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Introduction

Minimally invasive liver resection (MILR) for liver tumours 
has been proven to be safe and effective especially for 
minor liver resections (1-3). The short-term advantages 
over open surgery include less blood loss, less transfusion 
requirement, shorter hospital stays and less morbidities (3).  
The number of laparoscopic and robotic minor liver 
resections performed worldwide has proliferated in recent 
years. Nonetheless, most of the major hepatectomies 
today are still performed via the traditional open approach  
(1-5). Major liver resection represents an exquisitely 
complex surgery requiring substantial technical skills and 
surgeon experience to ensure a safe operation. Hence, many 

studies recommend that major hepatectomies be carried out 
in high volume centers. Not surprisingly, the development 
of major liver resection by the minimally invasive approach 
has been slow as the learning curve for this approach is long 
and steep (6-9). 

A growing body of literature has demonstrated that 
MILR can be safely carried out in expert centers, and 
indications for MILR have been expanding. In Asia, for 
example, MILR for donor hepatectomy has been adopted 
cautiously in several high volume centers (10-12). In a 
similar vein, resection of huge tumours—which were 
previously considered a contraindication to MILR (13)—
was recently reported in a small single-surgeon study, which 
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suggested that if surgeons can overcome the technical 
difficulties of resecting huge tumours via the minimally-
invasive approach, the benefits of minimally invasive surgery 
could still be maintained (14). Given the paucity of data 
and potential biases inherent in small single-center studies, 
a large scale international multicenter study would provide 
stronger evidence and insight into MILR for huge tumours.

The primary objective of this study was to determine 
the feasibility and safety of MILR for huge tumours by 
comparing patients with huge (≥10 cm) tumors against a 
matched control group of patients with large (3–9.9 cm) 
tumors. We present the following article in accordance with 
the STROBE reporting checklist (available at https://hbsn.
amegroups.com/article/view/10.21037/hbsn-21-327/rc).

Methods

This was a retrospective review of 6,617 patients who 
underwent RLR and LLR at 21 international centers 
between 2009–2019. The institutions included performed 
on average between 20 MILR to over 200 MILR per 
annum. The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). All institutions 
obtained their respective approvals according to their 
local center’s requirements. This retrospective study on 
deidentified patient data was approved by the Singapore 
General Hospital Institution Review Board (2020/2802) 
and the need for any further board review and patient 
consent was waived. All anonymized data were collected in 
the individual centers. These were collated and analyzed 
centrally at the Singapore General Hospital.

In this study, only patients who underwent pure 
laparoscopic or robotic-assisted laparoscopic surgery were 
included. Laparoscopic-assisted (hybrid) and hand-assisted 
laparoscopic resections were excluded. Notably, there were 
only 3 cases of hand-assisted laparoscopic resections for 
huge tumors which were excluded from further analysis.

Other exclusion criteria included patients who underwent 
donor hepatectomy for transplant, hepatectomy with bilio-
enteric anastomoses, resection of cysts and cystic tumors, 
gallbladder carcinoma and intrahepatic stones. 

As this was a multi-center study, the indications and 
surgical technique for MILR was not standardized. In most 
cases, the decision to perform MILR for huge tumors was 
based on an individual surgeon’s comfort level and not any 
institution protocol. Huge tumors invading major vessels 
such as the main portal vein or inferior vena cava requiring 
vascular reconstruction were generally considered an 

absolute contraindication to MILR (14).

Definitions

Liver resections were defined according to the 2000 
Brisbane classification (15). Major resections were classified 
as resection of 3 or more segments. Additionally, right 
anterior and right posterior sectionectomies were also 
considered major resections in this study (16,17). This is 
due to the wide surface area for parenchymal transection 
associated with these resections (16,17).

Diameter of the largest lesion was used in the cases of 
multiple tumors. Huge tumors were defined as tumors with 
a size ≥10 cm based on histology. Large tumors which were 
used as the control group were defined as tumors with a 
size 3–9.9 cm. This size cutoff was used based on the Iwate 
scoring system which proposed a size cut-off of 3 cm in 
their difficulty score (18,19).

 Difficulty of resections were graded according to 
the Iwate score (18). Post-operative complications were 
classified according to the Clavien-Dindo classification 
and recorded for up to 30 days or during the same 
hospitalization (20). 

Statistical analyses

To enhance the reliability and to assess the robustness of our 
conclusions to modelling assumptions and various sources 
of potential bias, we analyzed each comparison using two 
or more powerful methodologies in the causal inference 
toolbox. 

Comparisons between patients who underwent MILR 
for huge versus large tumors, was performed using 3 
statistical frameworks: (I) coarsened-exact matching, (II) 
nearest neighbor matching based on the Mahalanobis 
distance, and (III) regression discontinuity analyses. One-
to-one coarsened exact matching was used to identify 
approximately-exact matches between patients with huge 
or large tumors, taking into account age, ASA status, 
robotic/laparoscopic approach, prior abdominal or liver 
surgery, tumor pathology, Child-Pugh score and the 
presence of cirrhosis and portal hypertension, multifocality, 
multiple resections, concomitant operations excluding 
cholecystectomy, major/minor resection (laparoscopic 
criteria), and difficulty of resection based on the Institute 
Mutualiste Montsouris (IMM) (21,22) and Iwate grading 
systems. Coarsening of patient age was done using an 
automatic binning algorithm based on Sturge’s rule. 

https://hbsn.amegroups.com/article/view/10.21037/hbsn-21-327/rc
https://hbsn.amegroups.com/article/view/10.21037/hbsn-21-327/rc
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Next, one-to-two nearest neighbor matching was done 
based on the Mahalanobis distance metric of baseline 
covariates shown in Table 1. Finally, we also employed 
‘sharp’ regression discontinuity analyses as a further line 
of sensitivity analysis, as this study design constitutes 
a powerful quasi-experimental framework (23-26) 
that is particularly apt when the assignment variable is 
continuously-measured (as in the case of tumor size) but 
is dichotomized at a prespecified threshold (e.g., a 10-cm 
tumor size cutoff in our study). Treatment effects were 
computed local to the cutoff of 10-cm, with covariance 
adjustment for the aforementioned baseline characteristics, 
and the number of bins in regression-discontinuity plots 
(Figure 1, Figures S1-S15) were chosen based on the evenly-
spaced mimicking-variance (ESMV) algorithm.

Results 

Comparison between MILR for huge tumors versus large 
tumors

There were 2,890 patients who underwent MILR with 
tumors ≥3 cm which met the study criteria. Of these, 205 
patients had huge tumors (≥10 cm) and 2,685 patients had 
large tumours (≥3 cm). A 1:1 coarsened exact-matching 
(CEM) and 1:2 Mahalanobis distance-matching (MDM) 
with consideration of patients’ age, sex, ASA grading, 
previous abdominal surgery, pathologies, presence 
of cirrhosis, grading of cirrhosis, presence of portal 
hypertension, number of tumours, size of tumours, tumour 
locations, type of operations and the relevant difficulty 
score was performed. After 1:1 CEM and 1:2 MDM, there 
were 174 patients in the huge tumor group vs. 174 patients 
in the large tumor group and 190 huge tumour group vs. 
380 patients the large tumour group, respectively. 

There was no significant difference between all the 
demographic data between the 2 groups after both 1:1 
CEM and 1:2 MDM. The major indication for surgery was 
malignancy (66.3% and 63.4% in both groups). Both groups 
were well-balanced for variables such as American Society 
of Anesthesiology (ASA) score, presence of liver cirrhosis, 
posterosuperior locations of tumours as well as proportion 
of patients undergoing major liver resection.

There was significantly increased intraoperative blood 
loss, frequency in the application of Pringle maneuver, 
major morbidity and postoperative stay in the huge tumour 
group compared to the large tumour group after both 1:1 
CEM and 1:2 MDM. Intraoperative blood transfusion rate 

and open conversion rate were significantly higher in the 
huge tumor group after 1:2 MDM but not 1:1 CEM. These 
results are summarized in Tables 1,2. 

Regression discontinuity (RD) analyses generally 
supported the conclusions of the matched analyses. In RD 
analyses, we observed that MILR for huge tumors was 
associated with greater blood loss (MD: 115 mL, 95% 
CI: 24 to 205 mL; P=0.013) of blood loss, greater need 
for intraoperative blood transfusion (RD: 5.1%, 95% CI: 
0.7% to 9.5%, P=0.022) and Pringle maneuver (RD: 9.7%, 
95% CI: 1.8% to 17.6%, P=0.016), open conversion (RD: 
5.3%, 95% CI: 1.4% to 9.2%, P=0.008), postoperative 
stay (MD: 1.0 days, 95% CI: 0.1 to 2.0 days, P=0.032), and 
major complications (RD: 3.9%, 95% CI: 0.1% to 7.7%, 
P=0.043) (Table 2). RD plots are presented in Figure 1 and  
Figures S1-S15. 

Discussion

LLR is now an established approach for primary and 
secondary liver tumors. Since the two international 
consensus meeting held in Louisville in 2008 and Morioka 
in 2014, minimally invasive approach to hepatectomy for 
liver tumours has been safely practiced in many centers 
with expertise and high volume (27-29). Furthermore, 
the Asia Pacific consensus statement for minimally 
invasive hepatectomy for HCC was held in Hong Kong in  
2016 (30) and the European guideline meeting on 
laparoscopic liver surgery was held in Southampton in  
2017 (31). These consensus guidelines have further lent 
credence to the application of minimally invasive technique 
to treat liver tumors.

Recent studies from high volume centers  have 
demonstrated that major liver resections via the minimally 
invasive approach demonstrated superior short-term 
outcome in terms of blood loss, transfusion requirement, 
complication rate and hospital stay even in patients with 
liver cirrhosis (8,14,17,32-36). Overall survival appears to 
be comparable with open approach in patients with liver 
tumors (32-35). Hence, with these encouraging results, 
many high-volume centers have been trying to expand the 
indications of MILR to patient with larger tumours and 
even huge tumours (14).

The number of huge tumours (≥10 cm) accounted for 
10–20% of the total case volume in the current cohort. 
In this study, the international study group gathered the 
data from 21 centers with a high volume of MILR and 
focused on the outcomes of huge liver tumours operated 

https://cdn.amegroups.cn/static/public/HBSN-21-327-supplementary.pdf
https://cdn.amegroups.cn/static/public/HBSN-21-327-supplementary.pdf
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Table 1 Comparison between baseline clinicopathological characteristics of MILR for huge (≥10 cm) tumors vs. large (3–9.9 cm) tumors

Characteristics Entire cohort (n=2,890)
Unmatched cohort 1:1 coarsened exact matched cohort 1:2 nearest neighbor matched cohort

MILR huge (n=205) MILR large (n=2,685) P value MILR huge (n=174) MILR large (n=174) P value MILR huge (n=190) MILR large (n=380) P value

Median age, MD [IQR], years 62 [52–70] 57 [44–70] 62 [53–70] <0.001* 56 [41–69] 56 [44–66] 0.988 57 [43–70] 57 [44–68] 0.811

Male sex, n (%) 1,866/2,886 (64.7) 108/203 (53.2) 1,758/2,683 (65.5) <0.001* 94/172 (54.7) 90/174 (51.7) 0.768 103/190 (54.2) 203/380 (53.4) 0.852

ASA score, n (%) 0.065 1.000 0.889

I/II 2,116/2,882 (73.4) 161/204 (78.9) 1,955/2,678 (73.0) 144/174 (82.8) 144/174 (82.8) 149/190 (78.4) 296/380 (77.9)

III/IV 766/2,882 (26.6) 43/204 (21.1) 723/2,678 (27.0) 30/174 (17.2) 30/174 (17.2) 41/190 (21.6) 84/380 (22.1)

Robotic, n (%) 698/2,889 (24.2) 45/205 (22.0) 653/2,684 (24.3) 0.443 37/174 (21.3) 37/174 (21.3) 1.000 42/190 (22.1) 89/380 (23.4) 0.724

Laparoscopic, n (%) 2,191/2,889 (75.8) 160/205 (78.0) 2,031/2,684 (75.7) 137/174 (78.7) 137/174 (78.7) 148/190 (77.9) 291/380 (76.6)

Previous abdominal surgery, n (%) 1,031/2,890 (35.7) 51/205 (24.9) 980/2,684 (36.5) 0.001* 40/174 (23.0) 40/174 (23.0) 1.000 50/190 (26.3) 98/380 (25.8) 0.890

Previous liver surgery, n (%) 160/2,888 (5.5) 6/205 (2.9) 154/2,683 (5.7) 0.090 4/174 (2.3) 4/174 (2.3) 1.000 6/190 (3.2) 10/380 (2.6) 0.724

Malignant pathology, n (%) 2,508/2,890 (86.8) 129/205 (62.9) 2,379/2,685 (88.6) <0.001* 113/174 (64.9) 113/174 (64.9) 1.000 126/190 (66.3) 242/380 (63.7) 0.545

Pathology type, n (%) <0.001* 1.000 0.599

HCC/intrahepatic cholangiocarcinoma 15,92/2,890 (55.1) 92/205 (44.9) 1,500/2,685 (55.9) 82/174 (47.1) 82/174 (47.1) 91/190 (47.9) 165/380 (43.4)

CRM and other Mets 929/2,890 (31.8) 37/205 (18.0) 882/2,685 (32.8) 31/174 (17.8) 31/174 (17.8) 35/190 (18.4) 76/380 (20.0)

FNH/adenoma/hemangioma 379/2,890 (13.1) 76/205 (37.1) 303/2,685 (11.3) 61/174 (35.1) 61/174 (35.1) 64/190 (33.7) 139/380 (36.6)

Cirrhosis, n (%) 738/2,890 (25.5) 25/205 (12.2) 713/2,685 (26.6) <0.001* 18/174 (10.3) 18/174 (10.3) 1.000 25/190 (13.2) 44/380 (11.6) 0.579

Childs Pugh score, n (%) <0.001* 1.000 0.578

No cirrhosis 2,152/2,890 (74.5) 180/205 (87.8) 1,972/2,685 (73.4) 156/174 (89.7) 156/174 (89.7) 165/190 (86.8) 336/380 (88.4)

A 680/2,890 (23.5) 20/205 (9.8) 660/2,685 (24.6) 15/174 (8.6) 15/174 (8.6) 20/190 (10.5) 29/380 (7.6)

B 58/2,890 (2.0) 5/205 (2.4) 53/2,685 (2.0) 3/174 (1.7) 3/174 (1.7) 5/190 (2.6) 15/380 (3.9)

Portal hypertension, n (%) 192/2,889 (66.5) 7/204 (3.4) 185/2,685 (6.9) 0.056 4/174 (2.3) 4/174 (2.3) 1.000 7/190 (3.7) 17/380 (4.5) 0.644

Median tumor size, mm, MD [IQR] 45 [35–62] 115 [101–135] 41 [35–57] <0.001* 115 [100–134] 50 [40–65] <0.001 115 [101–134] 50 [38–70] <0.001

Multiple tumors, n (%) 614/2,890 (21.2) 30/205 (14.6) 584/2,685 (21.8) 0.016* 19/174 (10.9) 19/174 (10.9) 1.000 27/190 (14.2) 54/380 (14.2) 1.000

Multiple resections, n (%) 253/2,890 (8.8) 15/205 (7.3) 238/2,685 (8.9) 0.450 8/174 (4.6) 8/174 (4.6) 1.000 13/190 (6.8) 21/380 (5.5) 0.536

Concomitant operation excluding cholecystectomy, n (%) 294/2,890 (10.2) 20/205 (9.8) 274/2,685 (10.2) 0.838 12/174 (6.9) 12/174 (6.9) 1.000 19/190 (10.0) 44/380 (11.6) 0.568

Major/minor resection (minimally-invasive criteria), n (%) 1,097/2,890 (38.0) 114/205 (55.6) 983/2,685 (36.6) <0.001* 82/174 (47.1) 82/174 (47.1) 1.000 104/190 (54.7) 190/380 (50.0) 0.289

Iwate difficulty score, n (%) <0.001* 1.000 0.447

Low 195/2,890 (6.7) 7/205 (3.4) 188/2,685 (7.0) 6/174 (3.4) 6/174 (3.4) 7/190 (3.7) 22/380 (5.8)

Intermediate 1,059/2,890 (36.6) 61/205 (29.8) 998/2,685 (37.2) 56/174 (32.2) 56/174 (32.2) 57/190 (30.0) 128/380 (33.7)

High 819/2,890 (28.3) 52/205 (25.4) 767/2,685 (28.6) 46/174 (26.4) 46/174 (26.4) 47/190 (24.7) 93/380 (24.5)

Expert 817/2,890 (28.3) 85/205 (41.5) 732/2,685 (27.3) 66/174 (37.9) 66/174 (37.9) 79/190 (41.6) 137/380 (36.1)

IMM resection, n (%) <0.001* 0.400 0.353

Wedge anterior/posterior 677/2,890 (23.4) 24/205 (11.7) 653/2,685 (24.3) 21/174 (12.1) 29/174 (16.7) 23/190 (12.1) 60/380 (15.8)

Left lateral sectionectomy 487/2,890 (16.9) 44/205 (21.5) 443/2,685 (16.5) 41/174 (23.6) 33/174 (19.0) 41/190 (21.6) 79/380 (20.8)

Anterolateral segmentectomy 391/2,890 (13.5) 13/205 (6.3) 378/2,685 (14.1) 10/174 (5.7) 10/174 (5.7) 13/190 (6.8) 36/380 (9.5)

Table 1 (continued)
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Table 2 Comparison between perioperative outcomes of MILR for huge (≥10 cm) vs. large (3–9.9 cm) tumors 

Outcomes Entire cohort (n=2,890)
Unmatched cohort 1:1 coarsened exact matched cohort 1:2 nearest neighbor matched cohort Regression discontinuity analysis, β  

(95% CI, P value)‡MILR huge (n=205) MILR large (n=2,685) P value MILR huge (n=174) MILR large (n=174) P value MILR huge (n=190) MILR large (n=380) P value

Median operating time, MD [IQR], min 230 [160–319] 254 [180–350] 230 [158–315] 0.005* 241 [180–345] 231 [154–330] 0.218 252 [180–360] 230 [155–310] 0.109 MD: 13.4 mins (−6.4 to 33.3); P=0.185

Median blood loss, MD [IQR], mL 200 [100–450] 300 [150–500] 200 [100–450] <0.001* 300 [150–500] 150 [50–400] 0.001* 300 [150–500] 200 [100–412] <0.001* MD: 114.6 mls (23.9 to 205.3); P=0.013*

Blood loss (categories), mL <0.001* 0.002* <0.001* RD: 16.8 (8.6 to 25.1); P<0.001*

<300 1,517/2,574 (58.9) 75/173 (43.4) 1,442/2,401 (60.1) 64/144 (44.4) 99/158 (62.7) 67/160 (41.9) 212/344 (61.6)

≥300 1,057/2,574 (41.1) 98/173 (56.6) 959/2,401 (39.9) 80/144 (55.6) 59/158 (37.3) 93/160 (58.1) 132/344 (38.4)

Intraoperative blood transfusion, n (%) 270/2,883 (9.4) 29/205 (14.1) 241/2,678 (9.0) 0.015* 22/174 (12.6) 16/174 (9.2) 0.303 28/190 (14.7) 31/379 (8.2) 0.021* RD: 5.1 (0.7 to 9.5); P=0.022*

Pringle maneuver applied, n (%) 1,103/2,849 (38.7) 88/190 (46.3) 1,015/2,659 (38.2) 0.026* 76/161 (47.2) 60/174 (34.5) 0.019* 82/177 (46.3) 133/376 (35.4) 0.013* RD: 9.7 (1.8 to 17.6); P=0.016*

Median Pringle duration when applied, MD [IQR], min 30 [20–52] 34 [19–55] 30 [20–52] 0.606 36 [20–55] 30 [17–60] 0.603 34 [20–55] 30 [20–47] 0.616 MD: 2.4 mins (−9.8 to 14.6); P=0.698

Open conversion, n (%) 211/2,890 (7.3) 24/205 (11.7) 187 (7.0) 0.012* 18/174 (10.3) 12/174 (6.9) 0.213 24/190 (12.6) 20/380 (5.3) 0.004* RD: 5.3 (1.4 to 9.2); P=0.008*

Median postoperative stay, MD [IQR], days 6 [4–8] 6.9 [4.1–9] 6 [4–8] <0.001* 6.8 [4.1–9.0] 6.0 [4.1–7] 0.002* 6.9 [4.8–9.0] 6.0 [4.0–7.0] 0.001* MD 1.0 days (0.1 to 2.0); P=0.032*

30-day readmission, n (%) 101/2,888 (3.5) 7/204 (3.4) 94/2,684 (3.5) 0.958 6/173 (3.5) 1/174 (0.6) 0.097 7/189 (3.7) 11/379 (2.9) 0.631 RD: 0.7 (−2.1 to 3.5); P=0.615

Postoperative morbidity, n (%) 590/2,890 (20.4) 51/205 (24.9) 539/2,685 (20.1) 0.100 42/174 (24.1) 28/174 (16.1) 0.063 49/190 (25.8) 78/380 (20.5) 0.136 RD: 5.5 (−0.8 to 12.0); P=0.091

Major morbidity (Clavien-Dindo grade >2), n (%) 221/2,889 (7.6) 23/204 (11.3) 198/2,685 (7.4) 0.043* 19/174 (10.9) 8/174 (4.6) 0.026* 21/189 (11.1) 27/380 (7.1) 0.046* RD: 3.9 (0.1 to 7.7); P=0.043*

Reoperation, n (%) 54/2,890 (1.9) 7/205 (3.4) 47/2,685 (1.7) 0.090 5/174 (2.9) 2/174 (1.1) 0.252 6/190 (3.2) 6/380 (1.6) 0.120 RD: 1.7 (−0.9 to 4.4); P=0.208

In-hospital mortality, n (%) 23/2,890 (0.8) 4/205 (2.0) 19/2,685 (0.7) 0.053 3/174 (1.7) 0/174 (0.0) 0.314 4/190 (2.1) 2/380 (0.5) 0.109 RD: 1.1 (−0.7 to 3.0); P=0.223

90-day mortality, n (%) 39/2,890 (1.3) 8/205 (3.9) 31/2,685 (1.2) 0.001* 7/174 (4.0) 2/174 (1.1) 0.086 8/190 (4.2) 7/380 (1.8) 0.099 RD: 2.9 (−0.2 to 6.1); P=0.068

Close/ involved margins (≤1 mm) for malignancies, n (%) 405/2,503 (16.2) 21/129 (16.3) 384/2,374 (16.2) 0.975 17/113 (15.0) 18/113 (15.9) 0.216 20/126 (15.9) 32/241 (13.3) 0.515 RD: 2.8 (−5.9 to 11.6); P=0.523

‡, regression discontinuity plots are displayed in Figure 1 and Figures S1-S15; *, P value <0.05. MD, mean difference; RD, risk difference.

Table 1 (continued)

Characteristics Entire cohort (n=2,890)
Unmatched cohort 1:1 coarsened exact matched cohort 1:2 nearest neighbor matched cohort

MILR huge (n=205) MILR large (n=2,685) P value MILR huge (n=174) MILR large (n=174) P value MILR huge (n=190) MILR large (n=380) P value

Left hepatectomy 289/2,890 (10.0) 37/205 (18.0) 252/2,685 (9.4) 25/174 (14.4) 25/174 (14.4) 30/190 (15.8) 64/380 (16.8)

Posterolateral segmentectomy 262/2,890 (9.1) 11/205 (5.4) 251/2,685 (9.3) 10/174 (5.7) 11/174 (6.3) 10/190 (5.3) 19/380 (5.0)

Right/extended right hepatectomy 427/2,890 (14.8) 56/205 (27.3) 371/2,685 (13.8) 50/174 (28.7) 38/174 (21.8) 53/190 (27.9) 87/380 (22.9)

Right posterior sectionectomy 235/2,890 (8.1) 14/205 (6.8) 221/2,685 (8.2) 12/174 (6.9) 23/174 (13.2) 14/190 (7.4 15/380 (3.9)

Central hepatectomy/anterior sectionectomy/extended left 
hepatectomy

122/2,890 (4.2) 6/205 (2.9) 116/2,685 (4.3) 5/174 (2.9) 5/174 (2.9) 6/190 (3.2) 20/380 (5.3)

IMM difficulty, n (%) 0.059 1.000 0.315

I 1,163/2,890 (40.2) 67/205 (32.7) 1096/2,685 (40.8) 62/174 (35.6) 62/174 (35.6) 63/190 (33.2) 139/380 (36.6)

II 681/2,890 (23.6) 51/205 (24.9) 630/2,685 (23.5) 35/174 (20.1) 35/174 (20.1) 44/190 (23.2) 100/380 (26.3)

III 1,046/2,890 (36.2) 87/205 (42.4) 959/2,685 (35.7) 77/174 (44.3) 77/174 (44.3) 83/190 (43.7) 141/380 (37.1)

*, P value <0.05. MD, mean difference.

https://cdn.amegroups.cn/static/public/HBSN-21-327-supplementary.pdf
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Figure 1 Regression discontinuity analysis for key endpoints. Scatter plot represents the average values of automatically-selected bins [based 
on the mimicking-variance evenly spaced method using spacing estimator (ESMV) algorithm]. Statistically-significant regression discontinuity 
was observed at the tumor size cutoff of 10 cm for blood loss, use of Pringle’s maneuver and development of major complications.
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by the minimally invasive approach. Some of the unique 
technical challenges of performing MILR in patients with 
huge tumours includes distortion of the normal anatomy, 
compression of the major portal pedicles, compression of 
hepatic veins leading to higher venous pressure, limited 
space for manipulation during surgery, development of 
large collateral vessels supplying the tumor and presence of 
tumour invasion or adhesions to adjacent structures. Many 
of these factors can be anticipated before surgery via careful 
review of the preoperative cross-sectional imaging. 

In this analysis, there was no difference between 
patients’ pre morbid condition and liver function before 
the operations after matching. There was significantly and 
consistently increased intraoperative blood loss, frequency 
in the application of Pringle maneuver, major morbidity 
and postoperative stay in the huge tumour group compared 
to the large tumour group after both 1:1 CEM and 1:2 
MDM. These findings were reinforced in RD analyses. 
Intraoperative blood transfusion rate and open conversion 
rate were significantly higher in the huge tumour group 
after only 1:2 MDM but not 1:1 CEM. These reported 
results were not surprising as similar observations have also 
been documented with regards to open liver resections for 
huge tumors (13,37). This is because the presence of a huge 
tumour limits the exposures of major hepatic veins and 
worsens liver congestion due to hepatic vein compression 
(13,37). 

During MILR, it has been well-documented that 
pneumoperitoneum may reduce blood loss especially from 
the hepatic vein tributaries. In this study, the median blood 
loss after MILR for huge tumours was only 300 mL which 
compared favorably to the study by Wakayama et al. which 
reported a median blood loss of 2,430 mL in a similar cohort 
of patients undergoing open LR for huge tumours (13).  
Hence, although in our current study the median blood 
loss was significantly higher in the huge tumour group 
compared to the large tumour group, the blood loss was still 
remarkably low when compared to historic data reporting 
on open liver resections for huge HCC. 

The difference in statistical significance we observed 
between MDM and CEM with regards to transfusion rate 
and open conversion rate was not surprising. This is because 
although CEM better adheres to the “potential outcomes” 
framework as it identifies “counterfactuals” in the MILR 
arm whose joint covariate distributions are nearly-identical 
to their matched counterparts; a major drawback is that 
the exact matching procedure leads to a smaller matched 
sample size, which may result in reduced statistical power 

and increased risk of type 1 and 2 errors (33).
At present, it is important to note that 2 of the most 

commonly used difficulty scoring systems: the Iwate and 
IMM system do not take into account huge tumor size  
(≥10 cm) as an important parameter in determining the 
difficulty of liver resections (18,19,21,22,38). This is 
likely because huge tumors were not routinely considered 
for MILR at the time formulation of these 2 systems. A 
tumor size cut-off of 3 cm is currently used in the Iwate 
system, which reflected the rarity of performing MILR 
for large and huge tumors in most centers. However, since 
the formulation of both the IMM and the Iwate systems, 
there has been rapid development of LLR, whereby more 
complex MILR such as resection of huge tumors has been 
increasingly performed by surgeons from expert centers. 
Hence, further updates or a new classification system is 
needed to provide a more comprehensive coverage of the 
current situation taking into account that MILR for larger 
tumors are increasingly performed today and this should be 
considered an important factor in grading the difficulty of 
MILR.

The technical challenge of operating in patients with 
huge tumours can be overcome with different approaches. 
The Asia Pacific Consensus Statement on Laparoscopic 
Liver Resection for Hepatocellular Carcinoma held in 
Hong Kong (30) has highlighted that the use of augmented 
laparoscopic technology, application of robotic surgery and 
other adjuncts in hepatectomy can facilitate a surgeon in 
performing complex MILR. The application of indocyanine 
green florescence technique in LLR has been widely 
practiced in recent few years. In LLR, the surgeons had 
lost his tactile sensation during surgery. The presence 
of ICG florescence helps to better identify the tumour 
margin with potential additional advantages of real time 
illumination of occult lesions and identifying important 
anatomical landmarks of the liver (30,39). Laparoscopy 
with high definition and angulation ability may also assist 
in better identifying lesions and performing resections at a 
more favorable angle potentially allowing more meticulous 
dissection of the superiorly located hepatic veins.

It is also important to highlight that hand-assisted 
MILR was excluded in this analysis. In theory, hand-
assistance would be especially useful for huge tumors as 
the hand would allow more effective manipulation and 
hence exposure allowing MILR to proceed more quickly 
with less blood loss (9,40). Nonetheless, to date there is 
no published data on the use of hand-assistance for huge 
tumors to support this hypothesis. Furthermore, the use 
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of hand-assistance is usually reported only during the early 
experience of a center and is utilized as a stepping stone 
when transitioning from open LR to the totally minimally-
invasive approach. In general, most experienced centers 
today report utilizing hand-assistance sparingly after 
mounting the learning curve (40). This was reflected in 
the present analysis whereby only 3 cases of hand-assisted 
MILR were performed for huge tumors. 

The main limitation of the current study is its 
retrospective nature. Hence, despite matching, residual 
selection bias may still have confounded the results 
observed. Furthermore, since this was a multi-center 
comparative study, there would be differences in the 
institution or individual surgeon’s MILR experience and 
surgical techniques deployed during MILR. However, 
from a different perspective, this could also be viewed as 
a methodological strength as it reflects current real-world 
practice and enhances generalizability of our findings as 
compared to the results of single-center studies. Moreover, 
a notable strength of this study is the very large sample size 
of MILR for huge tumors, allowing for a robust statistical 
analysis.

Conclusions

MILR for huge tumours can be safely performed in expert 
centers. However, it remains an operation with considerable 
complexity and high technical requirement, associated with 
a higher open conversion rate and inferior outcomes when 
compared to MILR for large tumors. Judicious patient 
selection is recommended when selecting patients with 
huge tumors for MILR.
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Figure S1 RD analysis for op time. Figure S4 RD analysis for transfusion.

Figure S2 RD analysis for blood loss. Figure S5 RD analysis for pringle application.

Figure S3 RD analysis for blood loss 300 mL. Figure S6 RD analysis for Pringle duration.
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Figure S7 RD analysis for open conversion. Figure S10 RD analysis for post-op morbidity.

Figure S8 RD analysis for post-op stay. Figure S11 RD analysis for major complication.

Figure S9 RD analysis for readmission. Figure S12 RD analysis for reoperation.
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Figure S13 RD analysis for in-hospital mortality.

Figure S14 RD analysis for 90-day mortality.

Figure S15 RD analysis for close margins.
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