 > 75%) when analyzing total costs for RLR 
vs. OLR and were therefore not reported. Acceptable levels 
of heterogeneity were observed for RLR vs. LLR analyses 
and were reported. RLR was associated with significantly 

higher total costs compared with LLR in the primary analy-
sis of seven studies (MD + 5,250 PPP-adjusted USD, 95% 
CI + 3,360 to + 7,150; p < 0.0001; I2 = 72.2%) (Fig.  3). 
Although below our pre-specified threshold, heterogeneity 
remained substantial (I2 = 72%), and pooled cost estimates 
should be considered hypothesis-generating rather than 
definitive.

Intraoperative costs drivers

17 of 32 studies (53.1%) reported on intraoperative costs. 
9 of these studies (n = 9/17, 52.9%) reported on OLR vs. 
RLR and 10 (n = 10/17, 58.8%) reported on LLR vs. RLR. 
7 studies (n = 7/9, 77.8%) showed reduced intraoperative 
costs in RLR compared to OLR. [18, 20, 22, 25, 30, 31, 46]. 
Only Aziz et al., who performed a retrospective analysis of 
the 2015 National Readmission Database (NRD), showed 
significantly lower costs index surgery costs for the robotic 
approach in comparison with open and laparoscopic surgery 
(OLR $52,490 LLR $50,330, RLR $45,590, p < 0.01)[23]. 
Stewart et al. found no difference between open and robotic 
surgery [17].

6 studies (n = 6/10, 60%) reported higher intraoperative 
costs in RLR compared to LLR [30, 35, 37, 41, 45, 46]. 2 
studies (n = 2/10, 20%) showed an intraoperative cost ben-
efit of RLR [23, 42]. Higher blood loss, operative time, and 
use of costly materials were identified as main cost drivers 
across all studies. The robotic approach was often associated 
with lower blood loss compared to open surgery. However, 
longer operations and more expensive materials were major 
cost drivers in the robotic groups.

The exploratory meta-analyses revealed high levels of 
heterogeneity (I2 > 75%) when analyzing all intraoperative 
costs and were therefore not reported.

Postoperative cost drivers

Length of stay (LOS) was reported in 27 of 32 included 
studies (84.4%) and was the major cost driver postopera-
tively (Table 2). Among studies comparing RLR with OLR 
(n = 14), 10 studies (71.4%) reported a significantly shorter 
LOS after RLR [17, 18, 20–22, 24, 30, 31, 33, 47]. Four 
early studies (all published before 2018) reported no signifi-
cant difference between OLR and RLR [26–28, 32]. Studies 
that modeled costs, identified LOS and complication bur-
den as major cost drivers, helping explain why the robotic 
approach can offset higher intraoperative expenses, when 
compared to open surgery [20, 30]. In contrast, comparisons 
between RLR and LLR (n = 16) showed lower and less con-
sistent differences in LOS. Most studies (n = 10/16, 62.5%) 
reported no significant difference. However, several recent 
studies with subgroup analyses favored RLR. Winckelmanns 
et al. reported a shorter median postoperative LOS after 
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RLR (3 days, IQR 1–3) compared with LLR (4 days, IQR 
3–6; p < 0.001) [41]. The average total, intraoperative and 
postoperative costs per surgical approach are represented 
graphically in Fig. 4.

The exploratory meta-analyses revealed high levels of 
heterogeneity (I2 > 75%) when analyzing LOS for RLR vs. 
LLR and were therefore not reported. Acceptable levels of 

heterogeneity were observed for RLR vs. OLR analyses and 
were reported. In the primary random-effects meta-analysis 
of 11 studies, patients undergoing RLR experienced shorter 
LOS than patients undergoing OLR. (MD − 2.69 days, 95% 
CI − 3.53 to − 1.84; p < 0.0001; I2 = 68.0%) (Fig. 5). This 
effect remained statistically significant across sensitivity 
analyses and leave-one-out analysis.

Fig. 2   Cost ratios of total costs

Fig. 3   Forest plot comparing total costs between RLR and LLR
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Indirect costs

Indirect costs were addressed in 8 studies (n = 8/32, 25%) 
[19, 26, 33, 34, 43, 44, 47, 48]. Indirect costs were ana-
lyzed due to their relevance to robotic platforms, as they 
include high, fixed costs that are not captured in routine 
perioperative accounting, such as maintenance costs or 
the acquisition of the robotic platform. Additional costs 
ranged between $1,300 and $12,000 per procedure, with an 
average extra cost of $3,980 per procedure. Packiam et al. 
included an indirect cost calculation in their retrospective 
single-center comparison of robotic vs. pure laparoscopic 
left lateral sectionectomy (LLS), including 11 robotic 
and 18 laparoscopic cases. Their indirect cost calculation 

was based on the dual-console da Vinci model used at 
their institution: purchase cost $2.2 million ($3,3 M CPI 
adjusted), annual maintenance $150,000 ($227,410 CPI 
adjusted), 10-year lifespan with an estimated use for 260 
robotic cases/year, resulting in an estimated $2,157.36 
indirect cost per robotic case [48]. While direct OR sup-
ply costs were similar between the two groups ($7,600 vs. 
$6,540 p = 0.401), the addition of purchase/maintenance 
allocation made RLR significantly more expensive ($9,720 
vs. $6,540 p = 0.021). Pilz da Cunha et al. showed similar 
results, with RLR becoming significantly more expensive 
once purchase and maintenance were added, increasing 
total cost by roughly $2,940 (~ €1,840) per case [43]. 
Rouault et al. explicitly modeled a fixed robot cost by 

Table 2   Average length of stay 
and average secondary cost 
outcomes (converted to United 
States Dollar)

LOS length of stay; N/A not available, O open, L laparoscopic, R robotic
* Two laparoscopic groups (initial/mastery group)

References Length of stay (days) Indirect costs

O L R O L R

Huang et al. N/A N/A N/A N/A N/A N/A
Roualt et al. N/A N/A N/A N/A N/A 985/case
Hawksworth et al. 7.4 N/A 2.9 N/A N/A N/A
Pilz da Cunha et al. N/A 3 3 N/A N/A 2132/case
Azimuddin et al. 3 N/A 2 N/A N/A N/A
Elshaer et al. N/A 5 3 N/A N/A N/A
Rayman et al. 6 N/A 4 8753/case N/A 7899/case
Chen et al. N/A 7.4 5.6 0 0 5735/case
Knitter et al. 14 9 9 N/A N/A N/A
Winckelmans et al. N/A 4 3 N/A N/A N/A
Xie et al. 9 N/A 7 N/A N/A N/A
D’Hondt N/A 3/5** 2 N/A N/A N/A
Aziz et al. N/A N/A N/A N/A N/A N/A
Miller et al. N/A 3 4 N/A N/A N/A
Cai et al. N/A 8 8 N/A N/A N/A
Shapera et al. 6 N/A 4 8129/case N/A 7723/case
Zhu et al. N/A 4 4 N/A N/A N/A
Hawksworth et al. 5 N/A 2.5 N/A N/A N/A
Stewart et al. 6.2 N/A 2.2 N/A N/A N/A
Packiam et al. N/A 3 4 N/A 4,408/case 6553/case
Mejia et al N/A N/A N/A N/A N/A 150,000/year
Hu et al. N/A 4.4 4.3 N/A N/A N/A
Cortolillo et al. 7.6 6.8 4.5 N/A N/A N/A
Wu et al. N/A N/A N/A N/A N/A N/A
Shu et al. 17.81 N/A 13.54 0 0 5000/case
Salloum et al. N/A 7 6 N/A N/A N/A
Daskalaki et al. 9.2 N/A 6 N/A N/A N/A
Croner et al. 10 8 7 N/A N/A N/A
Kim et al. N/A 7 7 N/A N/A N/A
Sham et al. 6.5 N/A 4.2 N/A N/A N/A
Yu et al. N/A 9.5 7.8 N/A N/A N/A
Ji et al. 9.6 5.2 6.7 N/A N/A N/A
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amortizing purchase and maintenance over time and divid-
ing by annual robot volume, estimating a per-case platform 
cost of approximately $1,300 (~ €850) per operation. Their 
interpretation was that in a well-established, high-volume 
center, reductions in LOS and complications can outweigh 
the robot’s fixed-cost allocation [19]. It is important to 
note that the analysis still depends on the volume and cost-
ing assumptions.

Case complexity

Six studies (n = 6/32, 18,8%) evaluated costs in complex 
liver resections, defined as major hepatectomies, postero-
superior segment resections, or tumors in close proximity 
to major vessels [30, 34, 35, 39, 43, 44]. All six compara-
tive studies assessed laparoscopic versus robotic approaches 
in complex cases. Across most studies (n = 4/6, 66,7%), 

Fig. 4   Average total, intraopera-
tive and postoperative costs per 
surgical approach
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increasing procedural complexity was not associated with 
a significant cost difference between the laparoscopic and 
robotic approaches. Costs increased both for LLR and RLR 
from ordinary to complex cases by approximately 20%. 
The effects of case severity on RLR costs vs. LLR costs are 
shown in Table 3.

Five studies (n = 5/32, 15.5%) included learning-curve 
effects on costs. The definition of the learning phase across 
the five studies ranged from 15 to 50 initial cases. These 
were removed from the analyses to explore volume effects 
following the learning phase [19, 20, 35, 43, 44]. 9 stud-
ies (n = 9/32, 28.1%) mentioned conducting RLR in a high-
volume center [19, 20, 30–33, 35, 42–44, 47].

In the limited subset of studies reporting data related to 
learning curve or center volume, the median difference in 
total costs between RLR and OLR shifted toward lower costs 
for RLR with a median delta of $1,660. However, this find-
ing should be interpreted as exploratory, as only five stud-
ies provided relevant data, definitions of learning curve and 
center volume varied substantially, and quantitative pooling 
was not feasible. Compared with LLR, cost differences asso-
ciated with RLR appeared to attenuate in studies accounting 
for learning curve effects or high-volume center experience, 
but the small number of studies and methodological hetero-
geneity preclude firm conclusions.

Roualt et al. compared open, laparoscopic, and robotic 
liver resection between 2018 and 2021 and found that robotic 
costs declined over time, becoming comparable to open and 
laparoscopic surgery due to reductions in indirect costs, 

complications, and hospital stay. They also suggested that 
robotic surgery allowed complex cases that would otherwise 
require an open approach to be managed minimally inva-
sively, thereby reducing costs. D’Hondt et al. examined costs 
during the initial mastery phase of robotic liver surgery and 
after implementation. They concluded that the cost of adopt-
ing robotics may be mitigated by a shorter learning curve 
compared with laparoscopy. Consistently with this, they 
found no significant cost differences between the robotic 
group and the mastery phase group, while overall total costs 
for robotic liver surgery were even lower, mainly because of 
shorter hospital stay and fewer severe complications.

Cost differences globally

Median costs were calculated for studies from Asia, the USA, 
and Europe. Median total costs were highest in studies from 
the USA, followed by Asia and Europe (Table 4). Regional 
cost estimates showed substantial variation across studies. 
However, these differences were interpreted descriptively only, 

Table 3   The effects of surgical approach, case complexity, and center volume on total, intraoperative, and readmission costs

LOS length of stay, N/A not available, OLR open liver resection, LLR laparoscopic liver resection, RLR robotic liver resection

RLR costs comparison to Studies favoring RLR Studies 
favoring 
LLR/OLR

Median cost delta Main costs driver

Total costs OLR 7/18, 38.9% 5/18, 27.8%  + 900 $ LOS, complication rates, readmission rates
Total costs LLR 4/18, 22.2% 10/18, 55.6% − 5320 $ Operative time, indirect robotic costs
Total costs "complex cases" LLR 0/6, 0% 2/6, 33.3% − 5010 $ Case complexity
Intraoperative costs OLR 1/9, 11.1% 7/9, 77.8% − 3560 $ Operative time, indirect robotic costs
Intraoperative costs LLR 2/10, 20% 6/10, 60% − 1070 $ Operative time, indirect robotic costs
Initial admission OLR 6/6, 100% 0/6, 0%  + 5900 $ ICU and ward costs, blood transfusion
Initial admission LLR 2/6, 33.3% 1/6, 16,7%  + 260 $ NA
Readmission OLR 1/6, 16,7% 0/6, 0% NA Complication rates, medication costs, LOS
Readmission LLR 1/3, 33,3% 0/3, 0% NA NA
Total costs learning curve + high volume 

OLR
3/8, 37,5% 0/8, 0%  + 1660 $ Conversion rates, complication rates

Total costs learning curve + high volume 
LLR

1/6, 16,7% 2/6, 33,3% − 3290 $ Operative time, indirect robotic costs

Intraoperative costs learning curve + high 
volume OLR

1/6, 16,7% 3/6, 50% − 3560 $ Operative time

Intraoperative costs learning curve + high 
volume LLR

1/4, 25% 2/4, 50% − 1310 $ Operative time

Table 4   Cost medians of robotic liver resection (RLR) between 
Asian, American and European countries

Asia USA Europe

Median RLR total costs 18,260 39,250 18,970
Median RLR intraoperative costs 15,030 10,820 4850
Median RLR hospitalization costs 2120 12,950 7520
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as cross-regional comparisons were limited by heterogeneity in 
healthcare systems, cost-accounting methods, reimbursement 
structures, and included cost components.

Readmission and follow‑up costs

A minority of studies reported readmission-related costs or 
readmission rates (n = 7, 21.9%). Comparability was limited 
because the time horizon for readmission analyses varied sub-
stantially, ranging from 30 days to 6 months. Only one study 
assessed longer-term costs, such as outpatient expenses. Over-
all, six of the seven studies found no significant differences in 
readmission between the three surgical approaches.

Quality assessment

All 32 studies underwent quality assessment using ROBINS-
I and the Drummond Checklist, with the full results shown 
graphically in Table 5 and Fig. 6.

ROBINS-I assessment showed that most included 
studies were at moderate or serious risk of bias. 8 studies 
(n = 8/32, 25%) were deemed at moderate risk and 24 stud-
ies (n = 24/32, 75%) were deemed at serious risk of bias. 
The most common factor in serious risk of bias assessment 
was the presence of confounders, as treatment allocation was 
generally non-randomized and often influenced by case com-
plexity, surgeon preference, and institutional or temporal fac-
tors. Studies using propensity score matching were judged 
as moderate risk of bias, whereas unadjusted or univariate 
adjusted retrospective comparisons and historical cohort 
studies were rated as serious risk of bias. Overall, bias in 
intervention classification, missing data, and outcome meas-
urement was usually low, while selection bias and selective 
reporting were additional moderate risk concerns.

For the Drummond Checklist assessment, the average 
satisfied criteria were 5.8 out of 10 (range 3–9). The least 
satisfied criteria included adjustment for differential timing, 
the use of incremental analysis, and assessment of uncer-
tainty. There were no studies which utilized quality-adjusted 
life years (QALYs) to calculate an Incremental Cost-Effec-
tiveness Ratio (ICER). No study performed a formal cost-
utility or cost-effectiveness analysis. 8 studies (n = 8/32, 
25%) included indirect costs, such as initial robotic platform 
purchase, to satisfy the important and relevant costs criteria.

Discussion

Main findings

The current literature includes a range of economic evaluations 
for RLR with heterogeneous methods for cost reporting. When 
reported, intraoperative costs were generally higher for RLR 

than for LLR or OLR. However, studies assessing total costs 
and accounting for factors such as LOS, complication rates, 
and readmissions often found RLR to be cost-saving compared 
with OLR. LOS was consistently shorter after RLR than after 
OLR (and confirmed by meta-analysis), whereas this advan-
tage was not consistently observed when RLR was compared 
with LLR. Total costs of RLR were shown to be higher than 
those of LLR through a meta-analysis. Although below our 
pre-specified threshold, heterogeneity remained substantial 
(I2 = 72%), and pooled cost estimates should be considered 
hypothesis-generating rather than definitive. Subgroup analy-
ses of complex cases, such as major hepatectomies, showed no 
significant cost differences between the two approaches. The 
cost difference between RLR and LLR also decreased follow-
ing learning phases in centers adopting the robotic approach. 
Indirect costs related to robotic platform purchase and main-
tenance were considered in only a minority of studies (25%). 
In particular, several studies did not capture important cost 
categories such as consumables, readmission-related costs, or 
indirect costs associated with robotic platform acquisition and 
maintenance. Overall, the methodological quality of the avail-
able evidence was limited. ROBINS-I assessment indicated a 
moderate to serious risk of bias across all studies, mainly due 
to their retrospective, unblinded design and the substantial risk 
of confounders caused by patient selection for robotic surgery. 
According to our health economic checklist, no study reported 
quality-adjusted life years (QALYs) or incremental cost-effec-
tiveness ratios (ICERs), which represents a major limitation 
in evaluating the true cost-effectiveness of RLR. Likewise, 
no study performed a formal cost-utility or cost-effectiveness 
analysis. Therefore, this review evaluates economic burden and 
resource utilization rather than formal cost-effectiveness.

Implications to current knowledge base

The findings of this systematic review were replicated by Koh 
et al. in their meta-analysis, featuring 45 studies of minimally 
invasive liver resections. The authors found that indirect costs 
were rarely reported in the literature. Their meta-analysis, 
including 20 studies which featured RLR groups, showed that 
LLR had the lowest total cost [49]. To further evaluate the 
economic value of minimally invasive liver surgery, they per-
formed a cost–outcome analysis and demonstrated significant 
cost, morbidity, and efficacy advantages, driven primarily by 
shorter length of stay and lower complication rates. Since this 
meta-analysis, we include six additional studies to Koh et al. 
[19, 20, 22, 43, 46, 50], published in the last 2 years, which 
act as a potential signal that the cost of RLR is reducing in the 
modern era. Our analysis aimed to focus on novel and clinically 
relevant factors that are essential for assessing the cost impact 
of RLR. In particular, the subgroup analysis of complex cases 
is highly relevant, as these procedures have traditionally been 
considered a domain of open surgery and are often difficult or 
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Fig. 6   ROBINS-I risk of bias 
assessments
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not feasible in the laparoscopic setting [43]. Our review consid-
ered center-volume-dependent cost patterns across multiple cost 
domains, with particular attention to complex cases, length of 
stay, learning curve, and case-volume effects. Robotic surgery 
may be particularly relevant in selected complex liver resections, 
where improved ergonomics and instrument dexterity could 
facilitate a minimally invasive approach. However, whether 
these potential technical and clinical advantages translate into 
consistent economic benefit remains uncertain. In our analysis, 
cost differences appeared to attenuate with increasing operative 
complexity and in studies accounting for learning curve or case-
volume effects. Nevertheless, these observations are based on a 
limited number of heterogeneous retrospective studies and could 
not be formally pooled. Therefore, they should be interpreted 
cautiously as exploratory findings rather than definitive evidence 
of cost advantage.

The initial purchase and setup costs of robotic platforms are 
essential to complete a full economic analysis in the context 
of RLR. As more hepato-pancreato-biliary centers worldwide 
adopt the robotic approach, this cost information will better 
inform healthcare systems on the associated indirect costs, when 
planning surgical robotic programs. Complex liver resections 
are typically concentrated in high-volume centers with strong 
interdisciplinary infrastructure. In such settings, costs may be 
diluted more effectively. Although we found that indirect costs 
related to robotic surgery can be substantial, these may be offset 
in high-volume centers through greater case load, shared use of 
the robotic platform across departments, and experienced teams 
capable of reducing docking time and minimizing unnecessary 
use of costly disposables. Another important factor affecting 
costs is the learning curve. During the implementation phase, 
longer operative times and technical inefficiencies may increase 
procedural costs [19]. However, only a few studies accounted 
for learning curve effects, representing a potential confounding 
factor. Given that many included studies were conducted during 
relatively early phases of robotic adoption, this limitation is not 
unexpected. Nevertheless, studies from centers with extensive 
laparoscopic experience suggest that robotic surgery may have 
a shorter learning curve, likely because of its intuitive controls 
[20]. Emerging evidence suggests that RLR may be associated 
with lower conversion rates than LLR in complex cases, which 
may partially offset higher intraoperative costs and warrants 
more consistent inclusion in future economic evaluations [51].

Strengths and limitations

The main challenge of addressing this research topic lies with 
the study heterogeneity. This was anticipated by our systematic 
review, and we have addressed this using a pragmatic approach. 
By performing exploratory meta-analysis, we have been able 
to provide pooled effect estimates where heterogeneity was 
deemed acceptable (I2 < 75%), in the comparisons of LOS 
and total costs of RLR and LLR. As anticipated, remaining 

comparisons were precluded by the high levels of heterogene-
ity. Our narrative synthesis of the results provides a solution 
to exploring the current cost differences within heterogeneous 
literature. It has allowed us to unearth the reported findings and 
provide important research recommendations.

The limitations of this review should be acknowledged. First, 
most included studies did not adequately account for the impact 
of case mix and procedural complexity on economic compari-
sons. This is particularly relevant in liver surgery, where dif-
ferences in operative difficulty may substantially influence 
both intraoperative and postoperative costs. When data were 
available, our review analyzed the cost differences associated 
with case complexity and volume, showing that cost differences 
between RLR and other approaches reduced with increasing 
operative complexity. Second, the majority of studies adopted 
only short-term time horizons, thereby limiting the assessment 
of downstream economic consequences such as readmissions, 
outpatient care, and other longer-term costs. Time horizon is 
crucial in cost analyses, as an approach that appears cost-saving 
during the initial hospitalization may become less favorable if 
postoperative morbidity leads to frequent readmissions. Most 
studies did not adequately account for readmissions, which is a 
major weakness in evaluating true costs [21, 23]. Most studies 
reported a shorter length of stay for minimally invasive surgery 
compared with open surgery, which appeared to be a major 
driver of cost reduction. However, this decrease in length of stay 
may also be influenced by factors such as fast-track or enhanced 
recovery pathways and may therefore overestimate the direct 
effect of the operative approach on costs.

All included studies were retrospective in design. Three 
were based on national databases, which mainly capture 
charges rather than true costs. Although these large database 
studies tended to support the use of robotic surgery com-
pared with laparoscopy or open surgery, they lacked granular 
cost accounting and may have been subject to misclassifica-
tion of case complexity. Their findings should therefore be 
interpreted with caution. The remaining studies were single-
center analyses and consequently carry a substantial risk of 
selection bias and limited generalizability.

Finally, there was considerable heterogeneity in cost 
terminology across studies. Some reported charges, others 
reported fees, reimbursements, or estimated costs. Given that 
many studies originated from the United States, where the 
reimbursement and costing framework differs fundamen-
tally from those in Europe and Asia, cross-study and cross-
regional comparability remains limited.

Conclusion

In conclusion, laparoscopy remains the lowest-cost surgical 
approach for liver resection in the majority of the literature. 
The cost differences associated with the robotic approach 
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appear to be volume- and center-maturity-dependent. While 
low-volume centers may face high fixed costs and inefficient 
implementation, high-volume, experienced centers may 
achieve economic viability through cost dilution, shorter 
hospital stay, and lower conversion rates, particularly in 
complex cases. This center-volume-dependent framework 
may provide a useful conceptual model for future economic 
evaluations of robotic liver surgery.

Appendix

Systematic review search strategy

See Table 6.

Table 6   Systematic review 
search strategy for OVID

Search number Keyword search strategy

1 Robotic surgery.mp
2 Robot assisted surgery.mp
3 Surgical robotics.mp
4 Robot assisted minimally invasive surgery.mp
5 Robotic assisted procedures.mp
6 1 or 2 or 3 or 4 or 5
7 Cost-effectiveness.mp
8 Analyses, cost–benefit.mp
9 Analysis, cost–benefit.mp
10 Analyses, cost benefit.mp
11 Cost benefit analysis.mp
12 Cost benefit analyses.mp
13 Effectiveness, cost.mp
14 Cost–benefit data.mp
15 Cost utility analysis.mp
16 Cost utility analyses.mp
17 Analysis, cost-utility.mp
18 Analyses, cost-utility.mp
19 Economic evaluation.mp
20 Economic evaluations.mp
21 Evaluation, economic.mp
22 Evaluations, economic.mp
23 Cost effectiveness analysis.mp
24 Cost effectiveness analyses.mp
25 Analysis, cost-effectiveness.mp
26 Analyses, cost-effectiveness.mp
27 Cost.mp
28 Costs.mp
29 Cost effective.mp
30 Profit.mp
31 Profitability.mp
32 Cost-efficiency.mp
33 Cost efficiency.mp
34 Cost-efficient.mp
35 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 or 16 or 17 or 18 or 19 or 

20 or 21 or 22 or 23 or 24 or 25 or 26 or 27 or 28 or 29 or 30 or 31 or 
32 or 33 or 34

36 Hepatectom*.mp
37 Liver resection.mp
38 Hepatic resection.mp
39 36 or 37 or 38
40 6 and 35 and 39
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Cochrane library search strategy

(Robotic surgery or robot assisted surgery or surgical robot-
ics or robot assisted minimally invasive surgery or robotic 
assisted procedures) 

 AND 
 (Cost-Effectiveness or Cost Effectiveness or Cost-Effec-

tiveness Analysis or Cost-Effectiveness Analyses or Analy-
sis, Cost-Effectiveness or Analyses, Cost-Effectiveness or 
Cost Benefit or Cost–Benefit Analysis or Cost–Benefit Anal-
yses or Analysis, Cost–Benefit or Analyses, Cost–Benefit or 
Cost-Utility Analysis or Cost-Utility Analyses or Analysis, 
Cost-Utility or Analyses, Cost-Utility or Economic Evalu-
ation or Economic Evaluations or Evaluation, Economic or 
Evaluations, Economic or Cost or Costs or Cost Effective or 
Cost Efficiency or Cost-efficiency or Cost-efficient or Profit 
or Profitability)  

AND 
 (hepatectom* or liver resection or hepatic resection).
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