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Abstract

Background: Liver resection remains the primary curative treatment for many malignant
liver diseases. Advances in patient selection, perioperative care, and surgical technique
have markedly reduced procedure-related (surgical) complications in experienced centres.
However, despite these improvements, medical (non-surgical) complications continue to
represent a substantial source of postoperative morbidity, particularly after major liver
resections. Herein, we aim to assess the incidence, nature, and predictors of medical versus
surgical complications after liver resection and to develop an individual risk calculator
for estimating medical morbidity after liver resection. Methods: This is an observational
single-centre study including patients who underwent liver resection for cancer between
2013 and 2025. Postoperative complications were classified into medical and surgical cate-
gories based on clinical and diagnostic criteria. Demographic, clinical, and intraoperative
data were analyzed to identify risk factors associated with each type of complication, and a
multivariate logistic regression model was used to select significant variables, which were
imputed in a prediction nomogram made available as an interactive web-based calcula-
tor. Results: Of the 231 patients included, 36 patients (15.6%) developed postoperative
complications. From multivariate analysis, independent predictors of medical compli-
cations included cirrhosis (OR 2.8, 95% CI 1.2-6.8, p < 0.05), operative time > 180 min
(OR 2.0,95% CI1.1-7.4, p < 0.05), intraoperative blood loss > 500 mL (OR 2, 95% CI: 0.9-4.8,
p <0.05), and ASA score > 3 (OR 3.7, 95% CI 1.1-12.5, p < 0.05). Major hepatic resection
was the only independent predictor of surgical complications (OR 7.42, 95% CI: 1.14-48.52,
p = 0.036). The logistic regression model demonstrated fair discriminative ability with an
AUC of 0.682 (95% CI: 0.544-0.729). The risk-prediction nomogram showed a 24.7% risk
of postoperative medical morbidity in patients with all four risk factors vs. a 5.4% risk
in patients without any risk factor. Conclusion: Postoperative medical complications are
significantly more frequent in patients undergoing oncological liver resection with an ASA
score > 3, history of cirrhosis, prolonged operative time, and increased intraoperative blood
loss. Our logistic regression model and web-friendly nomogram may be used for external
validation in larger cohorts and could support preoperative counselling and perioperative
risk stratification.

Keywords: liver resection; postoperative complications; medical morbidity; surgical mor-
bidity; hepatic surgery; outcomes; frailty
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1. Introduction

Liver resection is a cornerstone of curative treatment for a wide spectrum of hep-
atic malignancies, including hepatocellular carcinoma (HCC), colorectal liver metastases
(CRLM), and cholangiocarcinoma [1-3]. As surgical techniques, anesthetic care, and periop-
erative pathways have evolved, the safety and efficacy of hepatic resections have improved
markedly, with perioperative mortality in experienced centres now falling below 5-7%.
Nevertheless, the overall burden of postoperative complications remains substantial, affect-
ing up to 40-50% of patients, and continues to significantly influence recovery trajectories,
length of hospital stays, and early mortality [4,5].

Postoperative complications following hepatic resection are heterogeneous in nature
and are typically categorized as either surgical—resulting directly from operative technique
(e.g., bile leak, hemorrhage, intra-abdominal abscess)—or medical, referring to systemic
decompensation or end-organ dysfunction (e.g., hepatic insufficiency, renal failure, respi-
ratory distress, cardiac events, or sepsis). Historically, much of the surgical literature and
clinical focus has centred on minimizing and managing surgical complications, such as
bile leaks or intra-abdominal collections. However, this perspective may obscure a more
pervasive and clinically significant issue: the high incidence and impact of non-surgical,
medical complications [6-11].

Medical complications are increasingly recognized as a dominant contributor to ad-
verse postoperative outcomes. These systemic events—including respiratory insufficiency,
acute kidney injury, cardiovascular instability, hepatic decompensation, and sepsis—may
arise not from technical mishaps but from the physiological stress of surgery superim-
posed on pre-existing organ dysfunction or systemic vulnerability. Importantly, such
complications often demand intensive and multidisciplinary management, can lead to pro-
longed hospital stays or readmissions, and are frequently implicated in early postoperative
mortality [12-15].

Despite these observations, the current body of literature lacks robust comparative
data on the relative incidence and clinical burden of medical versus surgical complications
following liver resection. Many studies tend to report complications in aggregate or focus on
technical outcomes, thereby underestimating the prevalence and prognostic significance of
medical morbidity. Furthermore, the existing classifications of postoperative complications
often fail to distinguish clearly between surgical and medical events, limiting the ability to
develop tailored prevention and intervention strategies [16,17].

In this context, our study seeks to address this gap by providing a detailed analysis of
postoperative complications following liver resection, with an emphasis on distinguishing
between surgical and medical aetiologies. Through retrospective evaluation of a well-
defined institutional cohort, we aim to quantify the incidence of each complication type,
explore associated patient and procedural risk factors, and assess their respective contri-
butions to overall postoperative morbidity. By delineating these patterns, we intend to
highlight the underappreciated burden of medical complications and advocate for a more
holistic, patient-centred approach to perioperative risk assessment and management.

2. Materials and Methods
2.1. Design and Setting

This is a single-centre, single-department, single-surgeon, observational study of
patients diagnosed with liver malignancies, both primary and secondary, based on medical
history, imaging, or histopathological examinations. We retrospectively collected patients
who underwent surgery at our institution between 2013 and 2025. Every patient received a
conventional oncological work-up and multidisciplinary meeting-based care. All patients
were treated and followed at our institution. Ethical approval and informed consent
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were waived for this study as the data was collected retrospectively, all patient data was
anonymized and did not pose any risk to the patients.

2.2. Inclusion and Exclusion Criteria

The study was conducted in accordance with the STROBE checklist (Figure 1) [18]. All
patients diagnosed with primary or secondary liver malignancies who underwent hepatic
resection were eligible for inclusion. Only patients who underwent minor (resection
of fewer than three hepatic segments) or major (resection of three or more segments)
liver resections were included in the final analysis. Procedures limited to liver biopsy or
intraoperative ultrasound without resection were excluded.

Liver resection between 2013-2025
n=271

Excluded (n=40):

Liver biopsy only (n=18)
Operative ultrasound only- (n=8)
Bening pathology (n=4)

Data missing- n=10

v

Included for th*e final analysis
n=231

Figure 1. STROBE flow diagram.

2.3. Data Extraction

Clinical, demographic, laboratory, and perioperative data were collected from institu-
tional databases and electronic health records, including age, sex, comorbidities, and opera-
tive details. Preoperative laboratory tests and tumour-related factors were also recorded. A
summary of these baseline characteristics is provided in Table 1. Postoperative complica-
tions were independently reviewed and classified into two main categories, medical and
surgical, based on predefined clinical and diagnostic criteria derived from established hepa-
tobiliary literature. Medical complications were defined as events unrelated to the surgical
site (e.g., pulmonary, renal, cardiovascular, hepatic, metabolic, thromboembolic, infectious
or septic events) while surgical complications were defined as events directly attributable
to the surgical field, operative technique, or anastomotic failure, including but not limited
to bile leaks, abdominal collections, hemorrhage, post hepatectomy liver failure, wound
infection, postoperative ileus/obstruction. Each case was reviewed by two investigators
independently, and discrepancies were resolved by consensus to minimize subjectivity.

Table 1. Patients” Characteristics.

n (%)
Total 231
Gender (males) 140 (60.6)
Age, mean (SD) 62.8
BMI 26.43 £ 0.3
mFI
0 92 (38.8)
1 76 (32)
2 46 (19.4)
3 15 (6.3)
4 2(0.8)
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Table 1. Cont.

n (%)
Comorbidities
Viral hepatitis 79 (33.3)
Cirrhosis 57 (24)
Diabetes 49 (20.6)
CHF 31 (13)
COPD 20 (8.4)
CKD 37 (15.6)
Smoking 67 (28.2)
Neoadjuvant RT 5(2.1)
Neoadjuvant CHT 55 (23.2)
Neoadjuvant RCHT 29 (12.2)
ASA 2 52 (21.9)
ASA 3 156 (65.8)
Hepatocellular carcinoma 96 (41.5)
Metastases 121 (51)
Cholangiocarcinoma 14 (6)
Preoperative blood tests
Total bilirubin (mg/dL) 0.89 + 0.9
Albumin (g/dL) 414+ 0.8
INR 1.49 +£0.8
PLT (mmc) x 103 2159 + 6,2
AST 629 +17.1
ALT 52.8 +14.9
Operative factors
Major resection 39 (16.1)
No. of liver lesions (>2) 68 (28.7)
Operative time (min) 2345+ 122
Blood loss (mL) 548.7 £57.3

Key. mFI, modified frailty index; BMI, body mass index; CHF, Congestive Heart Failure; COPD, Chronic
Obstructive Pulmonary Disease; CKD, Chronic Kidney Disease; ASA, American Society of Anesthesiologists;
RT, radiotherapy; CHT, chemotherapy; RCHT, radiochemotherapy; INR, International Normalized Ratio; PLT,
Platelets; AST, Aspartate Aminotransferase; ALT, Alanine Aminotransferase.

2.4. Data Analysis

Continuous variables were expressed as means with standard deviations or as medians
with interquartile ranges, according to distribution. Categorical variables were summarized
as absolute frequencies and percentages. Group comparisons were performed using the chi-
square test or Fisher’s exact test for categorical variables, and the independent samples t-test
for continuous variables. To identify independent predictors of postoperative complications,
multivariate logistic regression models were applied separately for medical and surgical
outcomes. Due to the limited number of surgical complications, several predictors could
not be reliably estimated, and instances of complete separation occurred, restricting the
stability of the regression model. Statistical significance was set at p < 0.05. Significant
variables were included in the final risk prediction model. The model was fitted using the
Irm function from the rms package in R (version 4.5.1). Internal validation was conducted
with 1000 bootstrap resamples, and model performance was expressed as the area under
the receiver operating characteristic curve (AUC) and the optimism-corrected concordance
index (C-index). Calibration was evaluated through slope and intercept estimation and
graphically represented by a bias-corrected calibration plot. Based on the final regression
model, we constructed a graphical nomogram to estimate the probability of medical
complications. To facilitate clinical applicability, we further implemented the model as an
interactive web-based risk calculator using Shiny for R, which allows clinicians to input
patient characteristics and obtain individualized risk estimates.
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3. Results
3.1. Patient Characteristics

A total of 231 patients were included (Figure 1), with a predominance of males (~61%)
and a mean age of 62.8 years. Most patients had low to intermediate frailty scores, while
higher scores (>2) were less frequent. The most common comorbidities were viral hepatitis
(33%), cirrhosis (24%), and diabetes mellitus (21%), followed by chronic kidney disease and
heart failure. According to the ASA classification, the majority were graded as ASA III (66%).
Surgical indications were mainly hepatocellular carcinoma (42%) and liver metastases
(51%), with a small proportion of cholangiocarcinoma. Preoperative laboratory values
were overall within normal limits, although alterations consistent with underlying liver
disease were present. Regarding operative characteristics, 17% of patients underwent major
hepatectomy, nearly one-third presented with multiple lesions, and the mean operative time
and intraoperative blood loss reflected moderate surgical complexity. A comprehensive
summary of patient demographics, comorbidities, laboratory findings, and operative data
is provided in Table 1 [13].

3.2. Incidence and Distribution of Postoperative Complications

Among the 231 patients, 36 (15.6%) developed postoperative complications. Medical
events were more frequent than surgical ones, either occurring alone or in combination, and
accounted for about three-quarters of all morbidity. By contrast, isolated surgical complica-
tions were less common. Most patients (over 80%) had an uncomplicated postoperative
course. The detailed distribution of complication types is shown in Table 2.

Table 2. Distribution of postoperative complications.

Complication Type n (%)
Medical 20 8.6
Surgical 9 3.9

Medical + Surgical 7 3

No complications 195 84.4

3.3. Types of Postoperative Complications

Postoperative complications were identified in 36 of the 231 patients, corresponding
to an overall morbidity rate of 15.6%. These events were classified into surgical and
medical categories. Surgical complications were less frequent, consisting of intra-abdominal
collections in 6 patients (2.6%), bleeding or hematoma in 4 (1.7%), bile leakage in 2 (0.9%),
wound infection in 2 (0.9%), and bowel obstruction in 2 (0.9%).

Medical complications predominated, encompassing renal dysfunction in 9 patients
(3.9%), pneumopathy in 8 (3.4%), cardiovascular events in 5 (2.1%), liver failure in 2 (0.9%),
pulmonary embolism in 2 (0.9%), and a single occurrence of multiple organ dysfunction
syndrome (0.4%) (Table 3).

Table 3. Postoperative outcomes.

Total n = 231 (100%)
Morbidity n =36 (15.6%)
Surgical complications

Bile leaks 2(0.9)
Bleeding /hematoma 4(1.7)
Intra-abdominal collection 6 (2.6)
Wound infection 2(0.9)
Bowel obstruction 2(0.9)

Medical complications
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Table 3. Cont.

Total n = 231 (100%)
Liver failure 2(0.9)
Pulmonary embolism 2 (0.9)
Pneumopathy 8(3.4)
Cardiovascular 5(2.1)
Renal 9 (3.9)
Mods 1(4.3)

3.4. Patient Profiles According to Complication Type

Patients with medical complications had a significantly higher mean age compared
with those with surgical complications, while gender distribution and BMI did not differ
between groups. An ASA score > 3 was present in a similar proportion of cases in
both categories. The rates of severe morbidity (Clavien—-Dindo grade III-IV) were also
comparable. A modified frailty index >2, as well as comorbidities including cirrhosis,
diabetes mellitus, chronic obstructive pulmonary disease, and hypoalbuminemia, were
recorded at similar frequencies, without statistically significant differences.

With respect to operative characteristics, major hepatic resections were more frequent
in the surgical complication group, although the difference was not significant. Intraopera-
tive blood loss > 500 mL was observed in both groups at comparable rates. Operative time
> 180 min was recorded in all patients with surgical complications and in 75% of those with
medical complications, representing the only variable that reached statistical significance.
A detailed distribution of these characteristics is provided in Table 4.

Table 4. Patient Profiles According to Complication Type.

Medical Surgical M;dlrcailczln d No p-Value
Complications Complications u g . Complications Medical
o o Complications o
n (%) n (%) 1 (%) n (%) vs.
20 9 ” ¢ 195 Surgical
égDe)' mean 66.6 + 3.2 535+ 3 742 +42 62.37 + 1.4 <0.05
Gender
Malos 11 (55) 5 (55.6) 6 (85.7) 122 (62.6) 1
2351\1% mean 27.6 £ 1.7 265+ 33 267 £23 2645 + 0.6 0.2
ASA >3 15 (75) 7(77.8) 6 (85.7) 143 (73.3) 1
Clavien-Dindo III-IV 10 (50) 4 (44.4) 4(44.4) 1(57.1) 1
mFi >2 4(1.7) 2(0.9) 3(1.3) 54 (23.4) 1
Cirrhosis 5 (25) 1(11.1) 2 (11.1) 48 (28.6) 0.6
Diabetes mellitus 3 (15) 3(33.3) 2(33.3) 45 (28.6) 0.3
COPD 2 (10) 1(11) 1(11.1) 16 (14.3) 1
;"C’Slb“mm (<35 6 (30) 4(44.4) 2 (44.4) 49 (28.6) 0.6
Major resection 7 (35) 5 (55.6) 1 (55.6) 30 (14.3) 0.4
Operative time
180 (min) 15 (75) 9 (100) 4(57.1) 107 (54.9) <0.05
Blood loss > 500 mL 11 (55) 4(44.4) 1(14.3) 64 (32.8) 0.6
LOS 8 + 2.15 (£26.9%) 6.77 £ 1.5 (£26%) 9.57 4+ 3.2 (£33.8%) 5.42 £+ 0.3 (£13.5%) <0.05
Blood transfusion 8 (40) 3(33.3) 1(14.2) 25 (12.8) 0.6

Key. SD, standard deviation; BMI, body mass index; ASA, American Society of Anesthesiologists; mFI, modified
frailty index; COPD, Chronic Obstructive Pulmonary Disease; LOS, Length of Stay.

3.5. Multivariate Analysis of Predictors for Medical Complications

Multivariate logistic regression was performed to identify independent predictors
for postoperative medical complications after liver resection. The following variables
were entered based on their clinical relevance and significance in univariate analyses:
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liver cirrhosis, diabetes mellitus, hypoalbuminemia (<3.5 g/dL), major hepatic resection,
operative time > 180 min, intraoperative blood loss > 500 mL, and ASA score > 3.

Several independent predictors for postoperative medical complications following
liver resection were identified. Cirrhosis was associated with a more than two-fold increase
in the odds of developing medical complications (OR 2.8, 95% CI 1.2-6.7, p < 0.05). Oper-
ative time > 180 min was also a significant factor, increasing the odds nearly three times
(OR 2.8,95% CI1.1-7.4, p < 0.05). Intraoperative blood loss > 500 mL was correlated with
approximately double the risk (OR 2, 95% CI 0.9—4.8, p < 0.05). The strongest association
was observed for ASA score > 3, which was linked to a more than three-fold increase in
the likelihood of postoperative medical complications (OR 3.7, 95% CI 1.1-12.5, p < 0.05).
Wide confidence intervals reflected the limited sample size and low number of events.

In contrast, diabetes mellitus, hypoalbuminemia (<3.5 g/dL), and major hepatic
resection did not retain statistical significance in the adjusted model, indicating that their
effects observed in univariate analyses were likely influenced by coexisting factors. The
results of the multivariate analysis are presented in Table 5 and Figure 2.

Table 5. Multivariate analysis of independent predictors for postoperative medical complications
after liver resection.

Independent Variable OR (Odds Ratio) 95% CI p-Value
Cirrhosis 2.8 1.2-6.7 <0.05
Diabetes mellitus 0.6 0.2-1.9 0.36
Albumin < 3.5 g/dL 0.8 0.3-2.2 0.75
Major resection 1.6 0.51-5.2 0.40
Operative time > 180 2.8 1.1-74 <0.05
Blood loss > 500 mL 2 0.9-4.8 <0.05
ASA >3 37 1.1-125 <0.05

Cirrhosis | L4
Diabetes mellitus .
Albumin <3.5 g/dLf L]

Operative time >180

Blood loss >500 mLf

ASA =3+

1
1
1
1
1
|
1
1
1
]
1
]
1
1
1
1
1
1
1

Major resection + L
1
1
1
1
)
1
I
1
]
1
T
1
|
1
]
1
1
1

10° 10t
Odds Ratio (log scale)

Figure 2. Forest plot of odds ratios (OR) and 95% confidence intervals for independent predictors
of postoperative medical complications after liver resection. The vertical dashed line represents the
null value (OR = 1). Note: Wide confidence intervals reflect variability related to sample size; only
variables with statistically significant associations are interpreted as independent predictors.

3.6. Individualized Risk Estimation Using the Nomogram Model

In the multivariable analysis, ASA > 3, cirrhosis, operative time > 180 min, and
blood loss > 500 mL were all independently associated with the occurrence of medical
complications. The logistic regression model demonstrated good discriminative ability
with an AUC of 0.68 (95% CI: 0.5-0.7), and the optimism-corrected C-index after bootstrap
validation was 0.6. Calibration analysis showed good agreement between predicted and
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observed risks across deciles of probability with a mean absolute error of 0.025 (Figure 3).
Decision-curve analysis was considered but ultimately not performed due to the small
sample size and limited event rate.

Q T T i
O’ -
=)
(\l_ —
> o
z
8
s 2 |
a o
o
@
2
3 o
Q =
S e Apparent
g —— Bias-corrected
w0 Py ---- |deal
o o
d -
T T T T T
0.05 0.10 0.15 0.20 0.25
Predicted probability
B= 1000 repetitions, boot Mean absolute error=0.025 n=230

Figure 3. Calibration curve of the nomogram model for predicting postoperative medical com-
plications. The x-axis represents predicted probabilities, and the y-axis represents the observed
probabilities of complications. The dashed diagonal line indicates perfect calibration (ideal model),
where predicted and observed risks are identical. The dotted line represents the apparent calibration
of the model in the original dataset, while the solid line represents the bias-corrected performance
after 1000 bootstrap resamples. The bias-corrected curve closely follows the ideal line across most
probability ranges, indicating good agreement between predicted and observed risks with minimal
overfitting (mean absolute error = 0.025).

A nomogram was generated based on the final model (Figure 4). Each predictor was
assigned a weighted score, and the total score corresponds to the estimated probability
of a postoperative medical complication. For instance, a cirrhotic patient with ASA > 3,
operative time > 180 min, and blood loss > 500 mL had an estimated complication risk of
24.7%. To enhance usability, we provide an interactive web-based calculator (Figure 5; full
calculator available at: https:/ /morarasustefan.shinyapps.io/hep_nomogram/, accessed
on 25 October 2025), enabling individualized risk prediction in clinical practice. Wide
confidence intervals reflected the limited sample size and low number of events. We
therefore applied bootstrap internal validation with 1000 resamples to minimize optimism
and correct the C-index. Multicollinearity was assessed (VIF < 2), confirming no significant
interdependence between predictors.

0 10 20 30 40 50 60 70 80 90 100
Points L L L L L L L L L L )

asa_ge3 L !

cirrhosis —

op_time_gt180 T g

bloodloss_gt500 —

Total Points T T T T T T T T T T ,
0 20 40 60 80 100 120 140 160 180 200

Linear Predictor i T T T T T T T T T ]
-3 28 -26 -24 22 -2 -18 -16 -14 -12 -1
Figure 4. Nomogram predicts the probability of postoperative medical complications. Each variable
contributes a weighted point value; the total score corresponds to the predicted risk shown on the
bottom scale.
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Medical Complication Risk after Hepatic Resection

ASA 23: Predicted probability

O No

ot 24.7%
Cirrhosis:

O No

@ Yes

Model: logistic regression (rms::irm). Predictors: ASA3, cirrhosis, op time >180 min, blood loss >500 mL.

Op time >180 min:
O No

@ Yes

Blood loss >500 mL:
O No

@ Yes

Calculate

Figure 5. Snapshot showing the online available risk calculator (https://morarasustefan.shinyapps.
io/hep_nomogram/, accessed on 25 October 2025).

4. Discussion

In this single-centre cohort of patients undergoing hepatic resection, we identified
several key perioperative factors independently associated with the development of post-
operative medical complications, including ASA score > 3, presence of cirrhosis, prolonged
operative time, and increased intraoperative blood loss. Based on these variables, we
constructed a multivariable logistic regression model that demonstrated fair discrimi-
native ability and good calibration after internal bootstrap validation. To enhance its
clinical applicability, the model was translated into an easy-to-use nomogram and an in-
teractive web-based calculator, allowing individualized risk estimation for each patient.
This study provides clinicians with a practical tool to support preoperative counselling,
perioperative planning, and identification of patients who may benefit from optimized
management strategies.

Postoperative morbidity after liver resection continues to represent a major clinical
concern, despite significant advances in surgical technique, anesthetic management, and
perioperative care pathways [19,20]. Contemporary evidence indicates that adverse out-
comes are not solely the consequence of technical errors or intraoperative surgical events
but are largely determined by the interaction between patient comorbidities, physiological
reserve, and intraoperative physiological stress [21,22]. Understanding the relative con-
tributions of medical and surgical complications, as well as their underlying predictors,
is therefore essential for improving perioperative management and optimizing patient
outcomes [23-27].

In our cohort of 231 patients, postoperative morbidity occurred in 15.6% of cases.
Medical complications predominated, representing three-quarters of all adverse events,
while surgical complications were comparatively infrequent. Independent predictors of
medical complications included ASA score > 3, cirrhosis, and operative time exceeding
180 min, with intraoperative blood loss > 500 mL showing a non-significant trend toward
increased risk. No independent predictors could be confirmed for surgical complications,
reflecting the limited number of surgical events in our dataset and the instability of regres-
sion estimates for this subgroup. These findings highlight the systemic rather than purely
technical determinants of morbidity in our population.

One of the most comprehensive analyses to date is the systematic review by
Longchamp et al. (2021) [28], which synthesized data from 74 studies encompassing
68,480 patients undergoing liver resection. The authors reported that American Society of
Anaesthesiologists (ASA) physical status score and intraoperative red blood cell transfu-
sion were the two most consistent predictors of postoperative complications, with ASA
associated with odds ratios ranging from 1.3 to 7.5, and transfusion with odds ratios
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from 1.2 to 17.1 [29]. Importantly, these predictors were significant across diverse patient
populations, surgical extents, and indications for hepatectomy. This systematic review
underscored the importance of preoperative global health status and intraoperative blood
loss not only as markers of risk, but as potentially modifiable targets for intervention.

In a similar vein, Wang et al. (2014) [30] developed and validated a simple, integer-
based risk score in 1057 patients with hepatitis B virus—related hepatocellular carcinoma.
Their model, incorporating just four preoperative variables—ASA category, presence of
portal hypertension, major hepatic resection, and concomitant extrahepatic procedures—
stratified patients into low-, intermediate-, and high-risk categories, with predicted severe
postoperative complication rates (Clavien—Dindo grade III-V) of 1.6%, 11.9%, and 65.6%,
respectively. This work demonstrated that even a parsimonious set of clinically available
variables could robustly differentiate postoperative risk, and it highlighted both ASA status
and portal hypertension as core determinants of outcome.

More recently, Téoule et al. (2025) [31] analyzed a large contemporary cohort of pa-
tients undergoing laparoscopic liver resections, identifying ASA > III, diabetes mellitus,
and intraoperative packed red blood cell transfusion as independent predictors of serious
complications (Clavien-Dindo > III). Their study, which included both malignant and be-
nign disease, confirmed that systemic comorbidities and intraoperative blood management
play a pivotal role even in minimally invasive hepatic surgery.

Complementary evidence comes from Nagata et al. (2020) [32], who examined out-
comes after open hepatectomy and reported that ASA class 3 (OR 11.5) and prolonged sur-
gical duration were independently associated with major postoperative complications. This
finding is particularly relevant to the present work, as it emphasizes the link between ex-
tended operative time, increased intraoperative stress, and postoperative morbidity—a con-
nection that is often underappreciated when focusing solely on surgical site complications.

Taken together, these studies converge on a consistent set of risk factors—ASA sta-
tus, presence of advanced liver disease (cirrhosis or portal hypertension), operative time,
and intraoperative blood loss—that appear to transcend geographic regions, surgical ap-
proaches, and patient subgroups [4,33-35]. They also provide a strong conceptual basis for
the findings of the present analysis.

Our study possesses several strengths, including its single-surgeon, single-centre
design, which minimizes variability in operative technique and perioperative protocols.
We also employed a clear classification of complications into medical and surgical cate-
gories, allowing for nuanced analysis of their respective predictors—a distinction often
overlooked in the literature. An important strength of our study is the development of
a user-friendly risk prediction tool. By transforming the multivariable model into both
a nomogram and a web-based calculator, we provide clinicians with a practical means
of estimating individualized risk of postoperative medical complications after hepatic
resection. While this nomogram should not be used as a directive to limit or modify the
type of oncologic liver resection, it may indeed facilitate preoperative counselling, shared
decision-making, and optimization of perioperative care. For example, identifying high-
risk patients prior to surgery may prompt closer monitoring, tailored anesthetic strategies,
or enhanced recovery protocols. Importantly, the online calculator ensures accessibility
and reproducibility, allowing clinicians and researchers to explore the model beyond the
static representation in the manuscript. Our calculator can be used at the bedside and
aid in patient preoperative counselling, especially in frail at-risk patients. It offers a clear,
easy-to-understand, quantitative risk of medical complications that can occur after a major
liver resection. The calculator takes into consideration the duration of surgery and blood
loss, and this is important as patients can be informed that if surgery takes more than
3 h and more than 500 mL of blood is lost, then this directly impacts their recovery after
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surgery, despite having a well-performed operation with no technical incidents. On the
other hand, ASA grade and history of cirrhosis are variables that are constantly available
on the records of liver surgery candidates. Physicians can easily estimate postoperative
risks just by taking a glimpse at their charts and at the ICU records, where operative time
and blood loss are constantly documented in all countries. The ubiquity of these variables
in any health system provides ease for multicentric studies and wide external validation
of our model. While external validation in larger, independent cohorts is warranted, the
availability of this tool represents an initial step towards personalized risk stratification in
hepatobiliary surgery.

While operative time and blood loss are independent predictors when considering
their influence in the logit regression model, from a clinical standpoint, they are merely
surrogates, not direct risk factors for medical morbidity. Prolonged operative times illustrate
a more difficult procedure, either from a surgical or anesthetic perspective. A difficult
patient, either through their comorbidities/frailty or because of their complex tumour,
will prolong operative time and thus will increase the rate of morbidity. While surgical
complications can be prevented, to an extent, by careful dissection, haemostasis and
reconstruction, medical complications cannot. Similarly, increased blood loss reflects a
demanding case. However, with proper prehabilitation, operative planning and meticulous
surgical and anesthetic technique, these factors can be modified, which will determine
better postoperative outcomes.

Nevertheless, limitations must be acknowledged. The retrospective design inherently
carries risks of selection and information bias. The relatively small number of surgical
complications constrained the multivariable analysis for that subgroup, as reflected in the
wide confidence intervals and non-estimable results. The inclusion of seven predictors
with only 36 outcome events corresponds to approximately five events per variable, below
conventional recommendations. We acknowledge this limitation explicitly and justify
variable inclusion based on both clinical relevance and univariate associations. Penalized
regression or shrinkage techniques, such as ridge or lasso, could further stabilize coefficients,
and these will be considered in future external validations. Additionally, we did not
systematically assess frailty, sarcopenia, or certain laboratory markers (e.g., prealbumin,
inflammatory cytokines) that may further refine risk prediction. Also, cirrhosis was globally
included, without stratification based on severity, nor did we include other scoring systems
(e.g., MELD, ALBI) due to scarce availability in the records. Future research should focus
on integrating multicentre cohorts and advanced modelling approaches (e.g., penalized
logistic regression, gradient boosting, or random forest models) to verify whether nonlinear
or interaction effects can improve discrimination without compromising interpretability.
Decision-curve analysis will also be incorporated in subsequent studies to assess clinical
utility across thresholds of risk tolerance.

5. Conclusions

In this single-centre analysis of patients undergoing hepatic resection, postoperative
medical complications were independently associated with an ASA score > 3, presence of
cirrhosis, prolonged operative time, and increased intraoperative blood loss. The resulting
multivariable model demonstrated fair discriminative ability and good calibration after
internal bootstrap validation. Based on this model, a practical nomogram and an interactive
web-based calculator were developed to facilitate individualized risk estimation. Although
external validation in larger and more diverse cohorts is warranted, this tool may support
preoperative counselling, perioperative risk stratification, and optimization of patient care
in hepatobiliary surgery.
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1. Torielli, P.; McGale, ]J.; Liao, M.].; Rhaiem, R.; Bouche, O.; Botsen, D.; Gerin, O.; Lamane, A.; Lawrence, Y.; Madelis, G.; et al.
Hepatic metastases management: A comparative review of surgical resection, thermal ablation, and stereotactic body radiation
therapy. Eur. |. Cancer 2025, 228, 115691. [CrossRef] [PubMed]

. Maki, H,; Hasegawa, K. Advances in the surgical treatment of liver cancer. Biosci. Trends 2022, 16, 178-188. [CrossRef] [PubMed]

3.  Harrison, ].M.; Visser, B.C. Cholangiocarcinoma. Surg. Clin. N. Am. 2024, 104, 1281-1293. [CrossRef] [PubMed]


https://doi.org/10.1016/j.ejca.2025.115691
https://www.ncbi.nlm.nih.gov/pubmed/40818316
https://doi.org/10.5582/bst.2022.01245
https://www.ncbi.nlm.nih.gov/pubmed/35732434
https://doi.org/10.1016/j.suc.2024.04.003
https://www.ncbi.nlm.nih.gov/pubmed/39448128

Med. Sci. 2025, 13, 267 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Bagante, F.; Ruzzenente, A.; Beal, E.W.; Campagnaro, T.; Merath, K.; Conci, S.; Akgiil, O.; Alexandrescu, S.; Marques, H.P.; Lam,
V.; et al. Complications after liver surgery: A benchmark analysis. HPB 2019, 21, 1139-1149. [CrossRef] [PubMed]

Oliver, M.B.; Escrig-Sos, J.; Satre, ER.; Moya-Herraiz, A.; Sabater-Orti, L. Outcome quality standards for surgery of colorectal liver
metastasis. Langenbecks Arch. Surg. 2020, 405, 745-756. [CrossRef]

Huang, Z.Q.; Xu, L,; Yang, T.; Zhang, W.; Huang, X,; Cai, S.; Zhang, A.; Feng, Y.; Zhou, N.; Dong, J. Hepatic resection: An analysis
of the impact of operative and perioperative factors on morbidity and mortality rates in 2008 consecutive hepatectomy cases.
Chin. Med. ]. 2009, 122, 2268-2277.

Mullen, ].T.; Ribero, D.; Reddy, S.K.; Donadon, M.; Zorzi, D.; Gautam, S.; Abdalla, E.K.; Curley, S.A.; Capussotti, L.; Clary, B.M.;
et al. Hepatic insufficiency and mortality in 1,059 noncirrhotic patients undergoing major hepatectomy. J. Am. Coll. Surg. 2007,
204, 854-862; discussion 862-864. [CrossRef] [PubMed]

Memeo, R.; De Blasi, V.; Adam, R.; Goéré, D.; Laurent, A.; de’Angelis, N.; Piardi, T.; Lermite, E.; Herrero, A.; Navarro, F; et al.
Postoperative infectious complications impact long-term survival in patients who underwent hepatectomies for colorectal liver
metastases: A propensity score matching analysis. |. Gastrointest. Surg. 2018, 22, 2045-2054. [CrossRef]

van Mierlo, K.M.; Schaap, F.G.; Dejong, C.H.; Olde Damink, S.W. Liver resection for cancer: New developments in prediction,
prevention and management of postresectional liver failure. J. Hepatol. 2016, 65, 1217-1231. [CrossRef] [PubMed]

Ide, T.; Miyoshi, A.; Kitahara, K.; Noshiro, H. Prediction of postoperative complications in elderly patients with hepatocellular
carcinoma. J. Surg. Res. 2013, 185, 614-619. [CrossRef] [PubMed]

Sun, H.C; Qin, L.X,; Wang, L.; Ye, Q.H.; Wu, Z.Q,; Fan, J.; Tang, Z.Y. Risk factors for postoperative complications after liver
resection. Hepatobiliary Pancreat. Dis. Int. 2005, 4, 370-374. [PubMed]

Lunca, S.; Morarasu, S.; Ivanov, A.A.; Clancy, C.; O’Brien, L.; Zaharia, R.; Musina, A.M.; Roata, C.E.; Dimofte, G.M. Is Frailty
Associated with Worse, Outcomes After, Major Liver, Surgery? An, Observational Case-Control, Study. Diagnostics 2025, 15, 512.
[CrossRef] [PubMed] [PubMed Central]

Kabir, T,; Syn, N.L.; Tan, Z.Z.X.; Tan, H.J.; Yen, C.; Koh, Y.X.; Kam, J.H.; Teo, ].Y.; Lee, S.Y.; Cheow, P.C.; et al. Predictors of
post-operative complications after surgical resection of hepatocellular carcinoma and their prognostic effects on outcome and
survival: A propensity-score matched and structural equation modelling study. Eur. J. Surg. Oncol. 2020, 46, 1756-1765. [CrossRef]
[PubMed]

Xu, X.F; Xing, H.; Han, J.; Li, Z.-L.; Lau, W.-Y,; Zhou, Y.-H.; Gu, W.-M.; Wang, H.; Chen, T.-H.; Zeng, Y.-Y,; et al. Risk factors,
patterns, and outcomes of late recurrence after liver resection for hepatocellular carcinoma: A multicenter Study from China.
JAMA Surg. 2019, 154, 209. [CrossRef] [PubMed]

Lunca, S.; Morarasu, S.; Zaharia, R.; Ivanov, A.A.; Clancy, C.; O’Brien, L.; Ong, W.L.; Dimofte, G.M. Can We Achieve More
with Less? Parenchymal Sparing Surgery Versus Major Liver Resection for Colorectal Liver Metastases: An Observational
Single-Center Study with Propensity Score Analysis. Diagnostics 2025, 15, 1334. [CrossRef] [PubMed] [PubMed Central]
Berardi, G.; Ratti, F.; Sposito, C.; Nebbia, M.; D’Souza, D.M.; Pascual, E; Dogeas, E.; Tohme, S.; D’Amico, FE.; Alessandris, R.;
et al. Model to predict major complications following liver resection for HCC in patients with metabolic syndrome. Hepatology
2023, 77, 1527-1539. [CrossRef] [PubMed] [PubMed Central]

Slankamenac, K.; Graf, R.; Barkun, J.; Puhan, M. A ; Clavien, P.A. The comprehensive complication index: A novel continuous
scale to measure surgical morbidity. Ann. Surg. 2013, 258, 1-7. [CrossRef] [PubMed]

von Elm, E.; Altman, D.G.; Egger, M.; Pocock, S.J.; Getzsche, P.C.; Vandenbroucke, J.P. STROBE Initiative. The Strengthening the
Reporting of Observational, Studies in Epidemiology (STROBE) statement: Guidelines for reporting observational studies. J. Clin.
Epidemiol. 2008, 61, 344-349. [CrossRef] [PubMed]

Aloia, T.A.; Fahy, B.N.; Fischer, C.P,; Jones, S.L.; Duchini, A.; Galati, J.; Gaber, A.O.; Ghobrial, R M.; Bass, B.L. Predicting poor
outcome following hepatectomy: Analysis of 2313 hepatectomies in the NSQIP database. HPB 2009, 11, 510-515. [CrossRef]
[PubMed] [PubMed Central]

Lunca, S.; Morarasu, S.; Rouet, K.; Ivanov, A.A.; Morarasu, B.C.; Roata, C.E.; Clancy, C.; Dimofte, G.M. Frailty Increases Morbidity
and Mortality in Patients Undergoing Oncological Liver Resections: A Systematic Review and Meta-analysis. Ann. Surg. Oncol.
2024, 31, 6514-6525. [CrossRef] [PubMed] [PubMed Central]

Jarnagin, WR.; Gonen, M.; Fong, Y.; DeMatteo, R.P; Ben-Porat, L.; Little, S.; Corvera, C.; Weber, S.; Blumgart, L.H. Improvement
in perioperative outcome after hepatic resection: Analysis of 1,803 consecutive cases over the past decade. Ann. Surg. 2002, 236,
397-406; discussion 406—407. [CrossRef] [PubMed] [PubMed Central]

Scherman, P; Syk, I.; Holmberg, E.; Naredi, P; Rizell, M. Risk Factors for Postoperative Complications Following Resection of
Colorectal Liver Metastases and the Impact on Long-Term Survival: A Population-Based National Cohort Study. World |. Surg.
2023, 47, 2230-2240. [CrossRef]

Yang, S.; Ni, H.; Zhang, A.; Zhang, ]J.; Zang, H.; Ming, Z. Impact of postoperative morbidity on the prognosis of patients with
hepatocellular carcinoma after laparoscopic liver resection: A multicenter observational study. Sci. Rep. 2025, 15, 1724. [CrossRef]
[PubMed]


https://doi.org/10.1016/j.hpb.2018.12.013
https://www.ncbi.nlm.nih.gov/pubmed/30718185
https://doi.org/10.1007/s00423-020-01908-w
https://doi.org/10.1016/j.jamcollsurg.2006.12.032
https://www.ncbi.nlm.nih.gov/pubmed/17481498
https://doi.org/10.1007/s11605-018-3854-2
https://doi.org/10.1016/j.jhep.2016.06.006
https://www.ncbi.nlm.nih.gov/pubmed/27312944
https://doi.org/10.1016/j.jss.2013.07.016
https://www.ncbi.nlm.nih.gov/pubmed/23932657
https://www.ncbi.nlm.nih.gov/pubmed/16109518
https://doi.org/10.3390/diagnostics15050512
https://www.ncbi.nlm.nih.gov/pubmed/40075760
https://pmc.ncbi.nlm.nih.gov/articles/PMC11898977
https://doi.org/10.1016/j.ejso.2020.03.219
https://www.ncbi.nlm.nih.gov/pubmed/32345496
https://doi.org/10.1001/jamasurg.2018.4334
https://www.ncbi.nlm.nih.gov/pubmed/30422241
https://doi.org/10.3390/diagnostics15111334
https://www.ncbi.nlm.nih.gov/pubmed/40506905
https://pmc.ncbi.nlm.nih.gov/articles/PMC12154166
https://doi.org/10.1097/HEP.0000000000000027
https://www.ncbi.nlm.nih.gov/pubmed/36646670
https://pmc.ncbi.nlm.nih.gov/articles/PMC10121838
https://doi.org/10.1097/SLA.0b013e318296c732
https://www.ncbi.nlm.nih.gov/pubmed/23728278
https://doi.org/10.1016/j.jclinepi.2007.11.008
https://www.ncbi.nlm.nih.gov/pubmed/18313558
https://doi.org/10.1111/j.1477-2574.2009.00095.x
https://www.ncbi.nlm.nih.gov/pubmed/19816616
https://pmc.ncbi.nlm.nih.gov/articles/PMC2756639
https://doi.org/10.1245/s10434-024-15571-8
https://www.ncbi.nlm.nih.gov/pubmed/38856830
https://pmc.ncbi.nlm.nih.gov/articles/PMC11413144
https://doi.org/10.1097/00000658-200210000-00001
https://www.ncbi.nlm.nih.gov/pubmed/12368667
https://pmc.ncbi.nlm.nih.gov/articles/PMC1422593
https://doi.org/10.1007/s00268-023-07043-z
https://doi.org/10.1038/s41598-024-85020-9
https://www.ncbi.nlm.nih.gov/pubmed/39799160

Med. Sci. 2025, 13, 267 14 of 14

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Franken, L.C.; Schreuder, A.M.; Roos, E.; van Dieren, S.; Busch, O.R.; Besselink, M.G.; Van Gulik, T.M. Morbidity and mortality
after major liver resection in patients with perihilar cholangiocarcinoma: A systematic review and meta-analysis. Surgery 2019,
165,918-928. [CrossRef] [PubMed]

McNelis, J.; Castaldi, M. The national surgery quality improvement project (NSQIP): A new tool to increase patient safety and
cost efficiency in a surgical intensive care unit. Patient Saf. Surg. 2014, 8, 19. [CrossRef] [PubMed] [PubMed Central]

Thomas, R.; Madani, R.; Worthington, T.; Karanjia, N. The usefulness of P-POSSUM score in patients undergoing elective liver
resection for benign disease, metastatic colorectal cancer and non-colorectal cancer. Hepatogastroenterology 2012, 59, 2421-2427.
Harimoto, N.; Shirabe, K.; Ikegami, T.; Yoshizumi, T.; Maeda, T.; Kajiyama, K.; Yamanaka, T.; Maehara, Y. Postoperative
complications are predictive of poor prognosis in hepatocellular carcinoma. J. Surg. Res. 2015, 199, 470-477. [CrossRef]
Longchamp, G.; Labgaa, I.; Demartines, N.; Joliat, G.R. Predictors of complications after liver surgery: A systematic review of the
literature. HPB 2021, 23, 645-655. [CrossRef] [PubMed]

Guo, M.M,; Ji, C.Y,; Gu, RR;; Nan, K.; Miao, C.H.; Wu, Q.C. Risk factors and outcomes of intraoperative blood transfusion in
elderly patients undergoing gastrointestinal cancer surgery. World ]. Gastrointest. Surg. 2025, 17, 105860. [CrossRef] [PubMed]
[PubMed Central]

Wang, H.; Yang, J.; Yang, J.; Jiang, L.; Wen, T.; Wang, W.; Xu, M,; Li, B.; Yan, L. Development and validation of a prediction
score for complications after hepatectomy in hepatitis B-related hepatocellular carcinoma patients. PLoS ONE 2014, 9, e105114.
[CrossRef] [PubMed] [PubMed Central]

Téoule, P.; Dunker, N.; Golz, V.; Rasbach, E.; Reissfelder, C.; Birgin, E.; Rahbari, N.N. What matters in laparoscopic hepatectomy
for lesions located in posterosuperior segments? Initial experiences and analysis of risk factors for postoperative complications: A
retrospective cohort study. Surg. Endosc. 2025, 39, 3691-3701. [CrossRef] [PubMed] [PubMed Central]

Nagata, M.; Hara, Y.; Hayakawa, S.; Komura, H.; Shibata, J.; Yamashita, C.; Nakamura, T.; Kuriyama, N.; Uchiyama, S.; Kawata,
K.; et al. Retrospective study of predictive factors for postoperative complications of hepatectomies lasting 12 or more hours.
Fujita Med. J. 2020, 6, 59-66. [CrossRef] [PubMed] [PubMed Central]

Quireze, C., Jr.; Coelho, EF.; Lima, A.S.; Marques, H.P; Palavecino, M.; Pawlik, T.; Adam, R.; Soubrane, O.; Herman, P;
Cotta-Pereira, R.L. Complications After Hepatectomy. Arq. Bras. Cir. Dig. 2025, 37, €1856. [CrossRef] [PubMed] [PubMed Central]
Watanabe, G.; Kawaguchi, Y.; Ichida, A.; Ishizawa, T.; Akamatsu, N.; Kaneko, ].; Arita, J.; Hasegawa, K. Understanding conditional
cumulative incidence of complications following liver resection to optimize hospital stay. HPB 2022, 24, 226-233. [CrossRef]
Delabays, C.; Demartines, N.; Joliat, G.R.; Melloul, E. Enhanced recovery after liver surgery in cirrhotic patients: A systematic
review and meta-analysis. Perioper. Med. 2024, 13, 24. [CrossRef] [PubMed] [PubMed Central]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.surg.2019.01.010
https://www.ncbi.nlm.nih.gov/pubmed/30871811
https://doi.org/10.1186/1754-9493-8-19
https://www.ncbi.nlm.nih.gov/pubmed/24817910
https://pmc.ncbi.nlm.nih.gov/articles/PMC4014630
https://doi.org/10.1016/j.jss.2015.06.012
https://doi.org/10.1016/j.hpb.2020.12.009
https://www.ncbi.nlm.nih.gov/pubmed/33485797
https://doi.org/10.4240/wjgs.v17.i7.105860
https://www.ncbi.nlm.nih.gov/pubmed/40740924
https://pmc.ncbi.nlm.nih.gov/articles/PMC12305279
https://doi.org/10.1371/journal.pone.0105114
https://www.ncbi.nlm.nih.gov/pubmed/25126946
https://pmc.ncbi.nlm.nih.gov/articles/PMC4134261
https://doi.org/10.1007/s00464-025-11674-9
https://www.ncbi.nlm.nih.gov/pubmed/40307470
https://pmc.ncbi.nlm.nih.gov/articles/PMC12116837
https://doi.org/10.20407/fmj.2019-003
https://www.ncbi.nlm.nih.gov/pubmed/35111523
https://pmc.ncbi.nlm.nih.gov/articles/PMC8749506
https://doi.org/10.1590/0102-6720202400062e1856
https://www.ncbi.nlm.nih.gov/pubmed/39841761
https://pmc.ncbi.nlm.nih.gov/articles/PMC11745475
https://doi.org/10.1016/j.hpb.2021.06.419
https://doi.org/10.1186/s13741-024-00375-x
https://www.ncbi.nlm.nih.gov/pubmed/38561792
https://pmc.ncbi.nlm.nih.gov/articles/PMC10983761

	Introduction 
	Materials and Methods 
	Design and Setting 
	Inclusion and Exclusion Criteria 
	Data Extraction 
	Data Analysis 

	Results 
	Patient Characteristics 
	Incidence and Distribution of Postoperative Complications 
	Types of Postoperative Complications 
	Patient Profiles According to Complication Type 
	Multivariate Analysis of Predictors for Medical Complications 
	Individualized Risk Estimation Using the Nomogram Model 

	Discussion 
	Conclusions 
	References

