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Abstract

Background: Hepatic resection requires precise knowledge of vascular anatomy and
remnant liver volume to guarantee both safety and efficacy. Three-dimensional (3D)
models, either virtual or printed, have been proposed as tools to optimize surgical planning,
education, and intraoperative navigation. Material and Methods: This retrospective
observational study evaluated the impact of 3D model utilization (virtual and printed),
in 89 patients who underwent elective hepatectomy at Infanta Elena University Hospital
(Valdemoro, Madrid, Spain) between May 2018 and May 2023. The implementation of 3D
modeling began to be routinely implemented as of November 2020. Patients were divided
into two groups: those without 3D modeling (n = 40) and those with 3D modeling (n = 49).
Results: Baseline characteristics were comparable between groups. Intraoperative blood
loss was significantly lower in the 3D model group (median 175 mL vs. 262.5 mL; p < 0.001),
with no statistically significant differences in operative time, complication rate (Clavien–
Dindo classification), length of hospital stay, or in-hospital mortality. Multivariable analysis
identified dyslipidemia, postoperative sodium delta, and postoperative increase in direct
bilirubin as independent risk factors for complications, whereas albumin demonstrated a
protective effect. Conclusions: Three-dimensional modeling improves anatomic orientation
and reduces intraoperative blood loss, although it does not significantly modify classic
perioperative outcomes. Its principal value appears to reside in preoperative planning and
technical safety rather than direct clinical impact.

Keywords: imaging; printing; three-dimensional; hepatic; surgery

1. Introduction
The liver possesses a highly complex vascular system, making it essential for surgeons

to accurately understand the spatial relationships between hepatic vessels and tumor
location to ensure safe and effective resections. Moreover, precise estimation of the future
liver remnant is particularly important in patients with impaired hepatic function to prevent
postoperative complications [1].

While conventional two-dimensional (2D) imaging methods such as computed tomog-
raphy (CT) and magnetic resonance imaging (MRI) provide approximate information on
hepatic anatomy, three-dimensional (3D) reconstruction enables the creation of individual-
ized virtual or printed models that depict hepatic structures and spatial relationships in
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detail. These models offer a multi-angle visualization of intrahepatic vasculature, anatomic
variations, lesion extent, and spatial measurements relative to adjacent vessels [2].

Three-dimensional simulation software has become an effective tool for visualizing
vascular anatomy and estimating liver volume, and its application has been reported for
anatomical analysis, volumetric assessment, vascular territory evaluation, and surgical
planning [3]. Both virtual and printed 3D models have demonstrated benefits in preop-
erative planning, education, and intraoperative orientation. Printed models allow the
hands-on visualization of patient-specific anatomy, assisting surgical decision-making in
complex cases requiring vascular reconstruction, and improving anatomical understanding
for both surgeons and trainees [4–10].

Among the reported advantages are improved surgical planning precision, safer
identification of critical structures, and enhanced opportunities for surgical simulation and
training. Virtual models allow dynamic manipulation and resection simulation, whereas
printed models serve as tangible intraoperative references [6,8,11–14].

Nevertheless, their widespread clinical implementation is limited by production cost
and time. Furthermore, while these models enhance planning and educational value, their
direct effect on postoperative outcomes remains uncertain, and intraoperative ultrasound
continues to play a key role in lesion detection [5–7,9,10,13]. Overall, both printed and
virtual 3D models are valuable tools for complex hepatic surgery, though further large-scale
studies are needed to determine their clinical impact [5,10,15].

Three-dimensional model implementation may improve perioperative parameters
such as vascular structure identification, delineation of the transection plane, and intraop-
erative orientation, thereby enhancing surgical safety [6,11,12,16]. However, no consistent
evidence supports reductions in operative time or intraoperative blood loss, although
subjective improvements in team confidence and perceived safety have been reported [5,6].
These models may also optimize resection planning, preserve vascular structures, and im-
prove estimation of the future liver remnant, potentially contributing to better postoperative
recovery [11,12,16].

Recent studies have highlighted their utility in reducing surgeon stress and improving
vascular identification, while confirming that their primary benefits lie in educational and
planning domains rather than direct clinical outcomes [1,5,6]. The multicenter LIV3DPRINT
study validated the accuracy of 3D-printed models derived from imaging data for surgical
planning and education, confirming good correlation with CT/MRI and pathological
findings [5]. Similarly, Joo et al. demonstrated that personalized 3D-printed hepatic models
improved lesion-by-lesion pathological correlation and staging accuracy for small focal
liver lesions [17].

Over the past decade, 3D diagnostic models have gained increasing acceptance in
hepatobiliary surgery, providing improved anatomical understanding and facilitating
surgical planning. However, their true clinical impact on perioperative outcomes remains
to be fully elucidated [18,19].

Based on these considerations, the present study aims to evaluate the effect of 3D
model utilization in hepatic surgery with respect to perioperative outcomes.

2. Materials and Methods
A retrospective observational case-control study was conducted at Infanta Elena

University Hospital (Valdemoro, Madrid, Spain). The primary objective was to determine
the association between the use of 3D models (virtual and printed) and perioperative
outcomes. The implementation of 3D modeling has been routinely implemented as of
November 2020.
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All patients who underwent hepatic resection with available preoperative imaging
(CT or MRI) between May 2018 and May 2023 were included. Patients undergoing urgent
procedures or simultaneous resections of other organs were excluded.

Patients were classified as cases if a preoperative 3D model had been generated, and
as controls if no such model was used.

2.1. Variables and Data Collection

Variables were grouped into three categories:
Demographic and Preoperative Variables:
Age (years), sex, body mass index (BMI), relevant medical history, presence of steatosis

on preoperative ultrasound, degree of fibrosis measured by preoperative FibroScan, num-
ber and location of lesions, and preoperative laboratory parameters, including hemoglobin,
platelet count, international normalized ratio (INR), creatinine, total and direct bilirubin,
aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase
(ALP), gamma-glutamyl transferase (GGT), lactate dehydrogenase (LDH), sodium, and al-
bumin. For malignant disease, tumor markers were recorded as follows: alpha-fetoprotein
(AFP), carbohydrate antigen 19-9 (CA19-9), and carcinoembryonic antigen (CEA). Func-
tional status was assessed by the Eastern Cooperative Oncology Group (ECOG) [20], the
American Society of Anesthesiologists (ASA) physical status classification [21], and the
Child–Pugh score [22]. Use of preoperative chemotherapy was also recorded.

Intraoperative Variables:
Type of surgical procedure performed, surgical approach (laparoscopic, open, or

converted), operative time, and intraoperative blood loss.
Postoperative Variables:
Histopathologic diagnosis, percentage of steatosis in the resected specimen, postoper-

ative complications classified according to the Clavien–Dindo classification [23], need for
percutaneous drainage, administration of parenteral nutrition or antibiotics, reintervention
rate, and in-hospital mortality. Length of stay in the intensive care unit (ICU) and total
hospitalization were recorded. Delta values for key laboratory parameters were calculated
as the difference between preoperative values and the last value obtained within the first
72 postoperative hours (hemoglobin, platelets, INR, total bilirubin, direct bilirubin, AST,
ALT, ALP, GGT, LDH, sodium, and albumin).

2.2. Acquisition of 3D Models

In the case group, each model was generated from high-resolution CT and/or MRI
datasets using 3D-MSP software (Cella Medical Solutions, Murcia, Spain). Both virtual
and printed models were used during preoperative planning, and the printed models
were sterilized to allow their use as intraoperative three-dimensional anatomical references.
Figure 1 illustrates an example of a virtual and printed 3D model overlaid on the 2D
imaging (CT and MRI) of a cystic lesion in segments 2–3.

2.3. Surgical Technique

All hepatic resections were performed using an ultrasonic surgical aspirator (CUSA)
and Aquamantys system. Intraoperative ultrasound was routinely performed in all cases.
The type of resection was determined by tumor type, number, and extension.

2.4. Statistical Analysis

Continuous variables were expressed as median (interquartile range) and were com-
pared using the Mann–Whitney U test (Wilcoxon rank-sum test).

Categorical variables were presented as absolute and relative frequencies and were
compared using the Chi-squared test or Fisher’s exact test, as appropriate.
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Figure 1. Virtual and printed 3D model overlaid on the 2D imaging (CT and MRI) of a cystic lesion in
segments 2–3.

Boxplots were used to visualize variability in intraoperative blood loss between groups.
Variables with a p-value < 0.2 in univariate analysis, as well as the variable “3D model,”

were included in a multivariable logistic regression model. Backward stepwise selection
using the Akaike Information Criterion (AIC) was applied to obtain the final model.

A p-value < 0.05 was considered statistically significant. Statistical analysis was
performed using R software, version 4.4.

3. Results
Between May 2018 and May 2023, a total of 108 patients underwent hepatic resection

at Infanta Elena University Hospital (Valdemoro, Madrid, Spain). Nineteen patients were
excluded for not meeting inclusion criteria (urgent procedures or simultaneous resection
of another organ), leaving 89 patients for analysis. These were divided into two groups:
those without preoperative 3D simulation (Group A, n = 40) and those with 3D simulation
(Group B, n = 49) (Figure 2).

3.1. Baseline Characteristics

Demographic and preoperative characteristics of the 89 patients are summarized in
Table 1. No significant differences were observed between groups, except for preoperative
direct bilirubin levels, which were higher in the 3D group (p = 0.025). All patients were
classified as Child–Pugh class A. Most patients had ECOG performance status 0 (n = 85),
with only four patients classified as ECOG 1. ASA class II was the most frequent anesthetic
risk category. A similar proportion of patients in both groups had received neoadjuvant
chemotherapy (61.3% in Group A vs. 66.7% in Group B; p = 0.654).
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Figure 2. Study flow diagram. Of the 108 consecutive patients who underwent hepatic resections,
19 were excluded because they had undergone simultaneous surgery of another organ or emergency
procedures. The remaining 89 patients were divided into two groups: those without preoperative 3D
simulation (Group A, no 3D model) and those with preoperative 3D simulation (Group B, 3D model).

Table 1. Demographic and preoperative patient characteristics.

3D Models

No Yes
p-Value 1

n = 40 n = 49

Age, years 0.594
Mean ± SD 62.9 ± 10.2 60.6 ± 12.4
Median [IQR] 62.0 [54.5–70.5] 61.0 [53.0–72.0]

Sex, n (%) 0.154
Female 19 (47.5%) 16 (32.7%)
Male 21 (52.5%) 33 (67.3%)

BMI, kg/m2 0.843
Mean ± SD 28.00 ± 5.79 28.05 ± 4.42
Median [IQR] 27.16 [23.70–32.53] 27.68 [25.30–29.74]

Diabetes Mellitus, n (%) 9 (22.5%) 6 (12.2%) 0.199
Hypertension, n (%) 24 (60.0%) 21 (42.9%) 0.108
Dyslipidemia, n (%) 11 (27.5%) 6 (12.2%) 0.069
Arrhythmia/Valvular disease, n (%) 2 (5.0%) 2 (4.1%) >0.999
Respiratory history, n (%) 8 (20.0%) 5 (10.2%) 0.193
Type, n (%) >0.999

COPD 3 (42.9%) 2 (40.0%)
OSA 1 (14.3%) 2 (40.0%)
COPD + OSA 1 (14.3%) 0 (0.0%)
Bronchial asthma 1 (14.3%) 0 (0.0%)
Pulmonary fibrosis 0 (0.0%) 1 (20.0%)
Pulmonary sarcoidosis 1 (14.3%) 0 (0.0%)
Not available 33 44

Steatosis on ultrasound, n (%) 10 (33.3%) 9 (26.5%) 0.549
Not available 10 15
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Table 1. Cont.

3D Models

No Yes
p-Value 1

n = 40 n = 49

Fibroscan, n (%) 0.212
F0-1 (less than 8.2 kPa) 1 (33.3%) 1 (12.5%)
F2 (8.2–9.7 kPa) 0 (0.0%) 4 (50.0%)
F3 (9.7–13.6 kPa) 0 (0.0%) 2 (25.0%)
F4 (13.6 kPa or higher) 2 (66.7%) 1 (12.5%)
Not available 37 41

Number of lesions 0.491
Mean ± SD 2.5 ± 4.8 1.9 ± 1.8
Median [IQR] 1.0 [1.0–2.0] 1.0 [1.0–2.0]

Lesions by Category, n (%) 0.427
Single 24 (60.0%) 35 (71.4%)
2–4 13 (32.5%) 10 (20.4%)
5 or more 3 (7.5%) 4 (8.2%)

Location, n (%) 0.311
Unilobar 30 (75.0%) 41 (83.7%)
Bilobar 10 (25.0%) 8 (16.3%)

Hemoglobin (g/dL) 0.145
Mean ± SD 13.5 ± 1.6 13.9 ± 1.5
Median [IQR] 13.3 [12.6–14.6] 13.9 [13.0–15.2]

Platelet count (×103/µL) 0.665
Mean ± SD 225.3 ± 85.0 213.3 ± 76.5
Median [IQR] 210.5 [170.0–256.5] 210.0 [146.0–277.0]

INR 0.795
Mean ± SD 1.06 ± 0.10 1.10 ± 0.21
Median [IQR] 1.07 [1.00–1.11] 1.06 [1.01–1.12]

Creatinine (mg/dL) 0.063
Mean ± SD 0.79 ± 0.19 0.86 ± 0.18
Median [IQR] 0.79 [0.64–0.90] 0.84 [0.73–0.95]

Total bilirubin (mg/dL) 0.079
Mean ± SD 0.55 ± 0.36 0.69 ± 0.42
Median [IQR] 0.45 [0.34–0.60] 0.59 [0.40–0.90]

Direct bilirubin (mg/dL) 0.025 *
Mean ± SD 0.18 ± 0.10 0.25 ± 0.19
Median [IQR] 0.15 [0.10–0.22] 0.20 [0.15–0.28]

AST (U/L) 0.308
Mean ± SD 26.6 ± 25.5 27.7 ± 17.1
Median [IQR] 18.5 [16.0–29.5] 22.0 [17.0–30.0]

ALT (U/L) 0.558
Mean ± SD 26.8 ± 25.2 30.1 ± 27.4
Median [IQR] 21.0 [13.0–31.0] 20.0 [15.0–32.0]

ALP (U/L) 0.66
Mean ± SD 115.8 ± 130.8 97.7 ± 44.3
Median [IQR] 89.5 [76.0–114.0] 89.0 [67.0–113.0]

GGT (U/L) 0.83
Mean ± SD 72.6 ± 98.3 60.7 ± 71.7
Median [IQR] 35.0 [20.0–78.0] 31.5 [23.0–70.0]

LDH (U/L) 0.809
Mean ± SD 209.9 ± 79.9 205.5 ± 71.3
Median [IQR] 186.0 [165.0–230.0] 191.0 [152.0–239.0]

Sodium (mmol/L) 0.686
Mean ± SD 140.0 ± 3.3 140.4 ± 2.5
Median [IQR] 140.0 [138.0–142.0] 140.0 [139.0–142.0]
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Table 1. Cont.

3D Models

No Yes
p-Value 1

n = 40 n = 49

Albumin (g/dL) 0.481
Mean ± SD 4.11 ± 0.41 4.19 ± 0.40
Median [IQR] 4.15 [3.95–4.35] 4.20 [4.00–4.50]

AFP (ng/mL) 0.591
Mean ± SD 4.30 ± 3.88 21.61 ± 57.10
Median [IQR] 2.11 [1.70–8.87] 3.03 [2.20–5.29]
Not available 33 39

CA19.9 (U/mL) 0.939
Mean ± SD 313.5 ± 930.8 37.7 ± 83.5
Median [IQR] 10.0 [5.0–80.0] 11.0 [8.0–14.0]
Not available 29 40

CEA (ng/mL) 0.566
Mean ± SD 21.3 ± 78.3 12.4 ± 41.1
Median [IQR] 3.6 [1.8–5.1] 2.9 [1.9–4.4]
Not available 12 30

ECOG, n (%) 0.624
ECOG 0 39 (97.5%) 46 (93.9%)
ECOG 1 1 (2.5%) 3 (6.1%)

ASA, n (%) 0.203
ASA 1 3 (7.5%) 3 (6.1%)
ASA 2 16 (40.0%) 29 (59.2%)
ASA 3 21 (52.5%) 17 (34.7%)

Child–Pugh classification, n (%) 0.849
5 35 (87.5%) 44 (89.8%)
6 5 (12.5%) 4 (8.2%)
7 0 (0.0%) 1 (2.0%)

Preoperative chemotherapy, n (%) 19 (61.3%) 22 (66.7%) 0.654
Not available 9 16

1 Wilcoxon rank sum test; Pearson’s Chi-squared test; Fisher’s exact test. * Statistically significant difference.
Abbreviations; BMI: body mass index; COPD: chronic obstructive pulmonary disease; OSA: obstructive sleep
apnea; INR: international normalized ratio; AST: aspartate aminotransferase; ALT: alanine aminotransferase; ALP:
alkaline phosphatase; GGT: gamma-glutamyl transferase; LDH: lactate dehydrogenase; AFP: alpha-fetoprotein,
CA19-9: carbohydrate antigen 19-9; CEA: carcinoembryonic antigen; ECOG: Eastern Cooperative Oncology Group
(ECOG) performance status; ASA: American Society of Anesthesiologists physical status classification.

3.2. Surgical Procedure and Intraoperative Findings

Details regarding the type of resection, surgical approach, operative time, and histo-
logic steatosis are summarized in Table 2. The most frequent type of resection was single
limited resection (32.5% in Group A vs. 24.5% in Group B). A laparoscopic approach was
predominant in both groups (52.5% vs. 67.3%), while open surgery was performed in 47.5%
and 30.6% of cases, respectively. Only one case of conversion from laparoscopy to open
surgery occurred (2.0%, Group B). This patient presented with multiple hepatic metastases
from a gastrointestinal stromal tumor (GIST), including a lesion located in segment 8, in
close proximity to the inferior vena cava. Due to the high risk of vascular injury, conversion
to open surgery was performed to ensure safety and adequate vascular control.

Operative time did not differ significantly between groups (median 226.5 [181.5–260.0]
minutes in Group A vs. 225.0 [186.0–252.0] minutes in Group B; p = 0.528). Histopatho-
logical assessment of steatosis in resected specimens revealed no significant differences
between groups, with most patients having <5% steatosis (50.0% vs. 65.8%).
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Table 2. Surgical procedure and intraoperative findings.

3D Models

No Yes
p-Value 1

n = 40 n = 49

Type of surgery, n (%) 0.512
Single limited resection 13 (32.5%) 12 (24.5%)
Multiple limited resection 8 (20.0%) 11 (22.4%)
Bisegmentectomy 7 (17.5%) 9 (18.4%)
Hepatic cystectomy 3 (7.5%) 7 (14.3%)
Segmentectomy 2 (5.0%) 5 (10.2%)
Right hemihepatectomy 2 (5.0%) 2 (4.1%)
Left hemihepatectomy 1 (2.5%) 3 (6.1%)
Hepatic cysts fenestration 3 (7.5%) 0 (0.0%)
Extended right hepatectomy 1 (2.5%) 0 (0.0%)

Surgical approach, n (%) 0.127
Open 19 (47.5%) 15 (30.6%)
Laparoscopic 21 (52.5%) 33 (67.3%)
Converted laparoscopy 0 (0.0%) 1 (2.0%)

Operative time (min) 0.528
Mean ± SD 232.5 ± 74.7 219.2 ± 48.1
Median [IQR] 226.5 [181.5–260.0] 225.0 [186.0–252.0]

Steatosis on histopathology, n (%) 0.334
None (<5%) 17 (50.0%) 25 (65.8%)
Mild (5–33%) 13 (38.2%) 9 (23.7%)
Moderate (34–66%) 4 (11.8%) 4 (10.5%)
Severe (>66%) 0 (0.0%) 0 (0.0%)
Not available 6 11

1 Fisher’s exact test; Wilcoxon rank sum test; Pearson’s Chi-squared test.

3.3. Intraoperative Blood Loss

Intraoperative blood loss was significantly lower in the 3D model group (median
175 mL [100–200] vs. 262.5 mL [225–312.5] in controls; p < 0.001). This finding is depicted in
the boxplot shown in Figure 3.

Figure 3. Intraoperative Blood Loss: Boxplot illustrating intraoperative blood loss, which differed
significantly between the two groups (p < 0.001), with a median of 262.5 mL in Group A and 175.0 mL
in Group B.
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3.4. Postoperative Outcomes

Postoperative outcomes, including ICU and hospital length of stay, Clavien–Dindo
complications, in-hospital mortality, need for antibiotics, total parenteral nutrition, per-
cutaneous drainage, and reoperation rates, are summarized in Table 3. No statistically
significant differences were observed between groups.

Table 3. Postoperative outcomes.

3D Models

No Yes
p-Value 1

n = 40 n = 49

Clavien–Dindo n (%) 0.516
No complication 26 (65.0%) 35 (71.4%)
With complication 14 (35.0%) 14 (28.6%)

Clavien–Dindo classification, n
(%)

Grade I 2 (14.3%) 1 (7.1%)
Grade II 11 (78.6%) 4 (28.6%)
Grade IIIa 0 (0.0%) 3 (21.4%)
Grade IIIb 0 (0.0%) 5 (35.7%)
Grade Iva 0 (0.0%) 1 (7.1%)
Grade V 1 (7.1%) 0 (0.0%)
Not available (N/A) 26 35

Postoperative percutaneous
drainage, n (%) 0 (0.0%) 4 (8.2%) 0.124

Parenteral nutrition, n (%) 4 (10.0%) 4 (8.2%) >0.999
Antibiotics, n (%) 5 (12.5%) 6 (12.2%) >0.999
Reoperation, n (%) 0 (0.0%) 1 (2.0%) >0.999
In-hospital mortality, n (%) 1 (2.5%) 0 (0.0%) 0.449
Hospital stay 0.192

Mean ± SD 7.4 ± 5.5 7.0 ± 7.0
Median [IQR] 6.0 [4.0–8.0] 5.0 [4.0–7.0]

Intensive care unit stay, n (%) 34 (85.0%) 41 (83.7%) 0.864
Intensive care unit stay (days) 0.116

Mean ± SD 1.9 ± 1.7 1.8 ± 2.0
Median [IQR] 1.0 [1.0–2.0] 1.0 [1.0–2.0]
Not available 6 8

1 Pearson’s Chi-squared test; Fisher’s exact test; Wilcoxon rank sum test.

Median hospital stay was similar in both groups (6.0 [4.0–8.0] days in controls vs.
5.0 [4.0–7.0] days in the 3D group; p = 0.192). ICU admission rates were comparable (85.0%
vs. 83.7%), as was ICU length of stay (median 1 day in both groups).

3.5. Laboratory Parameter Changes (Delta Values)

Delta values for key laboratory parameters are shown in Table 4. A statistically
significant difference was observed only for delta INR, which was lower in the 3D group
(median 0.08 [0.02–0.16] vs. 0.14 [0.09–0.22]; p = 0.01). No significant differences were
found for other biochemical deltas (hemoglobin, platelets, bilirubin, sodium, albumin, or
liver enzymes).
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Table 4. Laboratory parameter changes (delta values).

3D Models

No Yes
p-Value 1

n = 40 n = 49

Delta hemoglobin 0.735
Mean ± SD −2.43 ± 1.41 −2.46 ± 1.44

Median [IQR] −2.35
[−3.35–−1.45]

−2.60
[−3.40–−1.50]

Delta platelet count 0.85
Mean ± SD −55.4 ± 82.3 −49.2 ± 63.4

Median [IQR] −51.0
[−77.0–−28.5]

−47.0
[−84.0–−23.0]

Delta INR 0.01 *
Mean ± SD 0.19 ± 0.35 0.08 ± 0.21
Median [IQR] 0.14 [0.09–0.22] 0.08 [0.02–0.16]

Delta total bilirubin 0.433
Mean ± SD 0.09 ± 0.39 0.00 ± 0.47
Median [IQR] 0.08 [−0.10–0.31] 0.05 [−0.20–0.25]

Delta direct bilirubin 0.362
Mean ± SD 0.14 ± 0.23 0.07 ± 0.18
Median [IQR] 0.07 [0.03–0.13] 0.06 [−0.03–0.15]
Not available 2 2

Delta GOT 0.944
Mean ± SD 347.9 ± 1389.8 104.3 ± 114.4
Median [IQR] 68.0 [13.5–158.5] 63.0 [20.0–164.0]

Delta GPT 0.993
Mean ± SD 331.43 ± 516.71 256.94 ± 261.16

Median [IQR] 162.00
[91.00–349.00]

162.00
[81.00–391.00]

Delta ALP 0.436
Mean ± SD −6.0 ± 29.9 −10.7 ± 42.5

Median [IQR] −4.0 [−21.0–6.0] −11.0
[−25.0–10.0]

Not available 2 0
Delta GGT 0.383

Mean ± SD 14.0 ± 60.1 8.1 ± 55.2
Median [IQR] 8.0 [−4.0–41.0] 6.0 [−12.0–22.0]
Not available 11 6

Delta LDH 0.056
Mean ± SD 14.4 ± 154.2 46.5 ± 74.7
Median [IQR] 15.5 [−53.0–53.0] 37.0 [5.5–74.5]
Not available 2 1

Delta Sodium 0.958
Mean ± SD −0.61 ± 3.56 −0.60 ± 3.27

Median [IQR] −1.00
[−3.00–2.00] 0.00 [−3.00–2.00]

Not available 2 2
Delta albumin 0.195

Mean ± SD −0.98 ± 0.49 −0.86 ± 0.45

Median [IQR] −1.10
[−1.35–−0.75]

−0.90
[−1.20–−0.60]

Not available 0 2
1 Wilcoxon rank sum test. * Statistically significant difference. Abbreviations; BMI: body mass index;
COPD: chronic obstructive pulmonary disease; OSA: obstructive sleep apnea; INR: international normalized
ratio; AST: aspartate aminotransferase; ALT: alanine aminotransferase; ALP: alkaline phosphatase; GGT: gamma-
glutamyl transferase; LDH: lactate dehydrogenase.



J. Clin. Med. 2025, 14, 8659 11 of 15

3.6. Multivariable Analysis

Variables associated with postoperative complications, according to the Clavien–
Dindo classification, were analyzed both with and without consideration of 3D model
use. Variables with p < 0.2 in univariate analysis, along with 3D model use, were in-
cluded in the multivariable logistic regression. The final model, summarized in Table 5,
identified preoperative GGT, BMI, age, the presence or absence of dyslipidemia, and
changes (deltas) in direct bilirubin, sodium, and albumin as the most influential variables.
These variables demonstrated the greatest statistical explanatory and predictive power for
postoperative complications.

Table 5. Multivariate model adjusted using a backward stepwise algorithm based on the Akaike
Information Criterion (AIC).

OR 95% CI p-Value

GGT 1.01 1.00, 1.03 0.013 *
BMI 0.89 0.74, 1.02 0.123
Age 1.07 1.01, 1.16 0.047 *
Delta direct
bilirubin 26,8 1.19, 1.369 0.054

Dyslipidemia
Yes 7.88 1.46, 54.5 0.023 *

Delta sodium 1.25 1.02, 1.60 0.048 *
Delta albumin 0.18 0.02, 0.93 0.063
3D Model

Yes 1.64 0.41, 7.16 0.493
* Statistically significant difference. Abbreviations: CI: confidence interval, OR: odds ratio, GGT: gamma-glutamyl
transferase; BMI: body mass index.

4. Discussion
In this series of 89 patients undergoing elective hepatic resection, the use of three-

dimensional (3D) models, both virtual and printed, was found to be associated with a
significant reduction in intraoperative blood loss (median 175 mL vs. 262.5 mL; p < 0.001)
compared with the control group, without statistically significant differences in operative
time, overall complication rate, hospital length of stay, or in-hospital mortality.

These results are consistent with the current literature, which highlights that the pri-
mary advantage of 3D technology lies in improved anatomical orientation and precise
preoperative planning, facilitating recognition of the intrahepatic venous anatomy and defi-
nition of the transection plane. However, several studies report that these technical benefits
do not consistently translate into reductions in operative time, blood loss, complications, or
mortality, supporting the notion that the advantages are primarily technical rather than
clinical [6].

Some investigators have reported that 3D planning may decrease intraoperative
bleeding through more accurate transection line delineation and early identification of
vascular variants, though this benefit is not consistently accompanied by shorter operative
time or reduced postoperative complication rates [2,24,25]. Other studies have found no
significant differences in intraoperative blood loss associated with 3D model use [1,5,6,26].

With respect to operative time, our findings revealed no significant difference be-
tween groups. A cross-sectional meta-analysis of solid-organ resections, including hepatic
subgroups, demonstrated that 3D virtual planning was associated with a shorter overall
operative time [1,25].

The lack of impact on hospital stay and overall morbidity is consistent with the find-
ings of Cheng et al. (2022) [27] who emphasized that intraoperative technical improvements
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conferred by 3D models do not necessarily result in clinically meaningful short-term out-
comes. Postoperative recovery is influenced by multiple factors, including baseline patient
condition, comorbidities, extent of resection, anesthetic management, and perioperative
care, which may outweigh the impact of preoperative simulation.

Our multivariable analysis showed that the strongest predictors of postoperative
complications were patient-related factors—age, dyslipidemia, and early postoperative
biochemical changes (delta sodium, albumin, and direct bilirubin)—rather than the use
of 3D modeling. This underscores that metabolic profile and baseline physiology remain
key determinants of postoperative risk, and that, while 3D technology offers technical
advantages, it does not replace comprehensive preoperative assessment.

Dyslipidemia was identified as an independent risk factor (OR 7.88), a finding partially
supported by the literature. Meta-analyses on hepatectomy outcomes in patients with
metabolic syndrome, a condition inherently associated with dyslipidemia, have demon-
strated higher rates of postoperative bleeding and infectious complications, though not
of hepatobiliary-specific complications, such as bile leak or posthepatectomy liver failure
(PHLF). Importantly, when metabolic syndrome is associated with histologically confirmed
non-alcoholic fatty liver disease (NAFLD), the risk of PHLF is significantly increased,
though overall survival remains comparable to patients without the syndrome [28].

Postoperative sodium changes were also significantly associated with complications,
in agreement with studies reporting that hyponatremia increases the risk of adverse post-
operative events, particularly in cirrhotic patients, who are more susceptible to systemic
complications due to underlying pathophysiology [29,30].

Serum albumin demonstrated a protective effect: a greater postoperative decline
was associated with higher complication rates. This is consistent with existing evidence
showing that both low preoperative albumin levels and significant early postoperative
albumin decreases are robust predictors of postoperative complications and can be used
for risk stratification and closer postoperative monitoring [31–34].

Similarly, postoperative bilirubin elevation is a well-recognized marker of hepatic
dysfunction and is independently associated with major complications, regardless of
resection extent [35,36].

Interestingly, BMI in our cohort showed an inverse association with postoperative
complications. This finding contrasts with most reports in the literature [37–39], and may
represent a statistical artifact or residual confounding, as BMI could be influenced by age,
sarcopenia, frailty, or residual liver volume. In addition, sample distribution and the lack
of BMI categorization may introduce selection bias, warranting cautious interpretation.

This study has several limitations. Its retrospective, single-center design, lack of
randomization, and relatively small sample size inherently limit the generalizability of
the findings. Although our subgroup analysis did not identify significant differences
between major and minor resections, 3D modeling may provide greater benefit in complex
or major hepatectomies, as suggested by previous literature [16]. Future research should
include prospective, multicenter studies, ideally randomized controlled trials with larger
sample sizes, to determine whether the systematic integration of 3D planning can lead to
meaningful reductions in morbidity and improved long-term outcomes after hepatectomy.

5. Conclusions
This study demonstrates that the use of three-dimensional (3D) models, both virtual

and printed, for preoperative planning in hepatic resection is associated with a significant
reduction in intraoperative blood loss, but with no demonstrable impact on operative time,
overall postoperative morbidity, hospital stay, or in-hospital mortality.
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These findings reinforce the concept that the primary value of this technology lies
in enhancing anatomical orientation and technical safety rather than directly improving
classical clinical outcomes.

Multivariable analysis highlights that patient-related factors, including age, dyslipi-
demia, and early postoperative biochemical alterations (hyponatremia, hypoalbuminemia,
and direct bilirubin elevation), are more closely associated with postoperative complications
than 3D model utilization. This underscores the need for comprehensive, individualized
preoperative assessment, with 3D simulation serving as a complement rather than a substi-
tute for clinical risk stratification.

Although available evidence supports consistent technical benefits, the lack of clin-
ically significant improvements in this study supports the need for larger, prospective,
multicenter trials to establish the true impact of 3D modeling on perioperative and long-
term outcomes in hepatic surgery.
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10. Witowski, J.S.; Coles-Black, J.; Zuzak, T.Z.; Pędziwiatr, M.; Chuen, J.; Major, P.; Budzyński, A. 3D printing in liver surgery: A
systematic review. Telemed. e-Health 2017, 23, 943–947. [CrossRef]

11. Lu, Y.; Chen, X.; Han, F.; Zhao, Q.; Xie, T.; Wu, J.; Zhang, Y. 3D printing of self-healing personalized liver models for surgical
training and preoperative planning. Nat. Commun. 2023, 14, 8447. [CrossRef] [PubMed]

12. Bonomi, A.M.; Kersik, A.; Bracchetti, G.; Cotsoglou, C. 3D reconstruction in complex parenchymal sparing liver surgery. Heliyon
2023, 9, e13857. [CrossRef]

13. Perica, E.R.; Sun, Z. A systematic review of three-dimensional printing in liver disease. J. Digit. Imaging 2018, 31, 692–701.
[CrossRef]

14. Oshiro, Y.; Ohkohchi, N. Three-dimensional liver surgery simulation: Computer-assisted surgical planning with three-dimensional
simulation software and three-dimensional printing. Tissue Eng. Part A 2017, 23, 474–480. [CrossRef]

15. Karageorgos, F.F.; Karolos, I.-A.; Pettas, T.; Tsioukas, V.; Pikridas, C.; Tsoulfas, G. The Role of 3D printing and augmented reality
in the management of hepatic malignancies. Technol. Cancer Res. Treat. 2025, 24, 1–9. [CrossRef]

16. Banchini, F.; Capelli, P.; Hasnaoui, A.; Palmieri, G.; Romboli, A.; Giuffrida, M. 3-D reconstruction in liver surgery: A systematic
review. HPB 2024, 26, 1205–1215. [CrossRef]

17. Joo, I.; Kim, J.H.; Park, S.J.; Lee, K.; Yi, N.-J.; Han, J.K. Personalized 3D-printed transparent liver model using the hepatobiliary
phase MRI. Investig. Radiol. 2019, 54, 138–145. [CrossRef]

18. Fang, C.; An, J.; Bruno, A.; Cai, X.; Fan, J.; Fujimoto, J.; Golfieri, R.; Hao, X.; Jiang, H.; Jiao, L.R.; et al. Consensus recommendations
of three-dimensional visualization for diagnosis and management of liver diseases. Hepatol. Int. 2020, 14, 437–453. [CrossRef]

19. Hallet, J.; Gayet, B.; Tsung, A.; Wakabayashi, G.; Pessaux, P. Systematic review of the use of pre-operative simulation and
navigation for hepatectomy: Current status and future perspectives. J. Hepato-Biliary-Pancreatic Sci. 2015, 22, 353–362. [CrossRef]
[PubMed]

20. Neeman, E.; Gresham, G.; Ovasapians, N.; Hendifar, A.; Tuli, R.; Figlin, R.; Shinde, A. Comparing physician and nurse Eastern
Cooperative oncology group performance status (ECOG-PS) ratings as predictors of clinical outcomes in patients with cancer.
Oncologist 2019, 24, e1460–e1466. [CrossRef] [PubMed]

21. Daabiss, M. American Society of Anaesthesiologists physical status classification. Indian J. Anaesth. 2011, 55, 111–115. [CrossRef]
22. Sharara, A.I.; Rockey, D.C. Gastroesophageal variceal hemorrhage. N. Engl. J. Med. 2001, 345, 669–681. [CrossRef]
23. Dindo, D.; Demartines, N.; Clavien, P.-A. Classification of Surgical Complications: A new proposal with evaluation in a cohort of

6336 patients and results of a survey. Ann. Surg. 2004, 240, 205–213. [CrossRef]
24. Li, L.; Cheng, S.; Li, J.; Yang, J.; Wang, H.; Dong, B.; Yin, X.; Shi, H.; Gao, S.; Gu, F.; et al. Randomized comparison of AI enhanced

3D printing and traditional simulations in hepatobiliary surgery. npj Digit. Med. 2025, 8, 293. [CrossRef]

https://doi.org/10.1007/s00268-017-3933-7
https://www.ncbi.nlm.nih.gov/pubmed/28271263
https://doi.org/10.21037/jgo-22-198
https://www.ncbi.nlm.nih.gov/pubmed/35837151
https://doi.org/10.3748/wjg.v20.i32.11451
https://www.ncbi.nlm.nih.gov/pubmed/25170235
https://doi.org/10.1097/SLA.0000000000004348
https://www.ncbi.nlm.nih.gov/pubmed/33074891
https://doi.org/10.1016/j.hpb.2020.09.020
https://doi.org/10.1016/j.hpb.2023.05.002
https://doi.org/10.1007/s00330-019-06511-2
https://doi.org/10.1007/s00464-018-6308-8
https://doi.org/10.4254/wjh.v11.i7.574
https://doi.org/10.1089/tmj.2017.0049
https://doi.org/10.1038/s41467-023-44324-6
https://www.ncbi.nlm.nih.gov/pubmed/38114507
https://doi.org/10.1016/j.heliyon.2023.e13857
https://doi.org/10.1007/s10278-018-0067-x
https://doi.org/10.1089/ten.tea.2016.0528
https://doi.org/10.1177/15330338251323138
https://doi.org/10.1016/j.hpb.2024.06.006
https://doi.org/10.1097/RLI.0000000000000521
https://doi.org/10.1007/s12072-020-10052-y
https://doi.org/10.1002/jhbp.220
https://www.ncbi.nlm.nih.gov/pubmed/25728031
https://doi.org/10.1634/theoncologist.2018-0882
https://www.ncbi.nlm.nih.gov/pubmed/31227648
https://doi.org/10.4103/0019-5049.79879
https://doi.org/10.1056/NEJMra003007
https://doi.org/10.1097/01.sla.0000133083.54934.ae
https://doi.org/10.1038/s41746-025-01571-9


J. Clin. Med. 2025, 14, 8659 15 of 15

25. Zanon, M.; Altmayer, S.; Watte, G.; Pacini, G.S.; Mohammed, T.-L.; Marchiori, E.; Filho, D.R.P.; Hochhegger, B. Three-dimensional
virtual planning for nodule resection in solid organs: A systematic review and meta-analysis. Surg. Oncol. 2021, 38, 101598.
[CrossRef]

26. Montalti, R.; Rompianesi, G.; Cassese, G.; Pegoraro, F.; Giglio, M.C.; De Simone, G.; Rashidian, N.; Venetucci, P.; Troisi, R.I. Role
of preoperative 3D rendering for minimally invasive parenchyma sparing liver resections. HPB 2023, 25, 915–923. [CrossRef]
[PubMed]

27. Cheng, J.; Wang, Z.; Liu, J.; Dou, C.; Yao, W.; Zhang, C. Value of 3D printing technology combined with indocyanine green
fluorescent navigation in complex laparoscopic hepatectomy. PLoS One 2022, 17, e0272815. [CrossRef] [PubMed]

28. Murtha-Lemekhova, A.; Fuchs, J.; Feiler, S.; Schulz, E.; Teroerde, M.; Kalkum, E.; Klotz, R.; Billeter, A.; Probst, P.; Hoffmann, K. Is
metabolic syndrome a risk factor in hepatectomy? A meta-analysis with subgroup analysis for histologically confirmed hepatic
manifestations. BMC Med. 2022, 20, 47. [CrossRef] [PubMed]

29. Teo, C.B.; Gan, M.Y.; Tay, R.Y.K.; Loh, W.J.; Loh, N.-H.W. Association of preoperative hyponatremia with surgical outcomes: A
systematic review and meta-analysis of 32 observational studies. J. Clin. Endocrinol. Metab. 2023, 108, 1254–1271. [CrossRef]

30. Biggins, S.W.; Angeli, P.; Garcia-Tsao, G.; Ginès, P.; Ling, S.C.; Nadim, M.K.; Wong, F.; Kim, W.R. Diagnosis, evaluation, and
management of ascites, spontaneous bacterial peritonitis and hepatorenal syndrome: 2021 practice guidance by the American
association for the study of liver diseases. Hepatology 2021, 74, 1014–1048. [CrossRef]

31. Labgaa, I.; Joliat, G.-R.; Demartines, N.; Hübner, M. Serum albumin is an early predictor of complications after liver surgery. Dig.
Liver Dis. 2016, 48, 559–561. [CrossRef]

32. Hayakawa, T.; Kawaguchi, Y.; Ito, K.; Campisi, A.; Ardito, F.; Abe, S.; Nishisoka, Y.; Miyata, A.; Ichida, A.; Akamatsu, N.; et al.
Integrating surgical complexity and nutritional parameters to enhance prediction of postoperative complications in liver resection.
Surgery 2024, 176, 1645–1652. [CrossRef]

33. Kuhlmann, A.D.; Spies, C.; Schulte, E.; Jara, M.; von Haefen, C.; Mertens, M.; Süß, L.A.; Winkler, N.; Lachmann, G.; Lachmann, C.
Preoperative hypoalbuminaemia in liver surgery: An observational study at a university medical centre. BMJ Open 2023, 13,
e068405. [CrossRef] [PubMed]

34. Galata, C.; Busse, L.; Birgin, E.; Weiß, C.; Hardt, J.; Reißfelder, C.; Otto, M. Role of Albumin as a Nutritional and Prognostic
Marker in Elective Intestinal Surgery. Can. J. Gastroenterol. Hepatol. 2020, 2020, 7028216. [CrossRef]

35. Citterio, D.; Facciorusso, A.; Sposito, C.; Rota, R.; Bhoori, S.; Mazzaferro, V. Hierarchic interaction of factors associated with liver
decompensation after resection for hepatocellular carcinoma. JAMA Surg. 2016, 151, 846–853. [CrossRef] [PubMed]

36. Reissfelder, C.; Rahbari, N.N.; Koch, M.; Kofler, B.; Sutedja, N.; Elbers, H.; Büchler, M.W.; Weitz, J. Postoperative course and
clinical significance of biochemical blood tests following hepatic resection. Br. J. Surg. 2011, 98, 836–844. [CrossRef] [PubMed]

37. Liu, F.; Zou, Y.; Chen, Q.; Chen, T.; Xiao, H.; Xie, T.; Zheng, L.; Ruan, Q.; Liu, W. Impact of obesity on the surgical outcomes after
laparoscopic liver resection for liver tumors: A meta-analysis. Nutr. Cancer 2025, 77, 675–686. [CrossRef]

38. Menzie, J.; Coates, T.; Liew, A.; Fernando, V.; Cheong, A.; Xiao, L.; King, N.; Li, Y.; Ackermann, T.; Sritharan, M.; et al. Effect of
body mass index on intraoperative complications during hepatic resection for malignancy. ANZ J. Surg. 2025, 95, 1462–1469.
[CrossRef]

39. Mathur, A.K.; Ghaferi, A.A.; Osborne, N.H.; Pawlik, T.M.; Campbell, D.A.; Englesbe, M.J.; Welling, T.H. Body mass index and
adverse perioperative outcomes following hepatic resection. J. Gastrointest. Surg. 2010, 14, 1285–1291. [CrossRef]

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.suronc.2021.101598
https://doi.org/10.1016/j.hpb.2023.04.008
https://www.ncbi.nlm.nih.gov/pubmed/37149483
https://doi.org/10.1371/journal.pone.0272815
https://www.ncbi.nlm.nih.gov/pubmed/35951521
https://doi.org/10.1186/s12916-022-02239-x
https://www.ncbi.nlm.nih.gov/pubmed/35101037
https://doi.org/10.1210/clinem/dgac685
https://doi.org/10.1002/hep.31884
https://doi.org/10.1016/j.dld.2016.01.004
https://doi.org/10.1016/j.surg.2024.08.021
https://doi.org/10.1136/bmjopen-2022-068405
https://www.ncbi.nlm.nih.gov/pubmed/37202140
https://doi.org/10.1155/2020/7028216
https://doi.org/10.1001/jamasurg.2016.1121
https://www.ncbi.nlm.nih.gov/pubmed/27248425
https://doi.org/10.1002/bjs.7459
https://www.ncbi.nlm.nih.gov/pubmed/21456090
https://doi.org/10.1080/01635581.2025.2486153
https://doi.org/10.1111/ans.70250
https://doi.org/10.1007/s11605-010-1232-9

	Introduction 
	Materials and Methods 
	Variables and Data Collection 
	Acquisition of 3D Models 
	Surgical Technique 
	Statistical Analysis 

	Results 
	Baseline Characteristics 
	Surgical Procedure and Intraoperative Findings 
	Intraoperative Blood Loss 
	Postoperative Outcomes 
	Laboratory Parameter Changes (Delta Values) 
	Multivariable Analysis 

	Discussion 
	Conclusions 
	References

