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Introduction

Although conventional laparoscopic surgery (CLS) allows more rapid postoperative recovery
and has superior cosmetic outcomes compared with open laparotomy, CLS has several techni-
cal drawbacks [1] including a limited range of motion of instruments and related loss of dex-
terity, fixed instrument tips, and an inadequate visual field associated with an unstable camera
view and assistant traction [2]. The introduction of robot-assisted laparoscopic surgery (RLS)
was expected to open new avenues through its potential to overcome the drawbacks of CLS

as a result of better ergonomics and enhanced dexterity with tremor filtration, numerous
instrumental tips for the EndoWrist instrument, and 3D optical systems [3, 4]. Due to these
advances, there is encouraging emerging evidence supporting RLS as an alternative technique
to CLS.

In spite of the aforementioned advantages of RLS there are several controversial aspects of
this approach, such as operative time, blood loss, conversion rate, complication rate, length of
hospital stay, and operative cost. Numerous studies have reported clinical outcomes with
regard to these aspects, and meta-analyses have assessed the pros and cons of robotics in vari-
ous departments, including surgery, urology, and gynecology [5-14]. However, robotics is a
relatively new surgical approach and RCT data have only recently become commonly avail-
able. Thus, there is a limited number of RCT's on each surgical procedure [3], and the lack of
robust clinical evidence has frequently been emphasized [4, 15]. On incorporating all surgical
procedures; previous statistically nonsignificant results due to limited RCT evidence for indi-
vidual surgical procedure, may become statistically significant because of greater statistical
power.

The scope of meta-analyses exclusively on RCTs [1, 16, 17] considers only a specific surgical
procedure to convey more homogenous statistical results, compared to the that of a meta-anal-
ysis across surgical procedures [18]. However, the intrinsic properties of robotic instruments
throughout overall surgical procedures could be mistakenly reported as the results of the
unique properties of the particular surgical procedure. In contrast, the scope of meta-analysis
[18] has been enlarged to combine RCT's across surgical procedures. Nonetheless, this regretta-
bly omitted, among others, cholecystectomy and did not present forest plots with subgroup
analyses. The forest plots with subgroup analysis of each surgical procedure intuitively would
embrace the need for further floods of separate meta-analysis for each surgical procedure and
encourage the combined discussion on the surgical robotics across surgical procedures. Our
effort for integrating the previous individual studies and meta-analyses aims to provide the
basis to statistically weigh the effectiveness and efficacy of surgical robotic instruments in con-
troversial fields on surgical procedures both overall and on each individual surgical procedure.

Materials and methods
Identification of studies

A systematic review of the literature was conducted by electronic search to find RCT studies
with date of publication from 1981 to 2016 inclusively on PubMed, EMBASE, and Cochrane
databases with the following search strategy: mention at least one of robot, robotic, robotics,
robotically, robot-assisted, robotic-assisted and, at the same time, at least one of laparoscopic,
laparoscopy, laparoscope, since both RLS and CLS should be discussed; RCT evidence with a
keyword of at least one of randomized, randomised, random, and RCT. It should be noted
that Web of Science (Core) and SCOPUS were additionally used to find the full text for the
articles that were identified by the Excerpta Medical Database of EMBASE. Two independent
researchers (HFR and SHN) extracted the following data from selected studies: references,
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study type, population characteristics, and relevant clinical outcomes. Discrepancies between
the two authors were reviewed and resolved by the senior investigator (JMK). Protocol.io:
http://dx.doi.org/10.17504/protocols.io.k7ucznw

Eligibility criteria

The criteria for eligibility of evidence were as follows: the original article should present a RCT
comparison between RLS and CLS in human subjects with basic demographic information,
including at least one of the following aspects: total operative time (Total-OT), net operative
time (Net-OT), estimated blood loss (EBL), number of transfusions (Transf), conversion rate
(Conv), total complication rate (Total-Cx), intra-operative complication rate (Intra-Cx), post-
operative complication rate (Post-Cx), length of hospital stay (LOHS), and total operative
costs (Cost). Additionally, this study excluded RCT studies performed for simulation and
training purposes.

Statistical methods & bias

Cochrane Review Manager (version 5.3) enabled most of the statistical analysis, including bias
assessments of RCTs, whereas the supplemental R script (S2 File) conveyed all the information
to reproduce the results of Begg’s test and Egger’s test. A p-value < 0.05 was considered statis-
tically significant. PRISMA checklist was employed as a protocol of meta-analysis and its
guideline was followed [19]. Fixed-effects model was employed if the Higgin’s I” statistics
were < 50%; otherwise, a random-effects model was applied. In addition to bias assessments
on individual RCT evidence, publication biases were visually assessed based on funnel plots.
Then, publication bias was numerically evaluated by Begg’s test [20] and Egger’s test [21],
respectively, based on rank correlation and weighted linear regression.

Handling operative outcomes

When extracting the numerical information from original articles, some do not report, for
example, the standard deviations. If the relevant numerical values are missing from the original
articles but reported in the meta-analysis, we copied the values from the corresponding meta-
analysis. Otherwise, a request was sent to the corresponding author for the missing data. If the
requested information was not available or was not received within 30 days after the request
date, we imputed the missing standard deviations by taking the median value of the included
studies [22].

Total-OT and Net-OT. If an article did not explicitly describe the method used to mea-
sure operative time, we regarded it as Total-OT. However, if an article distinguishes Total-OT
from pure procedural time by, for example, skin-to-skin operative time, we treated it as Net-
OT in this study.

Intra-Cx, Post-Cx, and Total-Cx. If an original article explicitly described whether the
reported number of complications referred to either intra-operative or post-operative compli-
cation rates, we specifically reflected this. However, if the author did not make this distinction,
we entered the number into the total complication rate (Total-Cx). In addition, Total-Cx was
assumed to be the sum of intra-operative complication rate (Intra-Cx) and post-operative
complication rate (Post-Cx), unless the original article [23] reported values for Intra-Cx and
Post-Cx that did not add up to the reported Total-Cx.

Cost. The operative costs were divided by 1,000, since the forest plot of Cochrane Review
Manager software does not seem to visually handle values greater than 1,000. However, the Z-
values before and after the division by 1,000 were found to be the same numerically. If the
operative costs were reported in currency other than US dollars, we indicated their currency.
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Identification

PubMed: 568
Embase: 942
Cochrane: 7

Search Records (n = 1,517)

Duplicates (n = 517)
- | - After removing the duplicates between pubmed and EMBASE by python
script leniently, duplicates were further identified and thus excluded
manually.

\/

,958 excluded after review:

- Non-English articles: 5

- Screened by Title, Abstract, and Full-text: 301
- Irrelevant by Full Article Review: 193

- Non-RCT: 43

- Screened by Title and Abstract: 423
- Full-text articles were not identified: 9

- Full-text articles were not identified: O

. Title, Abstract, and Full Article Review (n = 1,000)
Screening PubMed: 568
& Eligibility Embase: 432
Cochrane: 0
(1) Pubmed
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\ 4
Inclusion [ Studies included in meta-analysis (n = 27) J

Fig 1. Schematic representation of the study selection process. This study attempted to screen leniently and perform a full-text search whenever possible in order to
more confidently determine whether to include or exclude studies and extract information necessary for meta-analysis [50].

https://doi.org/10.1371/journal.pone.0191628.g001

Results
Literature search

As illustrated in Fig 1, our search strategy identified 1,517 studies (568 from PubMed, 942 from
EMBASE, and 7 from Cochrane) comparing treatment outcomes between RLS and CLS. After
removing duplicate articles in the EMBASE database and Cochrane database that were also
found in the PubMed database, a total of 1,000 articles (568 PubMed studies, 432 EMBASE stud-
ies, and 0 Cochrane studies) were examined. After reviewing the titles, abstracts, and full texts,
27 published studies [23-49] met all inclusion criteria and were included in the meta-analysis.

Study characteristics

S1 Table lists the characteristics of all studies that compared the RCT treatment outcomes
between RLS and CLS. Among the 27 RCT studies, with a mean sample size of 65 patients per
study (32.7 patients for RLS and 32.5 patients for CLS), seven studies in gynecology, 15 in sur-
gery, and five in urology were selected for inclusion in the analysis. With respect to gastrointes-
tinal reconstruction studies, after gastrectomy, Sanchez et al. [48] restored continuation of the
gastrointestinal tract via Roux-en-Y gastrojejunostomy. The type of robot employed in the
included studies was the da Vinci system, with the exception of “MONA” by Cadiere et al.
[29], “AESOP” by Aiono et al. [24] and Morino et al. [37], and “ZEUS-AESOP” by Nio et al.
[41].
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The previously described imputation methodology [22] was applied for the missing stan-
dard deviation of Total-OT [29, 34, 35, 37, 48], Net-OT [35], EBL [33-35, 38], LOHS [33-35,
37, 38, 41, 46, 48], and Cost [37, 38]. We had difficulty determining the number of patients
allocated to RLS and CLS from one hysterectomy study [23], therefore the number of patients
was taken from its meta-analysis [7]. Nakadi et al. reported two distinct Cost categories for
robotic surgery as “Total” and “Total (with instrumentation costs in relation to the real OR
occupation time: 4%)” [40]. For this study we chose to enter the latter as Cost, since the
authors seemed to suggest that this was a more reasonable representation of the total robotic
surgery cost. Three studies [38-40] reported Cost in Euros.

Quality assessments

Bias assessments of RCTs in previous reviews [1, 16-18, 51-56] differed according to the
judgements of the authors reviewing the same studies. Bias assessments of RCTs in previous
reviews have been typically performed in terms of random sequence generation, allocation
concealment, blinding of participants and personnel, blinding of outcome assessment, incom-
plete outcome data, selective reporting, and other biases. For example, the results of bias
assessments of one colectomy study [27] for the aforementioned seven bias aspects were “+—?
—?+?” in one meta-analysis [53] and “+ +—- + + -” in the other meta-analysis [1], where +, -,
and? denote lower risk, high risk, and, unclear risk, respectively, for the risk judgement. This
kind of discrepancy could be found frequently among meta-analyses. Thus, our quality assess-
ments (Fig 2) were performed rather conservatively with a blank space for denoting unclear
risk in consideration of previous assessments [1, 16-18, 51-56]. The risk of bias in the RCT
was high and unclear overall.

Treatment outcomes

Fig 3 shows the results of comparison of the treatment outcomes between RLS and CLS. Since
the Higgin’s I* was < 50%, the fixed-effect model was applied for EBL, Transf, Conv, Total-Cx,
and Intra-Cx, whereas the random-effect model was employed for Total-OT, Net-OT, Post-
Cx, LOHS, and Cost. Total-OT, Net-OT, Total-Cx, and Cost were statistically shown to favor
CLS with pooled mean differences [95% confidence interval] of 16.81 [6.20, 27.42] with the
high heterogeneity (P < 0.05, I = 94%) (Fig 3A), 11.48 [0.62, 22.34] with the high heterogene-
ity (P < 0.05, I = 92%) (Fig 3B), 1.46 [1.05, 2.03] with no evidence of observed heterogeneity
(P=0.17, I* = 26%) (Fig 3H), and 1.73 [0.95, 2.50] with the high heterogeneity (P < 0.05, I* =
95%) (Fig 3C), respectively, whereas EBL was shown to favor RLS with pooled mean difference
of -6.47 and 95% CI of [-9.61, -3.34] with no evidence of observed heterogeneity (P = 0.41, =
3%) (Fig 3D). No statistically significant difference between the groups was found for Transf,
Intra-Cx, Post-Cx, or LOHS. With respect to forest plots on subgroups, Conv on colectomy
and LOHS on hysterectomy statically favors RLS with pooled mean differences [95% confi-
dence interval] of 0.25 [0.07, 0.91] with no evidence of observed heterogeneity (P = 0.27, =
24%) (Fig 3G) and -0.56 [-1.04, -0.09] with the high heterogeneity (P < 0.05, 2 = 73%) (Fig
3F), respectively.

Publication bias

Publication bias was assessed by funnel plots between the two groups. The funnel plots showed
symmetric distributions indicating no evidence of publication bias among the studies (S1 Fig).

In addition, with respect to Total-OT, there did not appear to be any strong evidence of publi-

cation bias from either Begg’s test (p = 0.2072) or Egger’s test (p = 0.2079) (S2 File).
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Fig 2. Risk of bias assessments. Bias assessments of RCTs were performed in terms of random sequence generation,
allocation concealment, blinding of participants and personnel, blinding of outcome assessment, incomplete outcome
data, selective reporting, and other biases. +, -, and a blank space denote lower risk, high risk, and unclear risk,

respectively, for the risk judgement.

https://doi.org/10.1371/journal.pone.0191628.9002

Discussion

This review provides a comprehensive comparison between RLS and CLS based on RCT stud-
ies in order to investigate the general trend of treatment outcomes for the controversial aspects
of these approaches. Besides, the forest plots with subgroup analysis provide necessary infor-

mation not only to investigate the comparison of treatment outcomes from the unique proper-

ties of the particular surgical procedure, but also to facilitate a more combined discussion from
experts across various surgical procedures. From the statistical findings, it is concluded that
despite its higher cost, RLS does not result in statistically improved treatment outcomes, with
the exception of a lower EBL. Rather, Total-OT, Net-OT, and Total-Cx significantly favor CLS.

4

s
H Sty o sbgron s o

as. oads raio
Events Tot_weight -

0us rato

1 Cmecologyterectomy

von s

S
H

3
e 2

2 3200061, 16721
h 0381001, 8.70]
13 lase aosoas s

15 363 iaioen'eds
[ .
13202026

o100t 110
S oo 310)

m 15 10008

s 200
Tl

G im o smiear e

5B oum o oobioos i
T am 2ol acsi
R adlels i
.

om0t 160
BoEe daleaied

7oaw o ossTolaiG)

W e ooy
G Toownren

e
835 {0 asn

0 10 o useer neen
e i)

o35

@
u 5%

Tooio 0o

-

5 275 0100,
i siex 201071366
195 eSAN ini (048255

2 3 onax 200361
3 oadn 2e0l0se 17

ot estmabie
Not csimable

291043, 03141
251043, 4314)

§

001006, 16931
50 (006, 16931

ion)
Ve s
I

Not estmabie
2 20 10a 159021070
& l0a 153i024 10700

0 10 2% e1sioze 1478
10 2% 1806 14678

340 1000% 153 (082,251

226,605 0= 080.1 - 0%

noe 2

o331011,098
u o ux #

1730073 434
0o e

22 3 Ladlaeries
w©

w©
- 697,00 30 = 007 ¥ = 57%

34177, 36160
34 177 166l

129023730
MMMMMMMM

1297035,730)

290404310
001022, 447
o83 j035.277)
0991032, 081
Tiolase. 217}

1590024, 10701
e 1a20, 701

s91 060,584
391 060, 58481

1421089, 1318
343 loss 1318}

1461105,203)

i

|

[
I

0dds Ratio 0dds Ratio
e 0291009,0951 —]
- B 0 10 4 2 2190854 —
6 45w e 1260364d —+=
158 158 easx  oselozs 3z —-
083.Ch = 7.10,df =2 (P = 0031 = 72%
—— 432 (Gymecology Sacrocolpopeny]
43 om ssns.iss) —_
30 sasiisymsn —
2 s o ez o —
RS ] ——
o 3 ot esumatie
2 ot estimable
——— o 2
o u
3
——— o 1 ot estmabie
1 ot estmable
S s 35 10008 143(054,374) -
e —
S -4 =00t -dex ST =R
13,1220 = 01,1 = 515% s (RS fovous (651
-

Favours [R5] Favours €15

Fig 3. Forest plots with subgroups. Comparison of RLS and CLS with respect to (A) total operative time, (B) net operative time, (C) total operative cost, (D) estimated
blood loss, (E) blood transfusion, (F) length of hospital stay, (G) conversion, (H) total complication, (I) intra-operative complication, and (J) post-operative complication.
Note that, although Cochrane RevMan reports “Not estimable” for the study whose value include “0” value and does not take the study into account for the forest-plot
analysis, the present study reports all available values from the studies for completeness. OR: odds ratio; WMD: weighted mean difference.

https://doi.org/10.1371/journal.pone.0191628.g003
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Because of the greater statistical power attained by integrating relevant RCT evidences, this
study is able to report that, for example, Total-OT and Net-OT are significantly lower for CLS,
although Liao et al. [10] and Albright et al. [16] reported that the operative time was insignif-
icantly lower in CLS based on RCT evidence. Xiong et al. and Chuan et al. attributed the lower
EBL of RLS to the use of robotic devices that provided better stability and avoided the damage
caused by shaking hands in CLS and provided a greater field of view for detection of both large
and small vessels [6, 57].

Clinical heterogeneity introduced by integrating various surgical procedures may contribute
to the deviation from previous meta-analyses findings, presumably reflecting the intrinsic proper-
ties of each surgical procedure such as retroperitoneal involvement of prostatectomy [58]. The
subgroup analyses favoring RLS on Conv on colectomy and LOHS on hysterectomy could be rea-
soned in association with properties of surgical robotics as follows: Lin et al. proposed that a lower
Conv may be attributed to superior exposure and visualization of the operating field [3]. Ran et al.
report that RLS was superior to CLS in terms of EBL and Conv, and proposed that the increased
precision and dexterity of robotic platforms may contribute to these findings [7]. Chuan et al.
reported that RLS was superior to CLS in terms of LOHS, and proposed that the more subtle
operative technique and reduced level of invasiveness may be responsible for their findings [6].
Regarding Conv, surgeons might try a new surgical technology on a relatively less complicated
surgery, which possibly distorts the outcome and results in inconsistent statistical significance.
Thus, in consideration of the level of difficulties encountered in different surgeries, it may remain
to be seen whether Conv would support RLS when more data are accumulated.

The present study stems from the motivation to contribute to the advancement in meta-
analysis on surgical robotics by listing the limitations, followed by preliminary suggestions, if
possible. Firstly, as pointed out by O’Neill et al. [4], some studies did not indicate explicitly
whether the docking time for RLS was included in the operative time. The main cause of this
confusion lies in the absence of standard ways of comparing operative time between the two
groups. Some articles do not explicitly describe specifically how the RLS operative time—
which can be broken into several pieces such as skin-to-skin, robot set-up time, etc.—was mea-
sured. Furthermore, although some original articles set strict rules for measuring operative
time, unfortunately the terminology differs across studies, for example, "Operation time" [35],
"Net operating time" [23], "Procedure” [25], “Dissection time” [41, 46], "skin-to-skin time"
[38], "Effective operative time" [39], etc. These differences in terminology create additional dif-
ficulties in identifying the actual operative time. In this regard, for this study we chose to use
“Net operative time,” which is intuitively different from “Total operative time”.

Secondly, the difference of indications across studies could have resulted in the inclusion of
patients from each study variable. For example, in addition to the apparent discrepancy
between the patient’s conditions and clinical indications, not all the critical criteria of one
study [58] could be possibly matched and compared against those of another study [47], due
to insufficient information. In this regard, one study acknowledged that “[t]he different inclu-
sion criteria and surgical techniques could potentially justify the differences between these
results” [47]. Thus, please be aware of the limitation imposed by heterogeneities, which dimin-
ished the significance of the statistical results of weighing advantages and disadvantages.

Thirdly, none of the studies evaluated the degree of surgeon proficiency between RLS and
CLS in the face of a new technology like robotics with an established technology like laparos-
copy. According to Finkelstein et al., “to become proficient at [laparoscopic radical prostatec-
tomy] or [robotic-assisted laparoscopic radical prostatectomy], [. ..] a surgeon must perform
anywhere from 8 to 12 cases to as many as 200 cases” [59]. In this regard, it may be worth tak-
ing into account surgeon experience, for example, number of surgeries, before comparing
other aspects of a surgery.
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Finally, whenever standard deviations were not available, imputations of the standard devi-
ations were conducted. Although it is reported that “imputing missing standard deviations in
meta-analyses can provide accurate results” [22], awareness of this limitation should be noted.
It is proposed that future studies should be encouraged to report standard deviations whenever
possible.
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