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Abstract
Background  Robotic liver surgery is a novel technique expanding the field of minimally invasive approaches. An increas-
ing number of studies assess the outcomes of robotic liver resections (RLR). The aim of our meta-analysis is to provide an 
up-to-date comparison of RLR versus open liver resections (OLR), evaluating its safety and efficacy.
Materials and Methods  A systematic search of MEDLINE, Scopus, Google Scholar, Cochrane, and Clinicaltrials.gov for 
articles published from January 2000 until January 2022 was undertaken.
Results  Thirteen non-randomized retrospective and one prospective clinical study enlisting 1801 patients met our inclusion 
criteria, with 640 patients undergoing RLR and 1161 undergoing OLR. RLR resulted in significantly lower overall morbidity 
(p < 0.001), shorter length of hospital stay (p = 0.002), and less intraoperative blood loss (p < 0.001). Operative time was 
found to be significantly higher in the RLR group (p < 0.001). Blood transfusion requirements, R0 resection, and mortality 
rates presented no difference among the two groups. The cumulative rate of conversion was 5% in the RLR group.
Conclusion  The increasing experience in the implementation of the robot will undoubtedly generate more prospective rand-
omized studies, necessary to assess its potential superiority over the traditional open approach, in a variety of hepatic lesions.
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Introduction

The advances in the field of minimally invasive surgery 
(MIS), subsequently enriched the field of liver resections, 
traditionally correlated with the open surgical approach. To 
date laparoscopic liver resection (LLR) is acknowledged as 
a safe and efficient alternative to the traditional open liver 
resection (OLR) for either benign or malignant primary liver 
lesions, as well as metastases, especially colorectal liver 
metastases (CRLM) [1–7]. A minimally invasive approach 
diminishes surgical trauma, reduces postoperative pain, and 

provides the surgeon with amplified views of key abdomi-
nal structures and viewing angles (i.e., caudal view in liver 
resection) otherwise unknown in an open approach [8]. It is 
also proven by large series that LLR has the same outcomes, 
regarding postoperative morbidity and R0 resection rates, 
as the traditional approaches, especially for solitary lesions 
[9, 10].

However, several limitations are adherent to LLR. 
Restricted range of motion of the laparoscopic tools, inad-
equate access to the entire liver surface, and a steep learning 
curve compromise the wide adoption of LLR as a conveni-
ent alternative to OLR, especially for major resections and 
lesions located in the posterior segments of the liver [9, 11]. 
Robotic liver resections (RLR), on the other hand, fill the 
gap between optimal surgical technique and a minimally 
invasive procedure [12, 13]. Well bestowed advantages are 
human-independent stable three-dimensional vision and 
multi-axis hand-mimicking movements with tremor filtra-
tion [14]. They allow delicate manipulation of sensitive 
structures, mandatory for addressing the challenges of liver 
resection, which has led to the adoption of such an approach 
in a spanning field of surgical procedures.
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Our aim is to provide a systematic review of the literature 
and meta-analysis comparing RLR to OLR for a plethora of 
hepatic lesions, suggesting it could be accounted for as a safe 
and efficient alternative.

Materials and Methods

Our study was designed according to the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses 
(PRISMA) guidelines based on the authors’ predetermined 
eligibility criteria [15]. All appropriate clinical studies com-
paring perioperative outcomes between robotic and open 
liver resections were considered eligible for inclusion in our 
meta-analysis. A comprehensive search of the MEDLINE 
(PubMed), Scopus, Google Scholar, and Cochrane CEN-
TRAL Register for Controlled Trials and Clinicaltrials.gov 
was undertaken separately by three authors until January 
2022 (PK, PD, and SK) with the objective of identifying 
studies comparing robotic to open liver resections, published 
in English language. The terms utilized included: “robot-
assisted”, “robotic”, “liver resection”, “hepatectomy” com-
bined with the Boolean operators AND/OR.

Studies reporting at least one postoperative outcome 
(operative time, estimated blood loss EBL, length of stay 
LOS, postoperative mortality, and morbidity) were consid-
ered eligible for inclusion. Exclusion criteria were (1) ani-
mal studies, (2) studies that included patients undergoing 
procedures other than resection (such as radiofrequency or 
microwave ablation), (3) studies including patients undergo-
ing simultaneous resections (e.g., simultaneous colon and 
liver metastasis resection), (4) studies analyzing outcomes 
after hand-assisted or hybrid techniques, (5) non-comparative 
studies, and (6) duplicate studies. All articles deemed eligible 
for inclusion were subsequently reviewed by all authors and 
were selected for inclusion. The consensus from all authors 
resolved potential discordances in methodology, selection of 
articles, and statistical analysis.

Data Extraction and Management

Data extracted from eligible studies were inserted in Excel 
spreadsheets (Microsoft, Redmond, WA, USA). Data of 
interest included patient demographics, information on the 
size of lesion, perioperative outcomes and postoperative 
morbidity, and mortality.

Quality Assessment

The quality of all the included studies was assessed using 
the Methodological Index for Non-Randomized Stud-
ies (MINORS) [16]. This is a quality assessment tool, 
designed for estimating the methodological adequacy of 

non-randomized studies. The MINORS scale contain-
ing 12 items, each scored from 0 to 2, providing overall 
scores between 0 and 24. The methodological quality of the 
included studies was independently assessed by two review-
ers (SK and PD). The choice of the MINORS scale was 
due to the fact that all of the studies included in our meta-
analysis were non-randomized.

Statistical Analysis

The R©, version 3.3.2 (R Core Team, GNU GPL v2 License), 
R Studio, version 1.0.44 (RStudio, Inc. GNU Affero General 
Public License v3, Boston, MA, 2016), with the graphical 
user interface rBiostatistics.com alpha version (rBiostatis-
tics.com, London, UK, 2017), was utilized as a tool for our 
meta-analyses. Risk ratio (RR) assessed dichotomous vari-
ables and mean difference assessed continuous variables. 
The inverse variance method was chosen for comparisons 
between dichotomous or continuous variables. The level of 
statistical significance was set at p value less than 0.05. The 
random effects model was used due the heterogeneity among 
studies. Statistical heterogeneity was assessed with the Hig-
gin’s I2 statistic. When mean values and standard deviations 
(SD) were not mentioned, the equations proposed by Hozo 
et al. were used for calculation, and 95% confidence intervals 
(CI) were noted [17].

Results

Included Studies

Our database search generated 2564 studies. After duplicate 
removal, 1105 records remained for screening, out of which 
1067 were excluded due to irrelevance based on the title 
and abstract. Of the remaining 38 studies, most provided 
a comparison between laparoscopic and robotic hepatec-
tomies or between minimally invasive liver resections and 
an open approach without differentiating laparoscopic and 
robotic procedures. Others contained non-comparative data 
from robotic liver resection series or referred to organs other 
than the liver. Fifteen reports were assessed for eligibility. 
A study from Lee et al. in 2016 was excluded, because there 
was an updated version of the study available from the same 
center containing patients up to 2019 [18] (Fig. 1). Thirteen 
non-randomized retrospective and one prospective study 
complied with our inclusion criteria, spanning from 2014 
to 2022 (Table 1) [19–31]. The included studies were con-
sidered methodologically adequate according to MINORS 
scale, with scores ranging from 16 to 22. Most studies origi-
nated from Asia (5 out of 13), whereas 4 studies originated 
from Europe, 4 from America, and one originated from mul-
tiple countries.
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Patient Characteristics

Out of 1801 patients in total, 640 underwent RLR and 1161 
underwent OLR (Table 1). Patients’ demographic factors 
between the two groups were comparable. The percentage 
of male patients undergoing RLR displayed no significant 
difference to those undergoing OLR (RLR: 59.8% (383/640) 
vs OLR: 64.5% (750/1161), RR: 0.97 95% CI 0.90–1.05, 
I2:0%, p: 0.95) [19–32]. The percentage of patients with an 
ASA score of III/IV, presented no statistically significant 
difference between the two groups (RLR: 47.9% (141/294) 
vs OLR: 34.6% (171/493), RR: 1.36 95% CI 0.87–2.14 p: 
0.18, I2: 83% p < 0.01) [21, 22, 24–29], eliminating poten-
tial discordances in patient selection in favor of the robotic 
arm of the study. This was also indicated in the percentage 
of patients having undergone previous abdominal surgery, 
which was 19.8% for RLR versus 19.2% for OLR [22–24, 
27, 29, 30].

Indications for Surgery

Indications for resection (Table 1) included both benign 
and malignant liver tumors, as well as benign medical 
conditions, e.g., hepatolithiasis. There were no differences 
in the number of tumors with a mean of 1.45 for RLR vs. 
1.39 for OLR. Patients treated with the robot had signifi-
cantly smaller lesions, as opposed to those treated with an 
open approach, with a mean difference of − 0.41 cm (95% 
CI − 0.76 to − 0.07 p = 0.01, I2: 0%, p = 0.86) [19, 21, 23–25, 
27–29, 31, 32].

Operative Outcomes

The cumulative conversion rate to OLR was 5% (32/640) 
ranging between 0 and 10% (Table 1) [20, 22–26, 28, 30, 
31]. Major hepatectomies among the two groups accounted 
for 41.2% (260/630) in the RLR group and 35.2% (390/1108) 

Fig. 1   PRISMA flow diagram 
of the included studies
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in the OLR group (Table 1) [19, 20, 22, 24–30, 32]. The R0 
resection rates were similar among the two groups, being 
88.1% (357/405) for the RLR group and 91.7% (655/714) 
for the OLR group respectively (RR: 1.00 p: 0.9, 95% CI 
0.96–1.04, I2: 58% p: 0.01) (Fig. 2a) [20, 22, 23, 25–28, 

31, 32]. Intraoperative transfusion was necessary in 10.6% 
(43/404) patients undergoing RLR and in 18.9% (93/492) 
patients undergoing OLR (RR: 0.72 p: 0.37, 95% CI: 
0.35–1.47), with a significant heterogeneity present among 
the included studies (I2: 67%, p < 0.01) [20, 22, 23, 25–28, 

Table 1   Study characteristics

n number of included patients, MINORS Methodological Index for Non-Randomized Studies, RLR robotic liver resection, OLR open liver resec-
tion, AL anterolateral liver segment, PS posterosuperior liver segment, HCC hepatocellular carcinoma, CCA​ cholangiocarcinoma, LA liver ade-
noma, LM liver metastasis, FNH focal nodular hyperplasia, GBC gallbladder cancer, HCC-CC mixed hepatocellular cholangiocarcinoma
a Not otherwise specified

Year; author Country No RLR vs OLR Type of study MINORS Type of lesion(s) 
(RLR vs OLR)

Major resection 
(> 3 segments)

AL/PS lesions 
RLR vs OLR

Conversion 
to open (%)

2014; Patriti Italy 19 vs 69 Retrospective 18 HCC (1 vs 15), 
LM (13 vs 46), 
CCA (1 vs 0), 
benign/other (4 
vs 7)

0 vs 0 3/16 vs 21/48 n/a

2016; Croner Germany 10 vs 53 Retrospective 18 HCC (4 vs 7) 
CCA (1 vs 2) 
LM (5 vs 40) 
LA (0 vs 3) 
FNH (0 vs 1) 
p = 0.018

n/a n/a n/a

2016; Kingham USA 64 vs 64 Retrospective 16 HCC (12 vs 11), 
LM (35 vs 36), 
GBC (3 vs 4) 
p = 0.97, benign 
(10 vs 5)

6 vs 6 n/a 4 (6.2%)

2016; Sham USA 71 vs 88 Retrospective 17 HCC (22 vs 12), 
LM (24 vs 40), 
CCA (14 vs 31), 
other (10 vs 5)

17 vs 43 n/a 4 (5.6%)

2017; Daskalaki USA 68 vs 55 Retrospective 18 Not specified 29 vs 24 n/a 6 (8.8%)
2017; Chen China 81 vs 81 Retrospective 18 HCC (81 vs 81) 34 vs 32 n/a 3 (1.6%)
2017; Morel Switzerland 16 vs 16 Retrospective 19 HCC (8 vs 5), LM 

(3 vs 6), benign 
(5 vs 5), p = 0.38

0 vs 0 16/0 vs 16/0 0 (0%)

2018; Shu China 26 vs 52 Retrospective 20 Hepatolithiasis 
(26 vs 52)

22 vs 42 n/a 1 (3.8%)

2018; Wang Taiwan 63 vs 177 Retrospective 22 HCC (63 vs 177) 3 vs 8 n/a 0 (0%)
2018; Nota USA/Netherlands/

South Korea
51 vs 145 Retrospective 18 HCC (11 vs 14), 

LM (17 vs 16), 
benign (2 vs 1), 
combined HCC-
CCA (1 vs 0)

0 vs 0 0/31 vs 0/31 2 (6%)

2019; Lee China 36 vs 36 Retrospective 20 HCC (21 vs 27), 
LM (4 vs 6), 
CCA (2 vs 1), 
hepatolithiasis 
(7 vs 2), NET (1 
vs 0), benign (1 
vs 0)

36 vs 36 n/a 3 (8.3%)

2021; Pesi Italy 23 vs 31 Retrospective 18 HCC (23 vs 31) 1 vs 5 n/a 0 (0%)
2021; Yang Korea 70 vs 252 Retrospective 16 HCC (40 vs 170), 

LM (8 vs 33), 
CCA (6 vs 47), 
benign (16 vs 2)

70 vs 152 3/11 vs 13/37 7 (10%)

2022; Sucandy USA 42 vs 42 Prospective 20 HCC (13 vs 13), 
CCA (12 vs 12), 
LM (6 vs 6), 
other (11 vs 11)

42 vs 42 0 vs 0 0 (0%)
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31]. EBL showed a statistically significant mean difference 
of − 182.4 ml in favor of the RLR group (p < 0.001, 95% 
CI: − 283 to − 81.7) with a significant heterogeneity among 

the studies (I2: 92%, p < 0.01) (Fig. 2b) [20, 22–26, 28, 30, 
31]. On the contrary, RLR proved to be significantly more 
time-consuming than OLR, displaying a mean difference 

Fig. 2   Forest plot depicting a R0 resection rates, b estimated blood loss, and c operative time among the included studies
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of − 58.8 min (p: 0.003, 95% CI: 19.4 to 98.3) and a high 
heterogeneity (I2: 93%, p < 0.01) (Fig. 2c) [20, 22–26, 28, 
30–32].

Postoperative Outcomes

Robotic hepatectomy presented with a postoperative mor-
tality rate of 0.4% (3/624) over 0.69% (8/1145) for open 
hepatectomy (RR: 0.54 p: 0.32, 95% CI: 0.16–1.82, I2: 0%, 
p: 0.81) [19–31]. Minor morbidity rates (Clavien-Dindo 
I–II) were significantly lower in the RLR group, with 
13.7% (81/589) RLR presenting with a minor complica-
tion over 25% (254/1016) OLR (RR: 0.68 p < 0.001, 95% 
CI: 0.54–0.85, I2: 0% p: 0.95) (Fig. 3a) [20–31]. On the 
other hand, major morbidity rates (Clavien-Dindo III–IV) 
were similar, being 4.5% (29/640) for the RLR group over 
6.8% (79/1161) for the OLR specifically (RR: 0.69 p: 0.09, 
95% CI: 0.45–1.07, I2: 0%, p: 0.61) (Fig. 3a) [20, 22, 23, 
25–28, 31, 32]. Overall morbidity rates found to be signifi-
cantly lower in the RLR group with 19% (112/589) over 
32.1% (327/1016) for the OLR (RR: 0.70 p < 0.001, 95% CI: 
0.56–0.86, I2: 13%, p: 0.32) (Fig. 3c). Bile leakage occurred 
in 2.2% (14/617) RLR patients and 3.3% (38/1130) OLR 
patients, presenting no significant difference (RR: 0.76 p: 
0.3, CI 95%: 0.40–1.43, I2: 0%, p: 0.68) [20–32]. RLR was 
also associated with a lower length of stay, with a mean dif-
ference of − 2.74 days (p < 0.001), (95% CI: − 4.20 to − 1.28), 
and a high heterogeneity among the included studies (I2: 
93%, p < 0.01) (Fig. 4) [20, 22, 23, 25–28, 31–33].

Discussion

Based on our analysis, RLR constitutes a safe and efficient 
alternative to OLR. The robotic approach surpasses the 
traditional open liver resection in terms of short-term out-
comes. Overall morbidity rates, length of stay, and estimated 
blood loss were significantly lower in the RLR group. None-
theless, RLR requires more time to perform. Negative resec-
tion margin (R0) and postoperative mortality rates showed 
no significant difference, which in addition to the small rate 
of conversion support its efficacy and safety.

Whereas major complication (Clavien-Dindo III–IV) 
rate between the two approaches showed no difference, the 
RLR group had significantly fewer minor complications 
(Clavien-Dindo I–II), 13.7% over 25%, a result evident in 
overall morbidity rates also. In conjunction to the later, a 
lower complication rate could be associated with shorter 
LOS, hence an earlier induction of chemotherapy, which 
could eventuate in favorable oncologic outcomes [34]. Addi-
tionally, shorter LOS, earlier amputation, and reduced anal-
gesic requirements result in reduced total cost per capita, 
outweighing the higher perioperative cost of the robot [35]. 

The cost-effectiveness analysis of Daskalaki et al. and Sham 
et al. confirms this hypothesis [22, 29].

The robotic surgical system has infiltrated the field of 
liver surgery. Many studies compare its safety, efficacy, and 
cost-effectiveness over open or laparoscopic approaches, 
with a growing number of liver surgeons implementing 
this new technique in complex liver resections. An interna-
tional consensus statement on robotic hepatectomy surgery 
was issued in 2018 and sought to address the controversies 
related to the implementation of the robotic surgical system, 
thus proceeding to seven statements [36]. They concluded 
that RLR is safe and feasible compared to OLR, with a 
lower complication rate and less EBL, without sacrificing 
oncologic outcomes. Overall survival, recurrence, and radi-
cal resection rate had no significant differences. Compared 
to LLR, it is a safe and feasible alternative, with compa-
rable EBL, complication rate, and oncological outcomes, 
though requiring more operative time and has a higher cost 
[36]. Their comparison included both minor and major 
hepatectomies.

A previously published meta-analysis, by Machairas et al. 
comparing ten non-randomized retrospective clinical studies 
with 1248 patients in total, demonstrated that RLR is associ-
ated with lower overall morbidity rates and shorter hospi-
tal stay [12]. Operative time was higher during RLR. The 
authors reported similar outcomes to OLR regarding blood 
loss, blood transfusion requirements, margin-free resection, 
and mortality. The conversion rate was 4.6%, a finding in 
accordance with our reported result.

During the 2nd International Consensus Conference on 
Laparoscopic Liver Resection (ICCLLR), held in 2014 in 
Morioka, Japan, the benefits of LLR were discussed among 
the experts in the field. The magnified views, the exposure 
of sensitive structures along the hilar plate, a caudal to ceph-
alad view, and the effect of pneumoperitoneum on minor 
hemorrhage are well bestowed advantages of laparoscopy. 
But these benefits get overshadowed by some technical limi-
tations, as inadequate range of motion due to stiffness of 
the laparoscopic tools and limited access to the entire liver 
surface, especially the posterior segments and a steep learn-
ing curve. The robot overcomes these limitations, providing 
three-dimensional view, hand filter tremor, motion scaling, 
and multi-axis freedom of movement [37]. The steep learn-
ing curve of laparoscopy is also flattened out by the initiation 
of the robot, which requires less effort for complex liver 
resections and the precise manipulation of vascular struc-
tures, without a difference in the conversion rate [38, 39]. 
In the fore coming years, as the experience of liver surgeons 
with the robot will increase, more favorable results will be 
probably presented in the literature [38].

The high cost of the implementation of the robot 
remains its greatest disadvantage. It compromises its cost-
effectiveness even in prostatectomy where its superiority 
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Fig. 3   Forest plot depicting a Clavien-Dindo I–II complications, b Clavien-Dindo III–IV, and c overall morbidity among the included studies
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over an open approach is undoubted [40]. Furthermore, it 
is widely demonstrated that postoperative morbidity has a 
significant impact on in-hospital costs [41]. As reported by 
the published data in the case of RLR, the lower morbid-
ity rate, and as a result, shorter length of stay, less post-
operative analgesic requirements, and earlier amputation 
may counterbalance the increased cost of the procedure 
[42]. These findings are supported by a retrospective non-
randomized cost-effectiveness analysis by Daskalaki et al. 
The authors compared the cost of robotic over open liver 
resections, concluding that the average total cost, including 
readmission, was lower for robotic surgery (37,518$ RLR 
vs. 41,948$ OLR) mainly due to less overall morbidity 
and ICU and hospital stay, when performed by an experi-
enced surgeon [22]. On the other hand, in a 2020 system-
atic review and meta-analysis by Ziogas et al. comparing 
laparoscopy with robotic major hepatectomies though no 
statistically significant differences regarding periopera-
tive outcomes were demonstrated, implementation of the 
robot resulted in higher costs [43]. This was attributed to 
the higher capital costs of the robotic platform, the annual 
maintenance cost, and the operating room total surgical 
supplies, doubting its cost-effectiveness especially in low-
volume centers.

Despite the cost remaining an obstacle, especially for 
low-volume liver centers and low-income countries, a 
recent systematic review of 2021 presented a less steep 
learning curve for RLR over LLR. An analysis of 40 ret-
rospective studies showed a smaller number of procedures 
necessary for technical competency in RLR vs LLR, being 

25 (range 16–50) over 50 (range 25–58) respectively, with 
a year-on-year reduction in the number of procedures nec-
essary for manual competency [44]. Chen et al. and Efanov 
et al. confirm these findings [38, 45]. They reported 15 
and 16 low and intermediate difficulty RLR, over 25 and 
29 LLR respectively, for surgeons to be able to proceed to 
more complex resections.

Several limitations of the present study should be high-
lighted. All the included studies were retrospective, with 
a possibility of an inherent selection bias, and the vast 
majority originating from a single center and six out of 
thirteen being case-matched comparisons and focusing 
mainly on short-term outcomes. Furthermore, including 
studies with high heterogeneity among the lesions’ type, 
size, and location across the liver parenchyma, resulting in 
either minor or major resections, entails critical limitations 
influencing the results. Finally, surgeons’ familiarization 
with the robotic platform, with the majority of resections 
being done by experienced robotic surgeons, EBL, OT, 
and LOS, is a potential limitation ought to be considered.

We hereby suggest that RLR, except for being a safe 
and efficient alternative to OLR, has advantages on over-
all morbidity and length of hospital over the traditional 
open approach. The adoption of the robotic platform in 
a spanning range of surgical procedures, along with the 
surgeons’ accrual experience and manual competency in 
robotic liver resections, will generate further studies, as 
well as prospective randomized studies in large cohorts 
required to determine the value of this approach in clini-
cal practice.

Fig. 4   Forest plot depicting length of stay among the included studies
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