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Simple Summary

This study looked at nearly 9000 minimally invasive liver surgeries recorded over a ten-year
period to understand how the growing use of robotic surgery has been affecting patient
outcomes compared to traditional laparoscopic surgery. The aim was to find out whether
the rise in robotic procedures was truly improving results, or whether other factors were
influencing the data. Although robotic surgery became much more common, overall rates
of complications and the need to switch to open surgery stayed stable. This was because
laparoscopic surgery increasingly took on more complex cases, while robotic surgery
consistently showed an apparent advantage in avoiding conversion. These findings suggest
that robotic surgery is not simply replacing laparoscopic techniques, but is being used as a
complementary tool for more challenging operations. This insight can help surgeons and
researchers better understand how to select the right approach for each patient and guide
future improvements in surgical training.

Abstract

Background: The adoption of robotic surgery in minimally invasive liver surgery has
accelerated globally in the last decade, yet its impact on clinical outcomes and the associated
benefits remain to be explored. Methods: The study analyzed 8928 minimally invasive
liver resections recorded in the I Go MILS registry between 2015 and 2025. Temporal
trends in surgical approach, Pringle maneuver utilization, conversion to open surgery,
and postoperative morbidity were assessed using Cochran—Armitage and Spearman tests.
Case-mix evolution was quantified by the Kawaguchi-Gayet difficulty score. Results:
Robotic utilization increased monotonically from 10.4% to 42.2%, while fully laparoscopic
procedures declined from 89.6% to 57.8%. Despite this transition, aggregate conversion and
morbidity showed no significant temporal trends. Stratified analysis demonstrated lower
observed conversion rates in the robotic group and a progressively narrowing difference in
morbidity. Overall case-mix complexity increased significantly, driven exclusively by the
laparoscopic arm, while the robotic case mix remained structurally stable. Conclusions:
Aggregate outcome stability during the robotic transition suggests progressive case-mix
complexification rather than technological stagnation. The robotic platform seems to be
associated with an apparent conversion advantage; its higher observed morbidity may be
attributable to structural differences in operative difficulty. Robotics act not as a substitute
for laparoscopy but as a complementary approach applied to more complex resections.

Keywords: minimally invasive; laparoscopic; robotic; registry

1. Introduction

Minimally invasive liver surgery (MILS) has progressively evolved from a selected
approach for minor peripheral resections to an established component of modern hepato-
biliary surgery. This expansion has been supported by international consensus statements
and guidelines, which have emphasized structured training, appropriate patient selec-
tion, technical standardization, and continuous outcome monitoring during the adoption
of more complex procedures [1-4]. In parallel, the increasing diffusion of robotic plat-
forms has introduced a further technological shift within MILS, offering potential advan-
tages in visualization, instrument articulation, ergonomics, and precision during complex
liver resections.

In rapidly evolving surgical fields, registries are essential not only to report outcomes,
but also to capture real-world implementation and track temporal trends in clinical practice.
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The Italian Group of Minimally Invasive Liver Surgery—I Go MILS—was established as a
national registry to monitor the diffusion, indications, outcomes, and evolution of MILS in
Italy. Since its first report, I Go MILS has generated several analyses on national implemen-
tation, center-volume effects, risk-adjusted outcomes, benchmarks, and indication-specific
results, confirming its role as a dynamic platform for dissemination, characterization, and
networking [5,6].

Robotic liver surgery represents one of the most relevant changes in the recent
evolution of MILS [7-11]. Previous studies have suggested that robotic strategy may
optimize intraoperative performance in technically demanding liver resections, includ-
ing major hepatectomies, complex parenchymal transections, and procedures requiring
lymphadenectomy [12-15]. However, the interpretation of robotic adoption requires longi-
tudinal evaluation. A simple comparison between robotic and laparoscopic surgery may
be misleading if changes in indication, case mix, and procedural complexity over time are
not considered.

The I Go MILS registry offers a unique opportunity to explore this issue over twelve
years of national experience. By capturing the progressive redistribution between fully
laparoscopic and robotic approaches, together with operative outcomes and procedural
complexity, the registry allows the evaluation of how MILS practice has changed over
time and whether robotics is emerging as a substitute for laparoscopy or rather as a
complementary platform for more complex indications.

The primary aim of the present study was to describe and quantify the temporal
evolution of robotic and fully laparoscopic liver surgery within the I Go MILS national
registry over an eleven-year period.

The secondary aims were to evaluate whether increasing robotic adoption was as-
sociated with changes in key outcomes, including Pringle maneuver use, conversion to
open surgery, and postoperative morbidity; to compare temporal outcome trajectories
between robotic and fully laparoscopic resections; and to assess whether changes in pro-
cedural complexity may explain the relationship between technological adoption and
aggregate outcomes.

2. Materials and Methods
2.1. Registry Presentation and Selection Criteria

The I Go MILS registry is built within a multicenter, prospective, observational, spon-
taneous study involving patients undergoing minimally invasive liver resection. Since
2014, 9791 patients were enrolled by 66 participating centers across Italy including both
university and hospital-based surgical units.

For this specific analysis, patients were selected by liver resection approach (laparo-
scopic and/or robotic), with no specific discrimination of liver resection and clinical con-
ditions, as part of an approach entirely focused on the intention-to-treat principle. The
inclusion criteria required participants to be at least 18 years of age and to have signed
the relevant informed consent form of the study. Patients who underwent procedures
performed exclusively for diagnostic purposes and non-resective therapeutic procedures
with minimally invasive approach were excluded from the study.

Instead, the study selected to analyze the data collected for full years, namely from
2015 to 2025, as the data for 2014 and 2026 are incomplete and do not represent full years.
The selected period yielded a total analytical cohort of 8928 procedures.

The primary analysis involves assessing trends in robotic and laparoscopic procedures
over an eleven-year period. Conversion rate to open surgery, utilization rate of Pringle
maneuver and postoperative morbidity rate were considered to determine the effect of
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approach evolution. Each factor was assessed both by examining the overall trend and by
analyzing the data stratified by approach.

Furthermore, the analysis also included trends in annual surgical difficulty to as-
sess whether there were any correlations or potential cause—effect relationships in the
preferential adoption of one of the two approaches. Operative difficulty was classified
according to the Kawaguchi—Gayet scoring system, a validated instrument for the preoper-
ative stratification of minimally invasive liver resection difficulty based on anatomical and
technical criteria including lesion location by liver segment, lesion size, proximity to major
hepatic vasculature, and resection type. The score assigns each procedure to one of three
difficulty levels: Grade I (low difficulty), Grade II (intermediate difficulty), and Grade III
(high difficulty) [16]. This system was originally developed and validated in the context
of laparoscopic liver surgery and is applied here to both robotic and laparoscopic proce-
dures, with the acknowledged limitation that the instrument does not formally account for
technique-specific ergonomic advantages of the robotic platform.

Missing data relating to one or more of the variables (or outside the chosen timeframe)
led to the exclusion of the entire records from the main analysis.

2.2. Statistics

Temporal trends in robotic and laparoscopic utilization, Pringle maneuver rate, con-
version to open surgery, postoperative morbidity and case-mix evolution over time were
assessed using a dual-test strategy combining the Cochran—Armitage test and the Spear-
man rank correlation, applied to annual clusters, while Fisher’s Chi-squared test with
Monte Carlo simulation (B = 5000 permutations) was employed for the global distributional
comparison of Kawaguchi—-Gayet difficulty categories across temporal clusters and across
surgical approaches.

All statistical analyses were performed in R (version > 4.3). Temporal trend tests
(Cochran—Armitage, Spearman) were implemented using the coin, stats, and DescTools
packages. LOESS smoothing and volume-weighted smooth curves were generated using
ggplot2 with the geom_smooth function. Fisher’s exact test with Monte Carlo simulation
was performed using the base R fisher.test function with the simulate. p.value = TRUE
argument and B = 5000 replicates. All figures were produced using ggplot2 (version > 3.4).
A significance threshold of « = 0.05 (two-sided) was applied throughout. No correc-
tions for multiple comparisons were applied, given the exploratory and descriptive na-
ture of the analysis; all p-values are therefore reported as unadjusted and should be
interpreted accordingly.

3. Results
3.1. Registry Overview and Annual Surgical Volume

Between 2015 and 2025, a total of 8928 minimally invasive liver resections were
recorded in the I Go MILS registry across participating centers. These procedures involved
a large cohort of patients suffering from hepatocellular carcinoma (36.2%), liver metastasis
(35.3%), benign conditions (18.6%), intrahepatic cholangiocarcinoma (6.5%) and other
primary tumors (3.4%).

Annual procedural volume increased substantially during the first half of the observa-
tion period, rising from almost 500 resections in 2015 to a first peak of 1048 liver surgeries in
2019, followed by a 4-year peak operating period with around a thousand patients recruited
yearly. A marked decrease in recorded volume was observed in 2024 (n = 836) and 2025
(n = 458), which stands in contrast to the genuine registry expansion and increased center
participation reported in previous year (Table 1).

https://doi.org/10.3390/ cancers18152516


https://doi.org/10.3390/cancers18152516

Cancers 2026, 18, 2516

50f19

Table 1. Temporal overview of the I Go MILS registry (2015-2025; N = 8928) stratified by consensus
time points. Values reported as counts (1), proportions (%), or absolute percentage-point differ-
ences (pp). Consensus milestones: Morioka Conference (2015); Southampton Guidelines (2018);
Brescia IEGUMILS meeting (2025). These are annotated as temporal reference points and are not
formally tested as intervention points. 2022 is indicated for uniformity purposes within the intervals
(central year in a 7-year period) and does not represent a consensus time point. Abbreviations:
CA = Cochran—-Armitage trend test; n.s. = not significant (p > 0.05); pp = percentage points.

Spearman Rank, p

Consensus Time Points CA (p-Value)

(p-Value)
Morioka Southampton Brescia
2015 2018 2022 2025 2015-2025
Registry Volume
Overall, n (%) 489 802 987 448 - -
Fully Laparoscopic, n (%) 439 (89.8) 693 (86.4)  725(73.5)  235(52.5) p <0.001 —0.973 (p < 0.001)
Robotic, 1 (%) 50 (10.2) 109 (13.6) 262 (26.5) 213 (47.5) p <0.001 0.973 (p < 0.001)
Pringle Maneuver
Overall, n (%) 141 (28.8) 358 (44.6) 605 (61.3) 277 (61.8) p < 0.001 0.67 (p = 0.012)
Fully Laparoscopic, n (%) 133 (30.3) 332 (47.9) 491(67.7) 167 (71.1) p <0.001 0.900 (p < 0.001)
Robotic, 11 (%) 8 (16.0) 26 (23.9) 114 (43.5) 110 (51.6) p <0.001 0.995 (p < 0.001)
Delta pp (Robotic-Laparoscopic)  —14.3 pp —24 pp —24.2 pp —-195pp - -
Conversion to Open Surgery
Overall, n (%) 36 (7.4) 52 (6.5) 72(7.3) 29 (6.5) p=0.391 (ns.) —0.414 (p =0.203,n.s.)
Fully Laparoscopic, n (%) 34(7.7) 49 (7.1) 53 (7.3) 22 (9.4) p =0.882 (n.s.) 0.128 (p = 0.707, n.s.)
Robotic, 1 (%) 2(4) 3(2.8) 19 (7.3) 7(3.3) p=0964 (ns.) 0.364(p=0272,ns.)
Delta pp (Robotic-Laparoscopic) -3.7pp —4.3 pp Opp —6.1pp - -
Postoperative Complications
Overall, nn (%) 87 (17.8) 167 (20.8) 232 (23.5) 94 (21) p=0478 (n.s.)  0.137 (p = 0.689, n.s.)
Fully Laparoscopic, n (%) 75 (17.1) 137 (19.8) 166 (22.9) 51 (21.7) p =0.649 (n.s.) 0.246 (p = 0.466, n.s.)
Robotic, 1 (%) 12 (24) 30 (27.5) 66 (25.2) 43 (20.2) p=0.045 —0.309 (p = 0.355, n.s.)
Delta pp (Robotic-Laparoscopic) 6.9 pp 7.7 pp 2.3 pp —-15pp - -

Although the study did not include a dedicated in-depth temporal analysis, key
information about perioperative outcomes, mean operative time, blood loss, length of
hospital stays, previous surgeries, mortality and complications severity are set out to
provide a comprehensive context in which the study was carried out (Table 2).

Table 2. Perioperative and postoperative outcomes reported by international consensus conferences
on minimally invasive liver surgery (Morioka 2015, Southampton 2018, Brescia 2025), stratified by
surgical approach (fully laparoscopic and robotic) and summarized cumulatively for the 2015-2025
period, including operative time, hospital stay, intraoperative bleeding, postoperative complications,
30-day mortality, and Clavien—-Dindo severity grading on major complications. Percentage values for
the grades refer to the total number of complications recorded across the entire registry.

Consensus Time Points

Morioka Southampton Brescia
2015 2018 2022 2025 2015-2025
Perioperative Outcomes

Total, n 489 802 987 448 8928

Fully laparoscopic, n 439 693 752 235 7092

Robotic, n 50 109 262 213 1836

Patients with previous liver surgery, n (%)

Total, n (%) 101 (20.7) 222(27.7) 283(28.7) 137(30.6) 2452 (27.5)
Fully laparoscopic, n (%) 93 (21.2) 194 (28.0) 215(29.7) 76 (32.3) 1960 (27.6)
Robotic, n (%)  8(16.0) 28 (25.7) 68 (26.0) 61 (28.6) 492 (26.8)
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Table 2. Cont.
Consensus Time Points
Morioka Southampton Brescia
2015 2018 2022 2025 2015-2025
Mean Operative time (hours)
Total 3.61 4.2 4.84 4.79 4.53
Fully laparoscopic 3.48 4.15 4.82 4.82 4.45
Robotic 472 453 4.88 4.76 4.85
Mean Hospital stay (days)
Total 5.78 6.09 6.19 5.97 6.30
Fully laparoscopic 5.80 5.98 6.20 5.90 6.28
Robotic 5.58 6.79 6.16 6.04 6.37
Surgeries with intraoperative bleeding, n (%)
Total  435(89.0) 738(92.0) 893(90.5) 380(84.8) 8085 (90.6)
Fully laparoscopic 388 (88.4)  632(91.2) 640 (88.3) 206(87.7) 6366 (89.8)
Robotic ~ 47(94.0)  106(97.2)  231(96.6) 174(81.7) 1719 (93.6)
Mean volume of bleeding (mL)
Total 194 178 222 186 211
Fully laparoscopic 195 171 219 210 206
Robotic 185 226 231 160 229
Postoperative Outcomes
Biliary Fistula, n (%)
Total 9(1.8) 13 (1.6) 24 (2.4) 12 (2.7) 238 (2.7)
Fully laparoscopic 8 (1.8) 11 (1.6) 15 (2.1) 6 (2.6) 167 (2.4)
Robotic 1(2.0) 2(1.8) 9(3.4) 6(2.8) 71 (3.9)
Wound Infections, n (%)
Total 7(14) 7(0.9) 10 (1.0) 0 75 (0.8)
Fully laparoscopic 7 (1.6) 6 (0.9) 6 (0.8) 0 55 (0.8)
Robotic 0 1(0.9) 4 (1.5) 0 20 (1.1)
Hemorrhagic events, n (%)
Total 7(1.4) 2(0.2) 22 (2.2) 9(2.0) 138 (1.5)
Fully laparoscopic 7 (1.6) 2 (0.3) 13 (1.8) 3(1.3) 107 (1.5)
Robotic 0 0 9(3.4) 6(2.8) 31(1.7)
30-day mortality rate, %
Total 0 0.4 0.3 0.4 0.3
Fully laparoscopic 0 0.3 0.3 0.4 0.3
Robotic 0 0.9 0.4 0.5 0.7
Clavien—-Dindo grades for major complications
Grade I, n (%)
Total 87 (53.0) 167 (49.4) 232 (48.2) 93 (53.1) 1936 (49.1)
Fully laparoscopic 75 (52.8) 137 (48.8) 166 (49.6) 50 (54.3) 1458 (49.7)
Robotic 12 (54.5) 30 (52.6) 66 (45.2) 43 (51.8) 478 (47.6)
Grade II, n (%)
Total 57 (34.8) 123 (36.4) 186 (38.7) 60 (34.3) 1443 (36.6)
Fully laparoscopic 48 (33.8) 102 (36.3) 132 (39.4) 33 (35.9) 1069 (36.4)
Robotic 9 (40.9) 21 (36.8) 54 (37.0) 27 (32.5) 374 (37.3)
Grade 111, n (%)
Total 16 (9.8) 41(12.1)  52(10.8) 17 (9.7) 452 (11.5)
Fully laparoscopic 15 (10.6) 36 (12.8) 32 (9.6) 8 (8.7) 332 (11.3)
Robotic 1(4.5) 5(8.8) 20 (13.7) 9 (10.8) 120 (12.0)
Grade IV, n (%)
Total 4(2.4) 4(1.2) 9(1.9) 2(1.1) 81(2.1)
Fully laparoscopic 4(2.8) 4(1.4) 3(0.9) 0 60 (2.0)
Robotic 0 0 6 (4.1) 2(2.4) 21 (2.1)
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Table 2. Cont.
Consensus Time Points
Morioka Southampton Brescia
2015 2018 2022 2025 2015-2025
Grade V, n (%)

Total 0 3(0.9) 2(0.4) 3(1.7) 27 (0.7)

Fully laparoscopic 0 2(0.7) 2 (0.6) 1(1.1) 16 (0.5)

Robotic 0 1(1.8) 0 2(24) 11 (1.1)

Num. Surgeries

a

2015

S S, o L

Three major international consensus milestones in minimally invasive liver surgery are
annotated as temporal reference points throughout the analysis: the Morioka Conference
(2015), the Southampton Guidelines (2018), and the Brescia IEGUMILS meeting (2025)

(Figure 1).
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Figure 1. Annual volume of minimally invasive liver resections recorded in the IGOMILS registry
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(2015-2025; N = 8928). Each bar represents total procedures per calendar year. The dashed line
connects annual values to highlight volumetric dynamics. Vertical dashed lines indicate three major
international consensus milestones: Morioka (2015), Southampton (2018), and Brescia (2025).

3.2. Temporal Trends in Liver Resection Technology Adoption

To contextualize these volumetric dynamics, a stratified analysis was conducted
to identify the actual distribution of surgical approaches and their evolution over the
study period.

The proportion of robotic procedures (Figure 2a) increased monotonically across the
entire period starting from 10% in frequency in 2015 and reaching over 40% of LLRs
eleven years later. The Cochran—-Armitage test confirmed a highly significant increasing
linear trend (z = 22.87, p < 0.001), while Spearman correlation between robotic proportion
and calendar year on the annual series was p = 0.973 (p < 0.001), indicating near-perfect
monotonic growth over eleven years.
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Figure 2. Temporal evolution of surgical approach distribution (2015-2025). (a) Annual proportion
of robotic procedures, with LOESS-smoothed curve and 95% CI (black trend lines and orange
shading) (Cochran—Armitage p < 0.001; Spearman p = 0.973, p < 0.001). (b) Annual proportion
of fully laparoscopic procedures (Cochran—-Armitage p < 0.001; Spearman p = —0.973, p < 0.001).
(c) Year-by-year comparison of robotic vs. fully laparoscopic proportions with linear regression fits
(dashed lines); both Cochran—-Armitage p < 0.001. Vertical dashed lines: Morioka (2015), Southampton
(2018), Brescia (2025).

Conversely, the proportion of fully laparoscopic procedures (Figure 2b) declined
significantly and monotonically across each year, from 89.6% in 2015 and falling below 60%
of cases by 2025 (Cochran—-Armitage z = —22.87, p < 0.001). The Spearman correlation for
the laparoscopic series at the cluster level was p = —0.973 (p < 0.001) on the annual series,
mirroring the robotic trajectory with opposite sign.

The simultaneous representation of both trends on the annual chart (Figure 2c) re-
vealed an incipient crossover between the two series in 2025, where fully laparoscopic and
robotic proportions approached approximate parity (~52% and ~48%, respectively).

3.3. Temporal Trends in Vascular Control Practice and Clinical Outcomes Stratified by Approach

Alongside this apparent technological convergence, the study focused on the temporal
evolution of intraoperative vascular control strategies, as examined through both general
and stratified trends of Pringle maneuver utilization by approach. Moreover, the analysis
assessed whether the shift toward robotic surgery was accompanied by measurable changes
in the primary clinical outcome metrics, such as conversion rate to open surgery and
postoperative morbidity. As for the Pringle maneuver, the outcomes are presented in
general terms and broken down by robotic vs. laparoscopic approach.
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3.3.1. Pringle Maneuver

The utilization of the Pringle maneuver increased significantly across the study period,
rising from 34.3% to a peak settling over 60% in 2021. On the annual series, the Spearman
correlation was p = 0.67 (p = 0.012), a moderate value indicating a significant but non-
perfectly monotonic relationship. Inspection of the LOESS-smoothed annual curve revealed
a biphasic pattern: a rapid increase from approximately 31% in 2015 to a sustained plateau
between 63% and 67% in 2020-2023. This discrepancy between the highly significant
Cochran—Armitage result, which captures the dominant linear component across ordered
clusters, and the moderate Spearman correlation, which is attenuated by the plateau,
characterizes the Pringle trend as a sigmoid followed by potential stabilization rather than
a purely linear increase (Figure 3a).
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Figure 3. Temporal trends in Pringle maneuver utilization (2015-2025). (a) Aggregate annual
proportion of procedures performed with Pringle maneuver; LOESS curve with 95% CI (red trend
lines and orange shading) (Spearman p = 0.67, p = 0.012; Cochran—-Armitage p < 0.001). (b) Annual
Pringle rate stratified by approach (fully laparoscopic: p = 0.900, p < 0.001; robotic: p = 0.955, p < 0.001),
with LOESS smooth curves and95% CI bands (green and violet shading and lines). (c) Year-by-year
absolute difference (robotic — fully laparoscopic); all values negative throughout the observation
period (black dashed line for trend). (d) Volume-weighted bubble chart with LOESS smooth curves
by approach; bubble size proportional to annual caseload. Vertical dashed lines: Morioka (2015),
Southampton (2018), Brescia (2025).

When stratified by surgical approach, both techniques showed statistically significant
and highly concordant increasing trends in Pringle utilization, in contrast to the asymmetry
observed in the preceding analytical version. For fully laparoscopic surgery, the Spearman
correlation was p = 0.900 (p < 0.001) with Cochran—-Armitage p < 0.001. For robotic surgery,
the Spearman correlation was p = 0.955 (p < 0.001) with Cochran-Armitage p < 0.001. Both
techniques therefore demonstrated near-perfect monotonic growth in Pringle utilization
over the eleven-year period. Visual inspection of the stratified annual chart confirmed that
the laparoscopic series started at approximately 30% in 2015 and reached approximately
70-73% by 2021-2023, then stabilized toward 70% in 2025, while the robotic series started at
approximately 17% in 2015 and rose progressively to approximately 52-55% in 2024-2025
(Figure 3b). This evidence was supplemented by comparing the intervention volumes
for each approach in each year to establish if the trend may be affected by the number of
resections (Figure 3d). During the period under review, the number of fully laparoscopic
resections was higher in absolute terms (around 500 per year) whilst the proportion of
procedures performed robotically was generally lower. Nevertheless, the trends show a
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similar pattern of development, with laparoscopic procedures tending to be performed
more frequently using the Pringle maneuver in each of the years considered.

The persistent inter-technique gap—with laparoscopic Pringle rates consistently ex-
ceeding robotic rates throughout the observation period—was confirmed by the delta
analysis, which showed negative values (robotic < laparoscopic) in every year from 2015
to 2025. The maximum absolute gap was approximately —38 to —40 percentage points
around 2019-2021, with a progressive but incomplete reduction in subsequent years as the
robotic series continued to grow (Figure 3c).

3.3.2. Conversion to Open Surgery

The aggregate conversion rate showed no significant temporal trend across the study
period (Figure 4a). On the annual series, Cochran—Armitage test yielded p = 0.391 and the
Spearman correlation was p = —0.416 (p = 0.204) consistent with the absence of significant
monotonic trend. The LOESS-smoothed annual curve revealed a non-linear pattern: values
of approximately 7.5-8.5% in 2015-2019, a transient increase to approximately 10-11% in
2020-2021, and a return to approximately 7-8% in 2022-2025. The transient increase in
2020-2021 coincided with the COVID-19 pandemic period.
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Figure 4. Temporal trends in conversion to open surgery (2015-2025). (a) Aggregate annual con-
version rate; LOESS curve with 95% CI (red trend lines and orange shading) (Cochran—Armitage
p = 0.391; Spearman p = —0.416, p = 0.204). (b) Annual conversion rate stratified by approach (robotic:
p = 0.364, p = 0.272; fully laparoscopic: p = 0.128, p = 0.707), with 95% CI bands. (c) Year-by-year
absolute difference (robotic — fully laparoscopic); green bars indicate robotic < laparoscopic in all
years except one (black dashed trend line). (d) Volume-weighted bubble chart with LOESS smooth
curves by approach. Vertical dashed lines: Morioka (2015), Southampton (2018), Brescia (2025).

When analyzed separately by surgical approach (Figure 4b), neither robotic nor fully
laparoscopic surgery demonstrated a statistically significant temporal trend in conversion
rate. For robotic surgery on annual data, the Spearman correlation was p = 0.364 (p = 0.272)
with Cochran—-Armitage p = 0.964. For fully laparoscopic surgery, Spearman p = 0.128
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(p = 0.707) with Cochran—Armitage p = 0.882. All tests were substantially non-significant
for both techniques, confirming the absence of directional trend within each approach.
Notwithstanding this shared absence of temporal trend, a persistent and clinically
meaningful inter-technique difference in conversion rates was documented across most
of the time points through the analysis of delta percentages. This confirmed that robotic
conversion was lower than laparoscopic in every year from 2015 to 2025, with the inter-
technique gap ranging from approximately —1 to —6 percentage points annually, and the
smoothed delta trend suggesting a widening of the advantage in the most recent years
(Figure 4c). Furthermore, the number of resections performed each year does not appear
to have influenced the conversion rate trends, which remain stable for each approach,
although robotic resections are still less likely to result in conversion (Figure 4d).

3.3.3. Postoperative Morbidity

Postoperative morbidity showed no significant temporal trend at the annual level.
The Cochran—-Armitage test yielded p = 0.477 (z = 0.71), and the Spearman correlation was
p = 0.137 (p = 0.689). The annual curve described an almost flat arch-shaped trajectory, with
annual figures hovering around a stable figure of 20%, exceeded only during the pandemic
years (2020-2022) (Figure 5a).
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Figure 5. Temporal trends in postoperative morbidity (2015-2025). (a) Aggregate annual morbidity
rate; LOESS curve with 95% CI (red trend lines and orange shading) (Cochran—Armitage p = 0.478;
Spearman p = 0.137, p = 0.689). (b) Annual morbidity stratified by approach (robotic: Cochran—
Armitage p = 0.046, Spearman p = —0.309, p = 0.355; fully laparoscopic: CA p = 0.649, p = 0.246,
p = 0.466), with LOESS curves and 95% CI. (c) Year-by-year absolute difference (robotic — fully
laparoscopic); red bars indicate robotic > laparoscopic throughout the observation period, with
progressive convergence toward zero in 2025 (black dashed trend line). (d) Volume-weighted bubble
chart with LOESS smooth curves by approach; bubble size proportional to annual caseload. Vertical
dashed lines: Morioka (2015), Southampton (2018), Brescia (2025).

Conversely to aggregate data, postoperative morbidity stratified by technique revealed
a persistent inter-technique gap but still no distinct temporal evolution in both robotic
and laparoscopic arm. The annual stratified morbidity chart (Figure 5b) documented
that robotic morbidity, after an initial phase of high variability between approximately
24% and 35% in 2015-2021—partly attributable to the smaller denominators of the early
robotic series—stabilized toward approximately 23-25% in 2022-2025. Fully laparoscopic
morbidity remained within a narrow range of approximately 18-23% throughout the entire
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observation period, without any directional evolution (Spearman p = 0.246, p = 0.466; CA
p = 0.649).

Although there are no significant signs of growth or decline between the two datasets,
the delta analysis (Figure 5c) confirmed that robotic morbidity exceeded laparoscopic
morbidity in every year of the observation period with the sole exception of 2025, where
values approached near-parity. The inter-technique gap was largest in the early and middle
years of the series (approximately +5 to +15 percentage points in 2015-2021), and the
smoothed delta trend showed a consistent and accelerating convergence toward zero from
2022 onward. The volume-weighted bubble chart (Figure 5d) confirmed this convergence
pattern, with the robotic and laparoscopic morbidity smooth curves visually approaching
each other in the 2023-2025 range, with robotic curve maintained at higher overall levels
but the gap narrowing substantially relative to the 2017-2020 peak.

3.4. Case-Mix Evolution: Analysis on Kawaguchi-Gayet Difficulty Score over Time

To determine whether the observed inter-technique differences in clinical outcomes
could be attributed, at least in part, to systematic differences in case complexity rather
than to the intrinsic properties of the surgical platforms, the study included a temporal
evolution of case-mix analysis based on the Kawaguchi-Gayet difficulty score.

The Kawaguchi-Gayet difficulty score distribution was analyzed for all procedures
with available classification across the study period. At the aggregate level, the case mix
underwent a statistically significant and near-perfectly monotonic shift toward greater
complexity between 2015 and 2025. The Kruskal-Wallis test on the ordinal difficulty score
across annual groups yielded H = 46.24 (p < 0.001), and the Spearman correlation between
mean difficulty score and calendar year was p = 0.912 (p < 0.001). The Cochran—Armitage
test applied separately to each difficulty level confirmed significant directional trends
for all three categories: Difficulty I (p < 0.001), Difficulty II (p < 0.001), and Difficulty III
(p <0.001) (Table 3).

Table 3. Overall evolution of Kawaguchi-Gayet difficulty grade (I, II and III) stratified by consensus
time points. Values reported as counts (1), proportions (%). Consensus milestones: Morioka Confer-
ence (2015); Southampton Guidelines (2018); Brescia IEGUMILS meeting (2025). These are annotated
as temporal reference points and are not formally tested as intervention points. 2022 is indicated for
uniformity purposes within the intervals (central year in a 7-year period) and does not represent a
consensus time point. Abbreviations: CA = Cochran—Armitage trend test.

Consensus Time Points CA Test ( p-Value)
Morioka Southampton Brescia
2015 2018 2022 2025 2015-2025
Grade I—Low difficulty, n (%) 311 (63.6) 502 (62.6) 562 (56.9) 239 (53.3) p <0.001
Grade II—Intermediate difficulty, n (%) 141 (28.8) 257 (32) 337 (34.1) 179 (40) p <0.001
Grade [II—High difficulty, n (%) 37 (7.6) 43 (5.4) 88 (8.9) 30 (6.7) p <0.001

The overall distribution of Kawaguchi—Gayet difficulty categories differed significantly
between robotic and fully laparoscopic approaches across the entire study period (Chi?,
p = 0.018). Fully laparoscopic procedures showed a distribution of 60.2% Difficulty I, 33.1%
Difficulty II, and 6.7% Difficulty III, while robotic procedures showed 58.7% Difficulty I,
32.7% Difficulty II, and 8.6% Difficulty III. The absolute inter-technique difference was
1.5 percentage points for Difficulty I, 0.4 pp for Difficulty II, and 1.9 pp for Difficulty
III. Although statistically significant—a finding attributable in part to the large sample
size—the magnitude of this difference was modest in absolute terms.
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The Cochran—-Armitage trend tests on triennial cluster data produced diametrically
opposed and statistically discriminating results for the two approaches (Figure 6). For
fully laparoscopic surgery, all three difficulty levels showed statistically significant trends:
Difficulty I p < 0.001, Difficulty II p < 0.001, Difficulty III p = 0.005. The Spearman correla-
tion between aggregate difficulty score and calendar year for the laparoscopic series was
p =0.929 (p < 0.001). The proportion of Difficulty I laparoscopic procedures declined from
64.6% in 2015-2017 to 55.6% in 2024-2025 (—9.0 pp), while Difficulty II rose from 29.3% to
36.8% (+7.5 pp) and Difficulty III from 6.1% to 7.6% (+1.5 pp).
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Figure 6. Case-mix complexity over time according to the Kawaguchi-Gayet difficulty score.
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(a) Annual distribution of difficulty grades I (low), II (intermediate), and III (high) across the full
cohort (2015-2025); Cochran-Armitage trend: Grade I p < 0.001, Grade I p < 0.001, Grade Il p < 0.001;
Spearman p = 0.912, p < 0.001. (b) Triennial distribution of difficulty grades stratified by surgical
approach (fully laparoscopic vs. robotic). For fully laparoscopic surgery, all three grades showed sig-
nificant directional trends (Grade I p < 0.001, II p < 0.001, III p = 0.005; Spearman p = 0.929, p < 0.001).
For robotic surgery, no significant trend was observed for any grade (Grade I p = 0.738, Il p = 0.914, III
p = 0.443; Spearman p = 0.104, p = 0.734). Chi-squared global comparison (laparoscopic vs. robotic, all
years): p = 0.018. Vertical dashed lines: Morioka (2015), Southampton (2018), Brescia (2025).

For robotic surgery, none of the three difficulty level trends reached statistical signifi-
cance: Difficulty I p = 0.738, Difficulty II p = 0.914, Difficulty III p = 0.443. The Spearman
correlation for the robotic series on annual data was p = 0.104 (p = 0.734). Robotic Diffi-
culty I proportions oscillated between 57.1% and 61.5% across the four clusters without
directional pattern; Difficulty II ranged from 29.1% to 36.3%; and Difficulty III from 6.6%
to 9.5%. Robotic procedures exhibited a higher Difficulty III proportion than laparoscopic
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procedures in the earliest available cluster (8.5% vs. 6.1% in 2015-2017), and this differ-
ential persisted—with varying magnitude—across subsequent periods (6.6% vs. 5.3% in
2018-2020; 9.5% vs. 7.8% in 2021-2023; 8.8% vs. 7.6% in 2024-2025).

4. Discussion

The present study provides a twelve-year registry-based overview of the evolution of
minimally invasive liver surgery in Italy, focusing on the progressive redistribution between
fully laparoscopic and robotic liver resections and showing the potential impact of robotic
surgery within the Italian context through real-world data analysis. The primary purpose
of the I Go MILS registry is to collect data and track surgical activity relating to minimally
invasive liver interventions within a national context, in which each participating center is
included regardless of its surgical volume or surgeons’ level of expertise.

The main finding is that the I Go MILS registry captured a profound technological
transition within national MILS practice: evidence highlighted that robotic liver surgery
increased from approximately 10% to 48% of procedures over the study period, while pure
laparoscopy proportionally declined, with the two approaches approaching a potential
crossover phase in the most recent years. This observation expands the original purpose
of the I Go MILS initiative, which was not only to describe the diffusion and outcomes
of MILS in Italy, but also to function as a dynamic national platform able to monitor
implementation, characterize practice patterns, and track temporal changes in real-world
surgical activity [5,6].

The value of national registries in surgical innovation lies precisely in their ability to
move beyond static outcome reporting. Similar registry- or database-based studies from
France, the United States, Japan, and the Netherlands have shown that nationwide data can
effectively describe the dissemination of minimally invasive liver surgery, identify temporal
changes in surgical practice, and monitor safety during implementation [17-26]. In France,
national analyses have documented the progressive adoption of laparoscopic and robotic
liver resections over time [17,18]. In the United States, analyses from national datasets
such as NSQIP and the Nationwide Inpatient Sample showed an increase in laparoscopic
liver resections after the Louisville statement, with stable morbidity and mortality despite
increasing use [18]. In Japan, the National Clinical Database has been used to evaluate the
safe dissemination of laparoscopic liver resection in more than 27,000 cases [20]. Similarly,
the Dutch Hepatobiliary Audit has provided high-quality nationwide data on the imple-
mentation of both laparoscopic and robotic liver surgery [21-24]. The present I Go MILS
analysis aligns with this international registry-based framework and confirms that the role
of such platforms is not limited to reporting outcomes but includes tracking how surgical
practice evolves over time.

A key message of this study is that the growth of robotics should not be interpreted
through a simplistic robotic-versus-laparoscopic framework. Rather, the observed trends
suggest that robotic surgery has progressively entered the Italian MILS landscape as a
complementary platform, preferentially used for cases of higher technical complexity. This
interpretation is supported by the analysis of procedural difficulty: over the eleven-year
period, the overall MILS case mix shifted toward more complex resections, with a significant
decrease in low-difficulty procedures and an increase in intermediate- and high-difficulty
cases. Therefore, the denominator of minimally invasive liver surgery changed substantially
over time. Procedures that were previously performed through an open or hybrid approach
may have progressively migrated toward minimally invasive platforms. In this context,
stable morbidity and conversion rates at the population level should not be interpreted
as lack of technological benefit, but rather as evidence that safety was maintained despite
increasing procedural complexity.
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The temporal trajectories of complexity differed between approaches. Fully laparo-
scopic surgery showed a progressive increase in difficulty over time, suggesting a gradual
expansion of laparoscopic indications. Conversely, robotic surgery appeared to enter the
registry with a more complex case mix from the early phase of adoption, without a clear
further increase in difficulty over time. This pattern supports the hypothesis of a selective
use of robotics for technically demanding procedures from the beginning of its national
implementation. In other words, robotic liver surgery does not appear to have replaced
laparoscopy across the whole MILS spectrum; instead, it seems to have occupied a specific
area of indication, where the technical advantages of the platform may be most relevant.

The analysis of conversion to open surgery provides one of the most clinically mean-
ingful findings. Although aggregate conversion rates did not show a major temporal
improvement, robotic surgery consistently showed lower conversion rates than pure la-
paroscopy. Across the period, laparoscopic conversion ranged from 7.7% to 9.4%, whereas
robotic conversion ranged from 4.2%, peaking at 7.3% and returning to 3.3% in 2025. More-
over, the annual difference between robotic and laparoscopic conversion remained in favor
of robotics from 2015 onward, generally ranging from approximately —3 to —6 percentage
points, although the most recent estimates should be interpreted cautiously because of
smaller and incomplete denominators. Robotic surgery was associated with lower observed
conversion rates; however, these unadjusted registry data do not establish an independent
advantage of the robotic approach alone.

A similar nuanced interpretation is required for postoperative morbidity. Crude mor-
bidity did not significantly decrease over time in the overall cohort, and robotic cases
showed higher absolute morbidity than laparoscopic cases in several time intervals. In the
following analysis, laparoscopic morbidity ranged from 17.1% to 21.7%, with an intermedi-
ate peak of 22.9% in 2022. Robotic morbidity was higher, ranging from 24% to 20%, with a
peak of 27.5% in 2018. However, this should not be interpreted as evidence of inferiority of
the robotic approach. The higher crude morbidity observed in the robotic group may have
been influenced by differences in patient selection and procedural complexity, although
this cannot be determined from the present analysis. Importantly, the most recent period
showed a simultaneous reduction in robotic conversion, from 7.3% to 3.3%, and in robotic
morbidity, from 25.2% to 20.2%. Although not sufficient to prove causality, this trend may
reflect maturation of the robotic learning curve, refinement of indications, and increasing
team experience.

This interpretation is consistent with previous reports on robotic liver surgery [27-31].
Studies by Ratti and colleagues have suggested that robotic and combined robotic—-
laparoscopic strategies may optimize intraoperative performance in major hepatectomies
and complex resections [13,14]. In addition, robotic surgery has been proposed as a valu-
able tool for procedures requiring advanced dissection, such as lymphadenectomy for
biliary tumors, where the reproducibility of open surgical principles remains essential [15].
More recently, the learning curve of robotic liver surgery has been shown to be achiev-
able and strongly influenced by previous laparoscopic background and team-based
implementation [26]. These findings support the concept that robotic adoption should
be interpreted as part of the broader maturation of minimally invasive liver programs
rather than as an isolated technological replacement.

The use of the Pringle maneuver further illustrates the complexity of interpreting
longitudinal trends. In the overall analysis, Pringle use increased over time rather than
decreasing with the adoption of robotics. When stratified by approach, both laparoscopic
and robotic resections showed a significant increase in Pringle use across the considered
period. In pure laparoscopy, Pringle use increased from 30.3% in 2015 to 61.8% in 2025; in
robotic surgery, it increased from 16% to 51.6% over the same period. However, the robotic
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approach maintained lower absolute rates of Pringle use throughout almost the entire study
period. This may reflect improved vascular control, stable three-dimensional visualization,
instrument articulation, and enhanced precision during parenchymal transection. At the
same time, the increase in Pringle use in both groups likely reflects the progressive inclusion
of more complex resections within the minimally invasive domain, where preventive
vascular control may be indicated independently of the surgical platform.

Overall, these findings suggest that robotic liver surgery is not replacing laparoscopy
as a universal minimally invasive platform. Rather, robotics appears to be progressively
defining its own area of indication within the MILS spectrum. Laparoscopy remains the
high-volume platform for standard and intermediate-complexity resections, while robotics
may serve as a complementary technology for anatomically difficult, technically demand-
ing, or oncologically complex procedures [32-34]. This concept is clinically relevant because
it shifts the interpretation of robotic adoption away from competition between platforms
and toward rational allocation of the most appropriate minimally invasive approach ac-
cording to case complexity, institutional expertise, and available resources. Furthermore, it
is important to consider that the expanding role of artificial intelligence in conjunction with
robotic systems is being more thoroughly investigated in the field of oncologic surgery. Its
applications range from anatomical recognition to autonomous surgical tasks, further sup-
porting the view that technological innovation should progressively define complementary,
rather than competitive, roles within minimally invasive surgical practice [35].

The present study has several strengths. First, it is based on a national registry
specifically designed to capture real-world MILS practice. Second, it evaluates temporal
trends rather than providing a static comparison between approaches. Third, it integrates
technological adoption, operative outcomes, and procedural complexity, allowing a more
nuanced interpretation of the relationship between robotics and surgical performance. This
represents one of the most important contributions of the analysis: the registry does not
merely describe how many robotic resections were performed but helps explain how and
why the role of robotics has changed over time.

Several limitations should be acknowledged. As with all registry-based studies, the
analysis is observational and potentially affected by selection bias, center-level hetero-
geneity, and unmeasured confounding. The decision to perform a robotic or laparoscopic
resection was not randomized and likely reflected surgeon preference, institutional re-
sources, platform availability, case complexity, and learning-curve phase. Finally, although
procedural difficulty was included in the analysis, complexity scores may not fully capture
all anatomical, oncological, and technical factors influencing surgical decision-making.
For these reasons, the present findings should be interpreted as a national description of
evolving practice rather than as proof of causal superiority of one approach over another.

The findings reported in this study may potentially pave the way for targeted and
specific follow-up research to investigate whether the robotic advantage in terms of con-
version rates and the observed morbidity pattern remain consistent when stratified by
type of procedure (minor vs. major hepatectomies, anatomical vs. non-anatomical resec-
tions), in order to ascertain whether the reported benefits are generalizable or depend on
surgery complexity.

5. Conclusions

The I Go MILS registry documents a major transformation of minimally invasive
liver surgery in Italy, characterized by increasing robotic adoption, proportional decline
in pure laparoscopy, and progressive expansion toward more complex procedures. The
stability of aggregate outcomes despite increasing complexity suggests that the national
MILS community has maintained safety during a phase of technological and indication-
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related evolution. According to data, robotics appears to act not as a simple substitute for
laparoscopy, but as a complementary platform, which may be preferentially applied to more
complex resections, with suggested lower conversion rates and progressively improving
outcome signals over time. These findings highlight the value of national registries in
tracking trends, contextualizing innovation, and guiding the rational implementation of
new technologies in hepatobiliary surgery.
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