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Abstract 

Background  The incidence of mild postoperative complications has been shown to be strongly associated with 
the beneficial effects provided through minimally invasive surgery. The main objective of the present study was 
to compare robotic and conventional open partial nephrectomy in terms of the incidence of mild postoperative 
complications.

Main body  The literature search process included all the comparative studies identified up to April 2022. Inclusion 
criteria concerned studies published in English, involving exclusively adult patients with solitary or multiple renal 
masses, who underwent robotic/robot-assisted or open partial nephrectomy. As mild postoperative complications, 
were defined those of Clavien–Dindo grade ≤ II. The meta-analysis included a total of 16 studies (3238 patients) and 
was also supplemented by appropriate subgroup analysis and meta-regression analysis to investigate for any addi-
tional sources of heterogeneity. Pooled data analysis revealed a statistically significant advantage with the adoption 
of the robotic approach (petoOR = 0.52, CI95% [0.43; 0.64]), while similar results were obtained from the analysis of 
the subgroups of studies with or without patient matching, those conducted in a single or multiple centers, as well 
as those published after 2015. From meta-regression, a time-independent superiority of robotic over open partial 
nephrectomy emerged, characterized by a tendency to broaden over the years. This finding was attributed to inher-
ent features of robotic technology, the utilization of which is optimized in the context of its wider adoption in current 
kidney surgery practice.

Short conclusion  The main conclusion that can be drawn implies the clear superiority on the part of robotic partial 
nephrectomy over open surgery, in reducing the incidence of mild postoperative complications.

Keywords  Robotic partial nephrectomy, Open partial nephrectomy, Mild complications, Complication rates, Meta-
analysis.
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Background
The modern trend for the adoption of minimally invasive 
techniques has been widely accepted with particularly 
favorable results in several cases of patients in current 
kidney surgery practice (Lin et  al. 2021; Li et  al. 2020; 
Muaddi et al. 2021). With technology developments and 
the commercial availability spread of robotic systems, 
a significant number of comparative studies show that 
robotic or robot-assisted partial nephrectomy (RPN/
RAPN) offers comparable postoperative outcomes with 
those of laparoscopic (LPN). The high-resolution and 3D 
visualization systems, as well as the multi-joint arms of 
modern surgical robotic platforms, have been described 
to allow the treating surgeon to perform precise tissue 
handling, both during the neoplastic tumor excision and 
during the renal parenchyma reconstruction. These fea-
tures theoretically offer clear advantages over the laparo-
scopic approach. Furthermore, as the experience with the 
robotic approaches expands, there has been a growing 
preference for the excision of even larger and anatomi-
cally more complex tumors by adopting RPN/RAPN over 
the conventional open partial nephrectomy (OPN). In 
the general case, tumor’s size and its anatomical charac-
teristics should be meticulously examined preoperatively, 
in order to clarify the degree of complexity of the upcom-
ing intervention (Garisto et al. 2018).

The complexity of the operation along with the surgical 
approach may be related to the incidence of mild postop-
erative complications, i.e., those referring to grades I and 
II in the Clavien–Dindo classification scale (Dindo et al. 
2004; Clavien et  al. 2009). Considering the incidence of 
mild complications as an indicator of the level of surgi-
cal precision achieved intraoperatively, we could argue 
that as a parameter it should be analyzed thoroughly and 
individually before any connection between the two is 
made. In the present study, we intend to compare RPN/
RAPN and OPN concerning the incidence of minor com-
plications in the immediate postoperative period, in the 
context of a systematic review and meta-analysis, sup-
plemented by meta-regression analysis. For the purpose 
of this review, all the available literature was searched for 
comparative studies in adult populations of patients with 
small renal masses who underwent robotic or conven-
tional open partial nephrectomy.

Materials and methods
Methodology
Briefly describing the outline of the present study, we 
could divide it into three distinct sections. The first con-
cerns the literature search process and the isolation of 
a sample of relevant comparative studies, containing 
data that can be used to obtain an estimate of the com-
parative effect, between RPN/RAPN and OPN as for the 

frequency with which low severity complications occur 
during the immediate postoperative period. The sec-
ond involves the qualitative classification of the incor-
porated studies according to the protocol proposed by 
the Newcastle—Ottawa scale (NOS) (Cook and Reed 
2015), as well as the extraction of the relevant quantita-
tive data required to formulate the outcome of interest, 
in the context of which the two aforementioned surgical 
approaches are compared. Finally, the third and last part 
concerns the meta-analysis of the comparative quantita-
tive data between RPN/RAPN and OPN. At this point, 
it is worth mentioning that this review was not regis-
tered in advance; however, the methodology followed is 
described clearly and in a step-by-step fashion, while the 
presentation of the statistical background utilized is per-
formed in an explanatory manner in every section.

Evidence acquisition
The exploration process of the available international lit-
erature in terms of relevant reports took place until April 
2022, and appropriate electronic databases were accessed 
in a systematic manner, in search of comparative studies 
by utilizing the terms: "open," "robotic," "robot-assisted," 
"partial nephrectomy." The criteria on the basis of which 
each evaluated study was incorporated into the final 
sample of assembled studies include: studies only in the 
English language, comparative studies examining robotic 
or robot-assisted partial nephrectomy versus the conven-
tional open approach, comparative studies with useful 
data in both parts of the comparison for further statistical 
analysis, and also comparative studies which include cost 
analysis. On the other hand, the exclusion criteria refer to 
studies that are not in English, studies that were retrieved 
only in the form of a summary or reports without the 
accompanying data or the necessary text, non-compar-
ative studies, comparative studies with insufficient data 
for further statistical analysis, and studies which include 
data for only one part of the comparison. Finally, those 
comparative studies that included pediatric patients or 
patients with a solitary kidney were also excluded. “Pub-
Med,” “CENTRAL” and “Google Scholar” databases were 
the main source of the required frequentist data. The full 
search strategy is clearly presented in Additional file  1: 
Table  S1. The “EndNote X7®“ software (Eapen 2006; 
Gotschall 2021) was used as an automatic bibliography 
search engine and also as a references manager, while the 
reporting of the present study was carried out according 
to the PRISMA statement checklist (Moher et  al. 2009; 
Amir-Behghadami and Janati 2021), as specified in the 
relevant recommendations of the EQUATOR network 
(Simera et al. 2010; Catalá-López et al. 2019; Banno et al. 
2019). After the successful formation of the initial sam-
ple of studies, two reviewers on an independent basis 
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(SA, DA) undertook the implementation of the eligibil-
ity criteria, which was carried out in the online graphical 
environment of the "Sysrev" (Bozada et al. 2021) platform 
(https://​sysrev.​com/u/​8078/p/​119881). Subsequently, 
data curation along with the extraction of numerical data 
followed, only from those studies that meet the eligibil-
ity criteria. The exported data were kept in two different 
records in the same database. An appropriately formatted 
Excel file (.xlsx) was utilized as a database, available in csv 
format at: https://​github.​com/​sotbi​ke/​TB5 and named as: 
“mildcomp.csv”. After both evaluators had completed the 
process, cross-evaluation was used as the finalizing step, 
to assess for the existence of any deviations. In such a 
case any differences were resolved with the intervention 
of a third evaluator (IS). Uniformly, the outcome sought 
was that of mild postoperative complications defined as 
those of grade less than or equal to II in the Clavien–
Dindo classification. Data recording was carried out in 
the form of frequencies in terms of the entire patient 
population analyzed by each study. In the event that 
frequentist data were available separately for Clavien–
Dindo grades I and II, then we proceeded to calculate the 
cumulative frequencies for the outcome of interest. Addi-
tional variables that were captured, concern statistically 
significant differences in baseline characteristics between 
patient populations under comparison, as well as spe-
cific parameters corresponding to mild complications, in 
those cases in which these were clearly described. After 
obtaining the final sample of studies to be analyzed, the 
quality evaluation process through the NOS followed, 
which was conducted by two evaluators (SA, IS) on an 
independent basis, with the definitive rating of each study 
emerging as the average of the two. Within this frame-
work, the included studies were categorized according to 
their baseline characteristics and design.

Statistical analysis
The main part of our computational investigation cor-
responds to the process of meta-analysis for the final set 
of studies retrieved from the international literature. As 
stated previously, the incidence of mild complications 
after robotic or robot-assisted partial nephrectomy ver-
sus conventional open surgery was thoroughly analyzed. 
These complications refer to grades I–II according to the 
Clavien–Dindo classification scale (Dindo et  al. 2004; 
Clavien et al. 2009). As it becomes apparent, the param-
eter of interest practically represents a discrete vari-
able and therefore for the estimation of the overall effect 
from each approach, the odds ratio (OR) was utilized as 
the effect size of the meta-analysis. The selection of OR 
as the effect size was made based on some of its further 
advantages over the relative risk (RR) (Bakbergenuly et al. 
2019), as well as its ability to respond adequately, under 

the petoOR form, in the event of zero frequencies for spe-
cific events (Efthimiou 2018; Bohning et al. 2021). More 
specifically, the peto method was preferred for the deter-
mination of OR over the corresponding Mantel–Haen-
szel (MH) approach, due to the, in general, more compact 
estimates it provides (Kaya et  al. 2021; Smolinsky 2019; 
Webb et al. 2020). Since the present investigation consti-
tutes an in-deep single-variable analysis, a compact table 
of the studies that were considered eligible for inclusion 
was formed, in which both their individual characteris-
tics and significant differences are presented. In addition, 
no missing data were observed, while no conversions of 
measurement units were required, since the extracted 
data essentially describe frequencies. The last column of 
the above table also includes the results when comparing 
robotic and open partial nephrectomy from each indi-
vidual study, while after data synthesis is completed, the 
extracted results are tabularized separately.

The open-source “R” programming language (Berry 
et al. 2021) along with the “OriginPro®” modeling soft-
ware (Seifert 2014) were used to complete the required 
computational procedures. Heterogeneity assessment 
(Du et  al. 2022), was performed via the statistical 
parameters of Cochran’s Q (Hoaglin 2016; Migliavaca 
et al. 2022) and Higgins I2 (Migliavaca et al. 2022; Rup-
par 2020; Spineli and Pandis 2020). In particular, Q is 
defined as the weighted sum of squares of the stand-
ard deviations of the estimates provided by each study, 
for the comparative effect of each approach on the 
respective outcome, while I2 expresses the percent-
age of between-study variation (inter-study variation), 
due to heterogeneity and not to gross randomness. 
When accessing the heterogeneity level in each for-
est plot, the result of the statistical inference regard-
ing the presence or not of significant heterogeneity 
is expressed, which is reflected by the p value in the 
lower and left part of the respective diagram. Spe-
cifically for p ≤ 0.05, the presence of statistically sig-
nificant heterogeneity was assumed, concerning the 
particular subset of studies that describes the compar-
ative effect between the robotic and open approach for 
partial nephrectomy as for the outcome of interest. On 
the contrary, for p > 0.05 we considered that there is 
no significant heterogeneity, and consequently we pre-
ferred to adopt a fixed effects model (FE) in the pro-
cess of determining the overall effect. In this model, it 
is assumed that there is a variation of the comparative 
effect only at the study level (intra-study variation), 
which stems from the sampling process in the popu-
lation under investigation. In this case, any variation 
between the results of different studies is attributed to 
simple chance and is not modeled. On the other hand, 
in case of substantial heterogeneity, then a random 

https://sysrev.com/u/8078/p/119881
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effects model (RE) was to be adopted. In this model, 
the inter-study variation is added to the aforemen-
tioned variance and is denoted by: τ2. The main differ-
ence in the latter model compared to the former is that 
it provides a wider confidence interval which makes it 
more conservative in terms of statistical inference. The 
DerSimonian and Laird method of moments (Jackson 
et al. 2010; George and Aban 2015) was predetermined 
to be used for the estimation of τ2 in case of substan-
tial heterogeneity. Only in case of excessively high het-
erogeneity (above 60%), was it decided in advance to 
apply sensitivity analyses. This particular methodol-
ogy involves removing from the original set of studies 
those that appear to be responsible for the high rate 
of heterogeneity, and then permits re-analyzing the 
data and comparing the modified results with the basal 
level of pooled outcomes.

Upon further investigation for heterogeneity, meta-
regression analysis was also implemented, by utilizing 
the year of publication from every assembled study as 
a sole moderator. This process contributed to the for-
mation of appropriate time series, in which the annual 
evolution of the overall comparative effect from both 
RPN/RAPN and OPN, concerning the comparative 
incidence of mild complications following PN, was 
graphically represented. In this section, the overall 
effect was analyzed at the level of subgroups as well, 
to investigate for any additional qualitative sources 
of heterogeneity. The graphs that were generated by 
the procedure described above represent the selected 
effect size on the logarithmic scale, denoted as: 
log(petoOR). Their main concern involved an optimal 
understanding of the presence of either an emerging 
trend of dominance, or an already established advan-
tage of one approach over the other, regarding the out-
come of interest in each case.

Publication bias was assessed through appropriate 
funnel plots and radial plots, but also through the Egg-
er’s test (Lin and Chu 2018; Spineli and Pandis 2021; 
Mathur and VanderWeele 2021), which was graphically 
embedded into the above diagrams in the form of a 
regression line.

Finally, it is worth noting that our analysis was per-
formed both at the level of aggregate data and at the 
level of subgroups. The above process was initiated 
only after the division of the pooled sample of included 
studies based upon whether any kind of patient charac-
teristics matching was implemented, whether they were 
conducted by a single or multiple referral centers, and 
lastly whether they were published before or after 2015. 
Notably, all results from the analyses above are pre-
sented with a confidence level of 0.05, as the effects size 
(petoOR) and its 95% confidence interval (CI95%).

Results
Study retrieval and quality assessment
The literature search included all available compara-
tive studies until April 2022. This process resulted in a 
total of 180 reports, of which 130 were retrieved from 
the “Google Scholar,” 45 from the “PubMed,” and 5 from 
the “CENTRAL” databases, respectively. Of this ini-
tial set of reports, 22 were excluded as duplicates, 46 
were excluded due to incompatibility of their title with 
automated means, and 7 were excluded due to incom-
patibility of their title after a relevant evaluation by the 
authors. The above procedure resulted in 105 relevant 
reports toward the evaluation of their content. Of these, 
24 were excluded due to unavailable text, resulting in a 
total of 81 reports with available text for further evalua-
tion. The text from 27 of them was not retrieved, since it 
did not contain usable statistical data and therefore these 
reports were excluded, resulting in 54 relevant reports 
with available text and usable statistical data. Of this set, 
11 studies were excluded since they were not compara-
tive, 7 were excluded as meta-analyses, 2 were excluded 
as they did not contain comparative data on postopera-
tive complications incidence, and lastly 2 were excluded 
as they reported comparative data only on the effect of 
each approach on patients’ hospitalization costs. Finally, 
16 more studies were excluded as they did not report fre-
quentist data on our parameter of interest. The resulting 
set of 16 studies included 3238 patients and it was fur-
ther analyzed in the 3rd step of the procedure we fol-
lowed, which concerns the meta-analysis of the observed 
frequentist data. These data refer to the occurrence or 
non-occurrence frequencies of non-severe postopera-
tive complications, both in the experimental arm (RPN/
RAPN) and in the control arm (OPN) of each study. 
Comparability between cases and controls in the final 
sample of studies isolated was considered sufficient, 
without missing individual studies with more targeted 
patient populations.

The step-by-step recovery of the final sample of stud-
ies that forms the backbone of the analysis we per-
formed is summarized in the flowchart of Fig.  1 based 
on the PRISMA (Preferred Reporting Items for System-
atic Reviews and Meta-Analyses) statement (Page et  al. 
2020a, 2020b). Table 1 includes the 16 studies that were 
integrated into the meta-analysis and at the same time 
highlights their individual characteristics, such as data on 
the author, year of publication, duration in days, patient 
populations, number of quality stars obtained during the 
evaluation through the Newcastle–Ottawa Scale (NOS) 
(Cook and Reed 2015), and data on the methodology that 
each one of them followed. Figure 2a shows the contribu-
tion rates from each country in the total of studies that 
were finally incorporated into the analysis, both at the 
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Fig. 1  Flowchart of studies according to the preferred reporting items for systematic reviews and meta-analyses (PRISMA)
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study and at the patient levels. From the above diagram, 
it becomes apparent that the main body of data had as 
country of origin the USA, Italy and China, with a cumu-
lative percentage of 70% at the level of studies, and about 
77% at the level of patients. Additional file  2: Figure S1 
presents the above contribution rates in the form of a 
map chart, where the representativeness of the final sam-
ple of assembled studies becomes apparent at an interna-
tional level. Figure  2b shows the percentages of studies 
based upon whether any kind of matching among patient 
characteristics was applied prior to the statistical analy-
sis procedure. From this diagram, it appears that the final 
sample was relatively balanced in terms of patient match-
ing. Figure 2c presents the corresponding percentages of 
those studies that were performed either by a single or by 
multiple referral centers. This diagram shows that more 
than 75% of the available data at both study and patient 
levels were related to single-center studies. Figure  2d 
reveals the percentages of those studies that were pub-
lished before or after 2015. From this graph, it appears 
that at both levels, more than 80% of the available data 
came from studies published after 2015. The selection of 
this year, as a cutoff value for the formation of the above 
graph, was made on the basis that the beginnings of the 
adoption of the robotic approach for partial nephrectomy 

operations are placed around 2009, which results in 2015 
to divide the period from 2009 until today into two equal 
time frames (Morrell et al. 2021). Finally, as already men-
tioned, the structure of the present study was formed 
based on the PRISMA checklist, provided as Additional 
file 3: Table S2.

Meta‑analysis and subgroup analysis
In this section, the results from the meta-analysis pro-
cedure are presented, which included all the available 
data retrieved from the set of 16 comparative studies 
that emerged from the international literature research. 
Regarding the parameter of interest, represented by the 
incidence of mild postoperative complications, the het-
erogeneity assessment begins at the level of aggregated 
studies. After determining the amount of heterogene-
ity, as estimated through Cochran’s Q and Higgins I2, 
then the appropriate model (i.e., fixed or random effects 
model) is selected to perform the meta-analysis. Subse-
quently, the estimation of the comparative effect from 
all available studies follows, in the form of a forest plot, 
through the effect size of petoOR along with its 95% con-
fidence interval (CI95%). In the next step subgroup analy-
sis is performed, to determine any possible contribution 
of qualitative differences among the assembled studies, 

Fig. 2  Pie charts describing at the level of both studies and patients the percentage distribution according to: a. country of origin, b. patient 
characteristics matching, c. number of contributing referral centers, d. bilevel publication period prior and post-2015
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regarding the presence of additional heterogeneity. Also 
in this case, the comparative effect emerging from each 
subgroup is described in the form of a forest plot. Each 
diagram of this type includes the results from each indi-
vidual study as well as those after the data synthesis, and 
both procedures described above are supplemented by 
meta-regression analysis. Finally, the relevant investi-
gation as for the significance of publication bias is pre-
sented with the aid of a funnel plot, while the resulting 

Egger’s test is depicted in the form of a regression line 
incorporated into the corresponding radial plot.

From the aggregate data reported by the 16 stud-
ies included, during the heterogeneity exploration it 
emerged: I2 = 30%, p = 0.12 and for this reason, a fixed 
effects model was utilized. Figure  3a shows the for-
est plot for the overall effect, which turned out to be: 
petoOR = 0.52, with 95% confidence interval: CI95%: [0.43; 
0.64]. Based on this result, it becomes apparent that 

Fig. 3  a: Pooled analysis forest plot under the fixed effects model, showing a statistically significant reduction in the odds for mild complications 
in robotic compared to the open approach (petoOR = 0.52, CI95% [0.43; 0.64]). b: Corresponding meta-regression analysis bubble plot and regression 
line, along with its 95% confidence interval, depicting the annual change in the overall estimate of the effect in log scale. This graph demonstrates 
a statistically significant difference between the two approaches that is progressively expanding beyond 2014. According to this finding, patients 
undergoing robotic partial nephrectomy are less prone to the development of mild postoperative complications (CD: I and II) compared to those 
undergoing conventional open surgery, with the relative benefit becoming larger and larger over the years. Abbreviations: CD: Clavien–Dindo 
classification of postoperative complications
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RPN/RAPN has a clear advantage over OPN as for the 
incidence of mild postoperative complications. From 
the pooled data meta-regression analysis, the relevant 
diagram presented in Fig.  3b was produced, depicting 
the regression line that corresponds to the change in 
the comparative effect between the two approaches, in 
terms of the incidence of mild postoperative complica-
tions over the years, from 2012 to 2021. In this diagram, 
each included study corresponds to a circle with radius 
proportional to the weight of its participation in shap-
ing the final comparative effect. In particular, it becomes 
apparent that log(petoOR) varies linearly from the value 
corresponding to its point of intersection with the hori-
zontal axis of equivalence (log(petoOR) = 0 ⇒ petoOR = 1) 
in 2012, to a value around: -1 in 2021. This graph reveals 
the formation of a temporally expanding advantage of 
RPN/RAPN over OPN in terms of the incidence of mild 
postoperative complications, which becomes statistically 
significant from 2015 and onwards. Regarding the qual-
ity level of the pooled studies analyzed in this section, 
Table 1 reveals an overall quality (average NOS rating) of 
7.125/9 (79.17%), which can be considered quite satisfac-
tory given that they were not randomized. Additionally, 
a number of observations relating to specific qualita-
tive differences can be also drawn from the above table. 
Initially, it becomes apparent that there were no differ-
ences as for patients’ baseline characteristics, in 6 out 
of the total of 16 studies (37.5%). Small differences in 
nephrometry scores between the compared populations 
were found in 3 of the 16 studies (18.75%). Significant 
differences concerning the type or duration of ischemia 
applied intraoperatively, were observed in 5 of the 16 
studies (31.25%). Potentially deviating differences in 
baseline characteristics of the population groups under 
comparison emerged in 4 of the 16 studies (25%). Finally, 
statistically significant differences in the incidence of 
mild postoperative complications when comparing RPN/
RAPN vs. OPN were observed in 4 of 16 studies (25%). 
The first conclusion that can be drawn from the above 
findings has to do with the satisfactory level of quality 
of the set of studies analyzed, a fact that is aligned with 
the low rate of heterogeneity (I2 = 30%). This is also the 
reason why no further sensitivity analyses were subse-
quently performed. The second conclusion underlines 

the usefulness of the meta-analysis methodology, as only 
25% of the studies are compiled with the final result of 
the pooled analysis, which supports the significant ben-
efit provided by the robotic approach in terms of the inci-
dence of mild postoperative complications. In this very 
case, the meta-analysis proved to be capable of providing 
a robust result.

With the aim of investigating any additional source of 
heterogeneity, the results from the subgroup analysis are 
presented below. Specifically, in Fig. 4a follows the forest 
plot of subgroup analysis based on whether any type of 
patient characteristics matching was applied. From the 
analysis of the relevant studies with patient matching 
(n = 7, average NOS rating: 80.95%), it emerged: I2 = 53%, 
p = 0.05, petoOR = 0.55, with CI95%: [0.42; 0.73], while 
for those studies in which no kind of patient matching 
was implemented (n = 9, average NOS rating: 77.78%), 
it resulted: I2 = 5%, p = 0.40, petoOR = 0.49, with CI95%: 
[0.37; 0.65], without a statistically significant difference 
between them. When reviewing the results, it becomes 
apparent that in both subgroups, RPN/RAPN is associ-
ated with the statistically significant advantage of lower 
incidence of mild postoperative complications compared 
to OPN. Figure 4b shows the straight line of meta-regres-
sion analysis, for those studies that did apply some sort of 
patient characteristics matching protocol. Specifically in 
this graph, the change of log(petoOR) occurs linearly from 
the value + 0.2 in 2012 to the value -1.1 in 2021. In this 
case as well, there is a temporally expanding advantage 
of RPN/RAPN over OPN regarding the incidence of mild 
postoperative complications, which becomes statistically 
significant from 2016 and onwards. On the other hand, 
Fig. 4c shows the straight line of meta-regression analy-
sis, for those studies that did not apply any kind of patient 
characteristics matching. In this case, the log(petoOR) 
regression line transits from the value -0.9 in 2014 to the 
value -0.5 in 2021. This graph supports that the statisti-
cally significant advantage offered by RPN/RAPN over 
OPN, remains almost constant over the years, while its 
significance is achieved from 2014 and onwards. Sub-
sequently, in Fig.  5a follows the forest plot of subgroup 
analysis based on whether the studies were conducted 
and completed by a single or multiple referral centers. 
From the analysis of the relevant studies carried out in an 

Fig. 4  a: Forest plot under the fixed effects model stratified by whether any method for patient characteristics matching was utilized in each 
study. The subgroup analysis demonstrates a statistically significant reduction in the odds for mild complications in robotic compared to the 
open approach in both subgroups (for the studies without patient matching: petoOR = 0.49, CI95%: [0.37; 0.65], and for the studies with patient 
matching: petoOR = 0.55, CI95%: [0.42; 0.73]). b: Meta-regression analysis bubble plot and regression line, along with its 95% confidence interval, for 
the overall estimate of the effect in log scale, by year, and for the subgroup of studies with patient matching. This graph demonstrates a statistically 
significant difference between the two approaches that is progressively expanding after 2015, in favor of the robotic approach. c: Corresponding 
meta-regression analysis bubble plot for the subgroup of studies without patient matching. According to this graph, patients undergoing robotic 
partial nephrectomy are less prone to the development of mild postoperative complications, while the relative benefit seems to remain almost time 
constant. Abbreviations: CD: Clavien–Dindo classification of postoperative complications

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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Fig. 5  a: Forest plot under the fixed effects model for the subgroup analysis based on whether each study was performed by a single or multiple 
centers. A statistically significant reduction in the odds for mild complications in robotic compared to the open approach is demonstrated in 
both subgroups (for the single-center studies: petoOR = 0.54, CI95%: [0.43; 0.68], and for the multicenter studies: petoOR = 0.46, CI95%: [0.31; 0.69]). b: 
Μeta-regression analysis bubble plot and regression line, along with its 95% confidence interval, for the annual change in the overall estimate 
of the effect in log scale, referring to the single-center studies. This graph demonstrates a statistically significant difference between the two 
approaches that is progressively expanding after 2016. According to this finding, patients undergoing robotic partial nephrectomy are less prone 
to the development of mild postoperative complications (CD: I and II) compared to those receiving open surgery, with a relative benefit that is 
broadening over the years. Abbreviations: CD: Clavien–Dindo classification of postoperative complications
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individual center (n = 13, average NOS rating: 75.21%), 
it emerged: I2 = 43%, p = 0.05, petoOR = 0.54, with CI95%: 
[0.43; 0.68], while for the multicenter studies (n = 3, aver-
age NOS rating: 96.29%), it emerged: I2 = 0%, p = 0.97, 
petoOR = 0.46, with CI95%: [0.31; 0.69], without a statisti-
cally significant difference between them. The analysis of 
the results showed that in both subgroups, RPN/RAPN 
is associated with the statistically significant advantage 
of lower incidence of mild postoperative complications 
compared to OPN. Figure 5b reveals the straight line of 
meta-regression analysis, for those studies performed 
by a single referral center. More specifically, log(petoOR) 
changes linearly in this case between the values: + 0.2 in 
2012 and − 0.9 in 2021. In this diagram, the statistically 
significant advantage of RPN/RAPN over OPN in reduc-
ing the incidence of mild postoperative complications 
appears to be expanding over the years, with statistical 
significance being achieved from 2017 and onwards. At 
this point, it is worth noting that since the main body 
of available data refers to studies conducted by a single 
center (13/16), the diagram described above does not 
differ significantly from the one depicting the temporal 
change in the overall effect (Fig. 3b). This is also the rea-
son why no meta-regression analysis was performed for 
the subgroup of multicenter studies, as it included only 

3 data points (i.e., studies) (Harrer et al. 2021). Finally, in 
Fig. 6 follows the forest plot of subgroup analysis based 
on whether the publication year concerned the period 
before or after 2015. The analysis of the relevant studies 
published after 2015 (n = 13, average NOS rating: 76.92%) 
showed: I2 = 15%, p = 0.29, petoOR = 0.49, with CI95%: 
[0.39; 0.60], while for the studies published before 2015 
(n = 3, average NOS rating: 88.89%), it emerged: I2 = 56%, 
p = 0.10, petoOR = 0.80, with CI95%: [0.46; 1.38], without a 
statistically significant difference between them. Of the 
aforementioned subgroups of studies, only those pub-
lished after 2015 describe a statistically significant benefit 
from RPN/RAPN over OPN, in terms of the incidence of 
mild postoperative complications.

Based on the above findings, we can divide the indi-
vidual subgroups into two main clusters depending on 
the level of heterogeneity. The “low heterogeneity” clus-
ter consists of the subgroups of the multicenter stud-
ies (n = 3, I2 = 0%), those without patient matching 
(n = 9, I2 = 5%), and those conducted after 2015 (n = 13, 
I2 = 15%). By carefully examining the results from each 
subgroup, their agreement on the statistically significant 
superiority of RPN/RAPN over OPN becomes appar-
ent, as well as the direct connection between the mag-
nitude of provided benefit and the progression of time. 

Fig. 6  Forest plot under the fixed effects model for the subgroup analysis based on whether each study was published before or after 2015. 
The subgroup analysis demonstrates a statistically significant reduction in the odds for mild postoperative complications (CD: I and II) in robotic 
compared to the open approach only for those studies published after 2015 (petoOR = 0.49, CI95%: [0.39; 0.60]). Abbreviations: CD: Clavien–Dindo 
classification of postoperative complications
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In the “high heterogeneity” cluster belong the subgroups 
of the single-center studies (n = 13, I2 = 43%), those with 
patient matching (n = 7, I2 = 53%), as well as those con-
ducted before 2015 (n = 3, I2 = 56%). This body of studies 
is observed to be in discordance with each other, con-
cerning the temporal evolution of the benefit provided by 
robotic partial nephrectomy, but also on the very basis of 
its statistical significance.

When accessing publication bias, the funnel plot 
shown in Fig.  7a emerged, including appropriately 
placed zones of statistical significance, to easily 

distinguish those studies that report the presence of 
a significant difference when comparing RPN/RAPN 
with OPN, in terms of the incidence of mild postop-
erative complications. By reviewing the symmetry of 
this diagram, but also as shown in Fig. 7b, which indi-
rectly represents the result of Egger’s test in the form of 
a radial plot, it becomes apparent that the presence of 
publication bias does not seem to be substantial. Based 
on the above, it becomes evident that the possibility of 
risk of bias due to missing results in the pooled set of 
studies is particularly low.

Fig. 7  a: Funnel plot under the fixed effects model, with contours for the different levels of statistical significance, for the included sample of 
studies, demonstrating the absence of substantial publication bias due to adequate symmetry around the overall estimate of the petoOR. b: Radial 
plot under the fixed effects model, demonstrating the absence of significant deviation of our studies’ regression line (dashed line through the 
origin) from the included regression line for the Egger’s test (solid line)
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In conclusion, we can observe that the adoption of the 
robotic approach over conventional open surgery in par-
tial nephrectomy may be associated with a significant 
reduction in the incidence of mild postoperative com-
plications. Since by definition, as we have argued above, 
this type of complications may be related to the surgi-
cal approach, the results obtained could be attributed to 
inherent features of RPN/RAPN that endow it with sev-
eral advantages over OPN, such as its minimal invasive-
ness, optimized ergonomics, precision in tissue handling 
due to the elimination of tremor, and better visualiza-
tion of the surgical field. It was therefore found that the 
odds on the part of RPN/RAPN are reduced by about 
50% compared to open surgery, with this finding result-
ing from both the analysis of the aggregate data and also 
the majority of the subgroups investigated. An excep-
tion to the above were those studies published prior to 
2015, from the relevant analysis of which only a trend of 
a restriction emerged as for the incidence of mild com-
plications post-surgery, with this finding being not statis-
tically significant though. From the time series analysis 
procedure performed above, meta-regression analysis 
revealed the formation and subsequent extension of an 
advantage on the part of RPN/RAPN over OPN, in terms 
of reducing the incidence of mild complications in the 
early postoperative period, which became statistically 
significant, roughly in 2015 and onwards.

The relevant results produced in this section are briefly 
summarized in Table  2. Data and statistical code are 
freely available at: https://​github.​com/​sotbi​ke/​TB5.​git.

Discussion
The gold standard for the surgical treatment of renal neo-
plasms is consistently represented by radical nephrec-
tomy. This intervention is traditionally performed with 
the open approach, while during the last decades spe-
cial emphasis is being given on minimally invasive tech-
niques, such as laparoscopic and robotic approaches. 
The adoption of minimally invasive surgery (MIS) for the 
resection of malignant renal tumors is considered to be 
associated with a shorter hospital stay, reduced intraop-
erative blood loss, and potentially lower rates of post-
operative complications. Additionally, current surgical 
literature shows that MIS techniques are at least equal in 
terms of oncological outcomes and postoperative renal 
function with conventional open surgery (Banapour 
et  al. 2018). In light of recent developments in research 
into the effect of radical nephrectomy on renal function 
as well as the survival of patients with malignant tumors 
of the kidney, the relevant indications as for the adoption 
of partial nephrectomy and other nephron-sparing sur-
gery (NSS) techniques have been expanded. Open partial 
nephrectomy for small kidney lesions has been shown to 

provide comparable oncological control to that of radical 
nephrectomy (Lucas et al. 2012).

The laparoscopic approach began to gain popular-
ity over the conventional open, for the management of 
localized kidney tumors, as it seemed to be able to pro-
vide oncological outcomes equal to the latter. However, 
the technical and ergonomic challenges associated with 
laparoscopic partial nephrectomy (LPN) have become 
substantial inhibitory factors in its widespread use over 
the years, with the open approach being used quite fre-
quently even in modern kidney surgery practice (Wang 
et  al. 2016). The evidence behind LPN implementation 
has expanded over time to include tumors of higher ana-
tomical complexity, such as those adjacent to the vascular 
hilum of the kidney. Specifically, renal masses adjacent to 
the renal hilum are considered as a separate pathologi-
cal entity, while their spatial relationship with renal ves-
sels led to the delayed application of minimally invasive 
surgical techniques for this particular class of tumors. 
Gill et  al. first in 2005 described laparoscopic partial 
nephrectomy for localized kidney tumors adjacent to the 
renal hilum (Gurram and Kavoussi 2020). Despite the rel-
evant advances that have been made in MIS techniques, 
the laparoscopic approach remains highly technically 
demanding to this day. According to the most current 
view, when performed by a specialized surgeon, LPN 
is considered to be associated with similar oncological 
outcomes to open partial nephrectomy, with the added 
benefit of reduced need for analgesia and shortening of 
patients’ hospital stay. Moreover, RPN/RAPN and LPN 
have been extendedly studied and compared during the 
last decade, showing almost similar outcomes with per-
haps a small lead characterizing the first (Klaassen et al. 
2014). The utilization of modern surgical robotic plat-
forms has been shown to facilitate the excision of even 
tumors of high anatomical complexity, as well as the 
reconstruction of the remaining normal parenchyma, 
providing a clear advantage over laparoscopic (Sagal-
ovich et al. 2018; Hanzly et al. 2015).

Robotic and robot-assisted techniques are considered 
to be one of the most important technological innova-
tions in the modern era of surgery, albeit there is limited 
literature supporting a clear advantage over conventional 
open surgical approaches. In terms of radical prosta-
tectomy, robotic surgery has been promoted to such an 
extent that it is nowadays considered as the most impor-
tant technique in the USA, while at the same time its 
application seems to be increasing in several European 
countries. A different pattern of adoption is observed 
regarding the application of robotic and robot-assisted 
approaches for partial nephrectomy procedures, with the 
percentage of patients undergoing RPN/RAPN reaching 
nearly 60% in the USA.

https://github.com/sotbike/TB5.git
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According to the Clavien–Dindo classification (Dindo 
et  al. 2004; Clavien et  al. 2009), minor postoperative 
complications are defined as those of grades I and II. 
The first category includes all those adverse events that 
cause deviation from the patient’s normal postoperative 
course. Usually, these complications are resolved with 
the administration of antiemetics, antipyretics, con-
ventional analgesics, diuretics as well as with adequate 
electrolyte replenishment and the provision of appropri-
ate physiotherapy. On the other hand, grade II involves 
all those complications that usually require transfusion 
with blood products, administration of advanced anti-
biotics, and caloric support with total parenteral nutri-
tion (TPN). Therefore, mild postoperative complications 
may be associated with inadequate surgical preparation 
of patients, in cases mandating the need for preoperative 
transfusion with red blood cell concentrates (RBCC) to 
improve the hemoglobin level, preoperative nutritional 
support with appropriate dietary supplements, and opti-
mization of renal function prior to surgery. Subsequently, 
these types of complications may also be related to the 
surgical approach, apart from the severity of the opera-
tion. In fact, the benefits of minimally invasive surgery 
regarding the absence of large surgical incisions are well 
known. Minimal invasiveness of robotic access has been 
associated with faster patient mobilization, which aids in 
the prevention of atelectasis development, which affects 
patients’ postoperative respiratory function, and predis-
poses to the development of early postoperative fever. 
Furthermore, additionally to the reduced need for anal-
gesics due to smaller surgical incisions, the removal of 
catheters occurs at an earlier stage, a fact that acts protec-
tively against the development of urinary tract infections 
(UTI). Finally, minimization of the metabolic response 
to trauma reduces the need for intensive patient support 
and facilitates maintenance of an optimal acid–base bal-
ance, as well as adequate electrolyte and caloric replen-
ishment. Based on the above, at a theoretical level the 
surgical approach seems to play a leading role in shaping 
the frequency under which mild postoperative complica-
tions occur. Thus, their incidence could be utilized as an 
indicative comparison parameter between RPN/RAPN 
and OPN, in order to determine whether the differences 
concerning their “invasiveness,” affect the postoperative 
clinical course of patients to the expected.

In this study, our main goal was to highlight any dif-
ferences between RPN/RAPN and OPN in terms of the 
incidence of mild complications during the early postop-
erative period. The relevant investigation was carried out 
using the methodology of meta-analyses, supplemented 
with appropriate subgroup analysis and meta-regression 
analysis in order to investigate for any qualitative sources 
of additional heterogeneity. Two recent meta-analyses 

investigated the comparative effect between robotic and 
open partial nephrectomy in patients with small renal 
masses (disease stage ≤ cT2a). In particular, Tsai et  al. 
in 2019 integrating a set of 26 studies, concluded that 
robotic partial nephrectomy is associated with a statisti-
cally significant reduction in overall complication com-
pared to open surgery (OR = 0.578, CI95%: [0.514; 0.649], 
I2 = 14.538%) (Tsai et al. 2019). In the subgroup analysis 
performed specifically for minor postoperative complica-
tions, it emerged: OR = 0.600, CI95%: [0.498; 0.725]. This 
study was also supplemented by meta-regression analy-
sis, while sensitivity analysis was omitted due to the low 
rate of heterogeneity observed. Subsequently, Ni et al. in 
2022 concluded in a final set of 6 studies to investigate 
the comparative effect after RPN/RAPN vs. OPN on 
the incidence of overall postoperative complications (Ni 
and Yang 2022). In this study as well, the authors con-
cluded that the robotic approach provides an advantage 
over open surgery by determining the relative benefit 
at: OR = 0.51, CI95%: [0.38; 0.68], I2 = 0%. In this case, a 
targeted investigation on the incidence of mild postop-
erative complications was not performed, while no sub-
group or meta-regression analyses were implemented 
due to the absence of significant heterogeneity. The above 
two robust studies demonstrate results similar to those 
of the present analysis at both the pooled and subgroup 
levels. Key elements of the latter come to include the 
in-depth analysis of heterogeneity based on the design 
of each study that was incorporated, but also the utili-
zation of meta-regression analysis to elucidate the tem-
poral change of the comparative effect, a parameter that 
proved to have a strong impact. Particularly, it can be 
argued that the continuous penetration of robotic tech-
nology in the modern practice of kidney surgery leads to 
the derivation of an increasingly greater benefit in terms 
of minimizing mild postoperative complications after 
partial nephrectomy.

The main limitation of this study stems from the fact 
that it incorporates a set of non-randomized comparative 
studies. The inclusion of such studies in analytical proce-
dures intending to reach an estimate of the overall effect 
is generally known to lead to increased levels of heteroge-
neity, while it is also related to the need for careful elabo-
ration in order to draw the safest conclusions possible. In 
the case of our analysis, the percentage of heterogeneity 
that cannot be explained, as expressed through the I2 sta-
tistic, did not appear to be substantially high, resulting in 
the implementation of a fixed effects model. On the other 
hand, the relevant recommendations from the PRISMA 
statement (Moher et al. 2009; Liberati et al. 2009) regard-
ing the usefulness of subgroup analyses in such cases of 
initial studies were extensively adopted. A second limita-
tion has to do with the heterogeneity observed within the 
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definition given to the parameter of interest. Specifically, 
minor postoperative complications seem to be deter-
mined not only by the type of surgical approach, but also 
other parameters related to the preoperative preparation 
of patients, the severity of the operation, the treating sur-
geon’s level of experience, the patient’s comorbidity, the 
familiarity of other medical staff with the implementation 
of patient recovery protocols and more. However, the 
association of the incidence of mild postoperative com-
plications with surgical approach seems to be stronger 
than in the case of major complications, enhancing the 
reliability of this outcome concerning its utilization as a 
comparison parameter between RPN/RAPN and OPN.

Conclusions
The present study provides a comprehensive documenta-
tion of the superiority of RPN/RAPN over OPN concern-
ing the incidence of minor postoperative complications. 
Specifically, from the meta-analysis of the aggregate data 
and regardless of whether any patient matching proto-
col was applied, or whether the studies were completed 
by a single or multiple referral centers, it emerged that 
the odds in the case of the robotic approach in partial 
nephrectomy account for almost 50% of those related to 
open surgery. Subsequently, meta-regression analysis of 
both pooled studies and subgroups revealed a progres-
sive expansion of the comparative advantage from 2015 
and beyond, likely demonstrating the successful integra-
tion of robotic technology into modern kidney surgery 
practice. This finding is compatible with the expected 
cumulative augmentation of the effect from a poten-
tially superior surgical precision level provided through 
robotic technology. Further studies will be required in 
the near future to further evaluate the above findings.
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