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Backgrounds/Aims: Three-dimensional (3D) modeling is increasingly used in hepatobiliary surgery to enhance anatomical under-
standing and operative planning. However, its impact on oncologic outcomes remains uncertain. This study evaluated whether preop-
erative 3D liver models influence resection margin status and survival after hepatectomy for malignant disease.

Methods: In this retrospective case-control study, 59 patients undergoing hepatic resection for malignancy between May 2018 and
May 2023 were included. Patients were managed either with patient-specific 3D models (n = 31) or conventional imaging (n = 28). Pre-
dictors of RO resection were analyzed using logistic regression, and overall survival (OS) and disease-free survival (DFS) were assessed
using Cox proportional hazards models.

Results: RO resection was achieved in 79.7% of patients, with no significant difference between groups (77.4% vs. 82.1%; p = 0.865). Bi-
lobar tumor distribution (adjusted odds ratio [OR] 0.05, 95% confidence interval [CI] 0.00-0.76; p = 0.039) and a higher albumin-bili-
rubin score (adjusted OR 0.06, 95% CI 0.00-0.46; p = 0.029) were independently associated with lower odds of achieving RO resection.
In multivariable analysis, the use of 3D models was independently linked to improved 2-year DFS (adjusted hazard ratio 0.47, 95% CI
0.24-0.92; p = 0.028). Tumor type affected recurrence rates, with hepatocellular carcinoma and other tumors showing a lower risk of
recurrence compared to colorectal liver metastases. No significant differences in OS were found.

Conclusions: Preoperative 3D modeling was not associated with higher RO resection rates but was independently associated with im-
proved 2-year DFES. Given the retrospective design and potential residual confounding, these findings should be interpreted cautiously

and considered hypothesis-generating pending prospective validation.
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INTRODUCTION

Three-dimensional (3D) modeling and printing technologies
have become invaluable in hepatobiliary surgery. By offering
tangible, patient-specific reconstructions of liver anatomy, 3D
models improve the understanding of tumor locations, vascu-
lar and biliary relationships, and potential resection planes [1-
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3].

Previous research has indicated that these technologies lead
to better operative planning, reduced intraoperative blood loss,
and enhanced communication among surgical teams [4,5].

However, current evidence on the impact of 3D printed liver
models on oncologic outcomes-such as R0 resection rates and
long-term survival-is limited and primarily indirect. Most
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studies and systematic reviews concentrate on technical accu-
racy, preoperative planning, and educational benefits rather
than directly measuring margin status or recurrence rates [6-
10].

A recent meta-analysis of 3D reconstruction-assisted hepa-
tectomy, which included not only physical 3D printed models
but also digital 3D visualizations, found that the use of 3D
techniques was linked to a lower postoperative recurrence rate
(odds ratio [OR] = 0.29, 95% confidence interval [CI]: 0.16—
0.53) and a higher postoperative survival rate (OR = 2.19, 95%
CI: 1.49-3.23) compared to traditional 2D imaging. This sug-
gests a potential benefit for oncologic outcomes [11]. However,
the analysis did not specifically isolate the effects of physical
3D printed models, and most of the included studies did not
report RO resection rates as a primary endpoint.

A preliminary clinical trial utilizing self-healing 3D print-
ed liver models for preoperative planning reported achieving
negative surgical margins in all five cases studied. However,
the small sample size (n = 5) and lack of long-term survival or
recurrence data limit the findings [12]. Other multicenter and
systematic studies have confirmed high anatomical fidelity and
enhanced intraoperative navigation, but they explicitly indicate
that no significant impact on surgical outcomes, including
margin status, has been demonstrated to date [6,7,10,13].

Our group has previously examined the effect of 3D mod-
eling on perioperative outcomes in a broader institutional co-
hort of patients undergoing hepatectomy for both benign and
malignant conditions. However, oncologic endpoints were not
specifically addressed in that analysis. This prompted the cur-
rent study, which focuses exclusively on malignant liver tumors
and their oncologic outcomes [14].

We hypothesized that the use of patient-specific 3D liv-
er models would improve oncologic outcomes, particularly
survival indicators. Therefore, the aim of this study was to
evaluate the impact of preoperative 3D modeling on resection
margin status and survival outcomes in patients undergoing
hepatic resection for malignant disease.

MATERIALS AND METHODS

We conducted a retrospective case-control observation-
al study involving patients who underwent liver resection
for malignant disease at Infanta Elena University Hospital
(Valdemoro, Madrid) from May 2018 to May 2023. The study
included all patients who had oncologic hepatic resection with
available preoperative imaging (computed tomography [CT]
or magnetic resonance imaging [MRI]) during this period.
Patients who underwent urgent procedures or simultaneous
resections of other organs were excluded.

Study groups

Patients were divided into two groups according to preopera-
tive planning strategy:
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« Group A (control group): surgery performed without a 3D
model.

» Group B (3D group): surgery planned using a patient-spe-
cific 3D liver model virtual and printed.

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, and
degree of fibrosis measured by preoperative FibroScan were
recorded. Functional status was assessed using the Eastern Co-
operative Oncology Group (ECOG) [15] scale, the Child-Pugh
score [16], and the American Society of Anesthesiologists (ASA)
physical status classification [17]. Tumor markers recorded
included alpha-fetoprotein, carbohydrate antigen 19-9, and
carcinoembryonic antigen. The number and location of lesions
were also noted. The albumin-bilirubin score (ALBI) [18] was
categorized into three prognostic grades: grade 1 (< -2.60),
grade 2 (> -2.60 to < -1.39), and grade 3 (> -1.39). Additional-
ly, the tumor burden score (TBS) [19] was classified into three
categories: low (< 2.6), intermediate (2.6-7.9), and high (> 7.9).

Intraoperative variables

Surgical approach (laparoscopic, open, or converted) and
the type of surgical procedure performed were documented.
Hepatic resections were categorized such that any procedure
involving at least a segmentectomy was classified as a segmen-
tectomy, even if additional minor resections were performed.
Thus, when a segmentectomy was combined with limited re-
sections, the procedure remained classified under the segmen-
tectomy category. Blood loss was recorded in milliliters (mL).

Postoperative variables

The histopathologic diagnosis included the resection margin
reported in millimeters. In cases with multiple resected lesions,
the margin refers to the smallest distance among all tumors.
The percentage of steatosis in the resected specimen was also
noted. Margin status was classified as RO (microscopically neg-
ative), R1 (microscopically positive), or R2 (macroscopically
incomplete) according to standard pathological criteria [20].
Secondary outcomes included overall survival (OS) and dis-
ease-free survival (DFS) at 1 and 2 years.

Acquisition of 3D models

The implementation of 3D modeling started in November
2020. From that point onward, all eligible patients undergo-
ing hepatectomy were routinely planned using 3D models.
In contrast, cases prior to November 2020 were treated using
traditional two-dimensional imaging. There was no exclusion
or selective case assignment based on complexity or surgeon
preference. Each model was created from high-resolution CT
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and/or MRI datasets using 3D-MSP software (Cella Medical
Solutions). Both virtual and printed models were utilized
during preoperative planning, with the printed models steril-
ized for use as intraoperative 3D anatomical references. Fig. 1.
illustrates a virtual and printed 3D model overlaid on 2D im-
aging (CT) of a patient with bilobar colorectal liver metastases
(CRLM).

Surgical technique

All hepatic resections were performed using an ultrasonic
surgical aspirator and the Aquamantys system. Intraoperative
ultrasound (IOUS) was routinely conducted in every case. The
type of resection was determined based on tumor type, num-
ber, and extension.

Statistical analysis

Continuous variables were reported as median and inter-
quartile range, expressed as “Q3-Q1”, and were compared us-
ing 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.

Variables with a p-value < 0.2 in univariate analysis were
considered for inclusion in the multivariable models. Addition-
ally, the variable “3D model use” was included in all multivari-
able models, regardless of its univariate significance, as it rep-
resented the primary exposure of interest. The final model was

derived using backward stepwise selection based on the Akaike

Information Criterion.

OS and DFS were illustrated using Kaplan-Meier curves for
each group.

Univariate and multivariable Cox proportional hazards re-
gression analyses were conducted to identify factors associated
with survival. Survival estimates were compared using hazard
ratios (HRs) with 95% Cls.

A p-value < 0.05 was considered statistically significant.

Statistical analysis was conducted using R software (version
4.4). The data exhibited high completeness across all included
covariates, with missing data minimal (< 5% for all variables).
Due to this low percentage of missing data and to enhance
model interpretability, we employed complete case analysis
(listwise deletion) to handle the missing values. Participants
with any missing values among the variables selected for the
final multivariable model were excluded from the regression
analysis. This method ensured that the final model was based
on a consistent subset of patients, eliminating the need for data
imputation.

Ethical considerations

The study received approval from the Research Ethics Com-
mittee of the Fundacién Jiménez Diaz University Hospital
(CEIm EO261-23_HIE, approval date: January 8, 2024), in
accordance with the principles of the Declaration of Helsinki.
A waiver of informed consent was requested from the Ethics
Committee.

Fig. 1. Two-dimensional (2D) computed tomography imaging with overlaid virtual and printed 3D models for a patient with bilobar colorectal liver me-

tastases.
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RESULTS

Between May 2018 and May 2023, a total of 72 patients un-
derwent oncologic hepatic resection at Infanta Elena Univer-
sity Hospital in Valdemoro, Madrid. Thirteen patients were
excluded due to urgent procedures or simultaneous resection
of another organ, leaving 59 patients for analysis. The patients
were divided into two groups: those without a preoperative 3D
model (group A, n = 28) and those with a 3D model (group B,
n = 31) (Fig. 2).

Development of the 3D model

The average production cost for both the virtual and printed
3D models ranged from €1,500 to €2,300, with a median of
€1,800 (€1,600-€2,100). The average production time was less
than 12 hours for the virtual model, while the printed model
required a median of 40 hours (22-50 hours).

Demographic and preoperative characteristics

No significant differences were observed between groups,
except for the presence of dyslipidemia, which was higher in
the control group (p = 0.032). All patients were classified as
Child-Pugh class A. Most patients had an ECOG performance
status of 0 (n = 55, 93.2%), while only four patients were clas-
sified as ECOG 1 (6.8%). ASA class II and III represented the
most frequent anesthetic risk categories. A similar proportion
of patients in both groups received neoadjuvant chemotherapy
(55.6% in group A vs. 67.7% in group B; p = 0.34). ALBI grade 1
was the most common category (n = 41, 69.5% of the total), and
the intermediate TBS category was also predominant (n = 28,
50.9%). Baseline demographic and preoperative characteristics
of the 59 patients were comparable between groups (Table 1).

Patients undergoing
oncologic hepatectomy
(2018-2023) (n =72)

Excluded patients (n = 13)

- Emergency surgery

- Simultaneous resection
of another organ

N
| Included patients (n = 59) |

/\

Group A (control) Group B (cases)
Without 3D model With 3D model
(n=28) (n=231)

Fig. 2. Study flow diagram. Of the 72 consecutive patients who under-
went oncologic hepatic resections, thirteen were excluded for having
simultaneous organ resections or requiring emergency surgery. The
remaining 59 patients were divided into two groups: those without
preoperative three-dimensional (3D) simulation (group A, no 3D model)
and those with preoperative 3D simulation (group B, 3D model).
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Surgical procedure and intraoperative findings

Regarding the surgical approach, open hepatectomy was per-
formed in 30 patients (50.8%), while 28 patients (47.5%) under-
went a laparoscopic approach, and one patient (1.7%) required
conversion from laparoscopy to open surgery. The distribution
of surgical approaches differed slightly between groups, with
laparoscopic resection being more frequent in the 3D group
(58.1%) than in the non-3D group (35.7%), although the differ-
ence did not reach statistical significance (p = 0.086).

Intraoperative blood loss showed a significant difference
between groups (p < 0.001). The median was 250.0 mL (175.0-
325.0 mL), compared with 287.5 mL (250.0-362.5 mL) in the
non-3D group and 175.0 mL (100.0-250.0 mL) in the 3D-model
group.

The rest of the surgical procedure and the intraoperative
findings were comparable between groups; these findings are
summarized in Table 2.

Posoperative outcomes

Pathological findings

Regarding hepatic steatosis, 53.1% of patients had no steato-
sis (< 5%), 32.7% had mild steatosis (5%-33%), and 14.3% had
moderate steatosis (34%-66%). No cases of severe steatosis (>
66%) were observed. When categorized as none/mild versus
moderate/severe, 85.7% of patients fell into the first category,
while 14.3% fell into the second. No statistically significant dif-
ferences were found between the groups with and without 3D
models, both in the distribution of steatosis (p = 0.577) and in
the combined category (p > 0.999).

The mean resection margin was 6.2 + 9.6 mm, with a median
of 2.3 mm (0.9-6.0). No significant differences were observed
between the groups without 3D models (mean 7.7 + 12.1 mm,
median 2.7 [1.1-6.9]) and those with 3D models (mean 4.9 + 6.5
mm, median 2.0 [0.4-5.7]; p = 0.698).

Regarding surgical margin status, 79.7% of patients achieved
RO resection, while 16.9% and 3.4% corresponded to R1 and
R2, respectively. No significant differences were observed be-
tween the groups (R0: 82.1% vs. 77.4%; p = 0.865).

In the postoperative diagnosis, CRLM were the most frequent
at 57.6%, followed by hepatocellular carcinoma (HCC, 20.3%),
intrahepatic cholangiocarcinoma (10.2%), and less common
neoplasms such as gallbladder or perihilar cholangiocarcinoma
(pCCA), gastrointestinal stromal tumor metastases, and neuro-
endocrine tumors. No significant differences were observed in
the distribution of diagnoses between patients who underwent
3D model planning and those who did not (p = 0.218). When
the diagnoses were categorized into three groups (colorectal
metastases, HCC, and others), no significant differences were
noted among the groups (p = 0.532).

Overall, the pathological findings were comparable between
patients who had 3D planning and those who did not, with no
statistically significant differences in steatosis, resection mar-
gins, or lesion type. Histopathological analysis revealed similar
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Table 1. Demographic and preoperative characteristics

3D model
Overall (N = 59) p-value®
No (N =28) Yes (N=31)
Age 0.523
Mean + SD 63.6+11.3 64.9+10.2 625+122
Median (IQR) 63.0 (56.0-72.0) 63.5(57.5-72.5) 61.0 (53.0-72.0)
Sex 0.158
Female 16 (27.1) 10 (35.7) 6(19.4)
Male 43 (72.9) 18 (64.3) 25 (80.6)
BMI 0.903
Mean + SD 28.19+4.88 28.16 £5.26 28.22 £ 4.60
Median (IQR) 28.37 (24.75-30.86) 27.41 (24.39-32.03) 28.41 (25.39-29.90)
Diabetes mellitus 11(18.6) 8(28.6) 3(9.7) 0.063
Hypertension 35(59.3) 18 (64.3) 17 (54.8) 0.461
Dyslipidemia 12(20.3) 9(32.1) 3(9.7) 0.032*
Arrhythmia/valvular disease 3(5.1) 2(7.1) 1(3.2) 0.599
Respiratory history 12 (20.3) 8(28.6) 4(12.9) 0.135
Steatosis on ultrasound 12 (30.0) 8(38.1) 4(21.1) 0.240
Not available 19 7 12
FibroscanPre 0.350
FO-1 (< 8.2 kPa) 2(20.0) 1(33.3) 1(14.3)
F2 (8.2-9.7 kPa) 3(30.0) 0(0.0) 3(42.9)
F3(9.7-13.6 kPa) 2(20.0) 0(0.0) 2(28.6)
F4 (> 13.6 kPa) 3(30.0) 2 (66.7) 1(14.3)
Not available 49 25 24
ECOG 0.614
ECOGO0 55(93.2) 27 (96.4) 28(90.3)
ECOG 1 4(6.8) 1(3.6) 3(9.7)
Child-Pugh score 0.409
5 53(89.8) 24 (85.7) 29 (93.5)
6 6(10.2) 4(14.3) 2 (6.5)
Preoperative chemotherapy 36 (62.1) 15 (55.6) 21(67.7) 0.340
Not available 1 1 0
ASA 0.238
ASA 1 1(1.7) 1(3.6) 0(0.0)
ASA 2 29 (49.2) 11(39.3) 18 (58.1)
ASA 3 29 (49.2) 16 (57.1) 13(41.9)
AFP preoperative >0.999
Mean + SD 19.3+£52.0 58+4.7 26.1+63.9
Median (IQR) 2.5(1.9-8.8) 5.5(1.8-9.8) 2.5(2.0-7.1)
Not available 47 24 23
Alfafeto postoperative 0.669
Mean + SD 29+22 29+27 3.0+20
Median (IQR) 1.9 (1.6-3.5) 1.7 (1.5-4.4) 2.2 (1.6-3.5)
Not available 49 4 25
CEA preoperative 0.509
Mean + SD 2111725 27.3+90.1 13.5+434
Median (IQR) 3.1(1.9-5.4) 4.1 (1.8-5.4) 29(2.1-4.4)
Not available 21 7 14
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Table 1. Continued

Overall (N = 59) p-value®
No (N =28) Yes (N =31)

CEA postoperative 0.161
Mean + SD 16.8 £65.8 29.0 £88.6 24+1.2
Median (IQR) 2.7 (1.6-4.2) 34(1.4-7.5) 2.5(1.7-2.9)
Not available 22 8 14

Ca19-9 preoperative > 0.999
Mean + SD 369.1 £969.0 487.7 +1,160.4 923+ 1453
Median (IQR) 13.0 (9.0-186.0) 12.0 (9.0-186.0) 14.0 (3.0-260.0)
Not available 49 21 28

Ca19-9 postoperative 0.931
Mean + SD 16.7 £18.1 16.7+£17.3 16.8+21.2
Median (IQR) 10.0 (2.1-29.0) 9.5 (4.0-29.0) 10.0 (2.1-17.0)
Not available 48 22 26

Number of lesions 0.741
Mean + SD 21+£21 1.9+21 22+22
Median (IQR) 1.0 (1.0-2.0) 1.0 (1.0-2.0) 1.0 (1.0-3.0)

Localization 0.737
Single 36 (61.0) 17 (60.7) 19(61.3)
2-4 17 (28.8) 9(32.1) 8(25.8)
>5 6(10.2) 2(7.1) 4(12.9)

Extention 0.915
Unilobar 46 (78.0) 22 (78.6) 24 (77.4)
Bilobar 13 (22.0) 6(21.4) 7 (22.6)

Tumor type 0.573
Primary 21(35.6) 11(39.3) 10(32.3)
Metastatic 38 (64.4) 17 (60.7) 21(67.7)

ALBI_cat 0.149
ALBI grade 1 41 (69.5) 17 (60.7) 24 (77.4)
ALBI grade 2 17 (28.8) 11(39.3) 6(19.4)
ALBI grade 3 1(1.7) 0(0.0) 13.2)

TBS_cat 0.669
TBS low 22 (40.0) 8(33.3) 14 (45.2)
TBS intermediate 28 (50.9) 14 (58.3) 14 (45.2)
TBS high 5(9.1) 2(83) 3(9.7)
Not available 4 4 0

Values are presented as number only or number (%).

3D, three-dimensional; SD, standard deviation; IQR, interquartile range; BMI, body mass index; ECOG, Eastern Cooperative Oncology Group performance
status; ASA, American Society of Anesthesiologists physical status classification; AFP, alpha-fetoprotein; CEA, carcinoembryonic antigen; Ca19-9, carbohy-

drate antigen 19-9; ALBI, albumin-bilirubin score; TBS, tumor burden score.

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

*Statistically significant difference (p < 0.05).

tumor types and sizes, with a predominance of CRLM (Table 3).

Multivariate analysis for RO resection

In the multivariate analysis, two variables were independent-
ly associated with the likelihood of achieving an RO resection:
bilobar tumor distribution and ALBI score.

Patients with bilobar tumor involvement had a significant-
ly lower probability of achieving negative margins (adjusted
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OR 0.05, 95% CI 0.00-0.76; p = 0.039). Similarly, higher ALBI
scores were linked to reduced odds of RO resection (adjusted
OR 0.06, 95% CI 0.00-0.46; p = 0.029).

The use of 3D surgical models was not significantly associat-
ed with RO resection rates (p > 0.05). Likewise, other evaluated
variables-including the number of lesions, BMI, sex, surgical
approach, and degree of steatosis—did not show significant as-
sociations after multivariable adjustment (Table 4).
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Table 2. Surgical procedure and intraoperative findings

3D model
Overall (N = 59) p-value”
No (N = 28) Yes (N =31)
Surgical approach 0.069
Open 30 (50.8) 18 (64.3) 12(38.7)
Laparoscopic 28 (47.5) 10 (35.7) 18 (58.1)
Converted laparoscopy 1(1.7) 0(0.0) 1(3.2)
Approach_cat 0.086
Open/converted laparoscopy 31(52.5) 18 (64.3) 13 (41.9)
Laparoscopic 28 (47.5) 10 (35.7) 18 (58.1)
Type of surgery 0.790
Single limited resection 20 (33.9) 9(32.1) 11 (35.5)
Multiple limited resection 17 (28.8) 7 (25.0) 10(32.3)
Bisegmentectomy 11(18.6) 6(21.4) 5(16.1)
Segmentectomy 5(8.5) 2(7.1) 3(9.7)
Right hemihepatectomy 2(3.4) 2(7.1) 0(0.0)
Left hemihepatectomy 3(5.1) 1(3.6) 2(6.5)
Extended right hepatectomy 1(1.7) 1(3.6) 0(0.0)
Resection type_cat 0.401
Limited 37 (62.7) 16 (57.1) 21(67.7)
Anatomic 22(37.3) 12 (42.9) 10(32.3)
Blood loss (mL) <0.001*
Mean + SD 269.5 +159.7 345.5+169.2 2008+ 115.4
Median (IQR) 250.0 (175.0-325.0) 287.5 (250.0-362.5) 175.0 (100.0-250.0)

Values are presented as number (%).

3D, three-dimensional; SD, standard deviation; IQR, interquartile range.
“Fisher’s exact test; Pearson’s chi-squared test.

*Statistically significant difference (p < 0.05).

Overall survival and disease-free survival

No significant differences were observed between group A
(without the 3D model) and group B (with the 3D model) re-
garding OS or DFS at one and two years. Kaplan-Meier surviv-
al curves are presented in Fig. 3.

Overall survival

At 1-year, univariate analysis indicated that bilobar tumor in-
volvement and higher intraoperative blood loss were associated
with reduced OS; however, a multivariable analysis could not
be conducted due to the low number of events (n = 4).

At 2 years, R1/R2 resection, bilobar involvement, and blood
loss were associated with worse OS in the univariate analysis.
In the multivariable model, R1/R2 resection and intraopera-
tive blood loss remained independent predictors of decreased
2-year survival.

Disease-free survival

At 1-year, univariate analysis indicated that R1/R2 resection,
higher TBS, and increased intraoperative blood loss were as-
sociated with reduced DFS. In the multivariable model, R1/
R2 resection remained the strongest independent predictor of

early recurrence, while intraoperative blood loss also retained
statistical significance.

At two years, univariate analysis identified R1/R2 resection,
higher TBS, and intraoperative blood loss as predictors of re-
currence. In multivariable analysis, higher BMI was associated
with a lower risk of recurrence, and preoperative use of 3D
models was independently linked to improved two-year DFS.
Additionally, postoperative diagnosis influenced outcomes,
with HCC and other tumor types showing a lower recurrence
risk compared to colorectal metastases. R1/R2 resection con-
tinued to be strongly associated with worse two-year DFS.

TBS was not included in multivariable models due to its in-
ability to be calculated for four patients-one with pCCA and
three with gallbladder carcinomas-resulting in over 5% miss-
ing data. Consequently, TBS was analyzed only in univariate
models. Table 5 summarizes the univariate and multivariable
analyses for overall and DFS at one and two years.

DISCUSSION

This retrospective study offers a comprehensive assessment
of the role of 3D hepatic models in patients undergoing hepa-

www.ahbps.org
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Table 3. Pathological findings

3D model
Overall (N = 59) p-value”
No (N = 28) Yes (N=31)
Steatosis on histopathology 0.577
None (< 5%) 26 (53.1) 12 (46.2) 14 (60.9)
Mild (5%-33%) 16 (32.7) 10(38.5) 6(26.1)
Moderate (34%-66%) 7(14.3) 4(15.4) 3(13.0)
Severe (> 66%) 0(0.0) 0(0.0) 0(0.0)
Not available 10 2 8
Steatosis on histopathology_cat >0.999
None/mild 42 (85.7) 22 (84.6) 20 (87.0)
Moderate/severe 7(14.3) 4(15.4) 3(13.0)
Not available 10 2 8
Margin (mm) 0.698
Mean + SD 6.2+9.6 7.7 +£12.1 49+6.5
Median (IQR) 2.3(0.9-6.0) 2.7 (1.1-6.9) 2.0 (0.4-5.7)
Margin state 0.865
RO 47 (79.7) 23(82.1) 24 (77.4)
R1 10(16.9) 4(14.3) 6(19.4)
R2 2(3.4) 1(3.6) 1(3.2)
RO 0.653
RO 47 (79.7) 23(82.1) 24 (77.4)
R1/R2 12(20.3) 5(17.9) 7 (22.6)
Postoperative diagnosis 0.218
CRC metastasis 34 (57.6) 17 (60.7) 17 (54.8)
HCC 12(20.3) 4(14.3) 8(25.8)
iCCA 6(10.2) 3(10.7) 3(9.7)
Gallbladder carcinoma 3(5.1) 3(10.7) 0(0.0)
Metastasis GIST 2(3.4) 0(0.0) 2(6.5)
pCCA 1(1.7) 1(3.6) 0(0.0)
Metastasis NET 1(1.7) 0(0.0) 1(3.2)
Postoperative diagnosis_cat 0.532
CRC metastasis 34 (57.6) 17 (60.7) 17 (54.8)
HCC 12(20.3) 4(14.3) 8(25.8)
Others tumors 13 (22.0) 7 (25.0) 6(19.4)

Values are presented as number only or number (%).

3D, three-dimensional; SD, standard deviation; IQR, interquartile range; CRC, colorectal cancer metastasis; HCC, hepatocellular carcinoma; iCCA, intrahe-
patic colangiocarcinoma; GIST, intestinal gastrointestinal stromal tumor; pCCA, perihiliar colangiocarcinoma; NET, neuroendocrine tumor.

“Fisher’s exact test; Wilcoxon rank sum test; Pearson’s chi-squared test.

Table 4. Multivariate model for RO resection

Univariate Multivariate (adjusted)
N Event N OR 95% ClI p-value OR 95% Cl p-value
3D-model 24 0.75 0.20, 2.67 0.653 0.19 0.01, 1.40 0.141
Bilobar 8 0.29 0.07,1.18 0.076 0.05 0.00, 0.76 0.039*
ALBI 59 47 0.18 0.03,0.84 0.041* 0.06 0.00, 0.46 0.029*

3D, three-dimensional; OR, odds ratio; Cl, confidence interval; ALBI, albumin-bilirubin score.
*Statistically significant difference (p < 0.05).
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three-dimensional; NA, not available; Cl, confidence interval.

tectomy for malignant disease. It focuses not only on oncologic
outcomes but also on feasibility, perioperative behavior, and
pathological characteristics. Our findings indicate that while
3D models did not improve RO resection rates, their use was
independently associated with enhanced 2-year DFS. This con-
tribution is significant, as most published reports emphasize
the technical advantages of 3D modeling-such as improved
anatomical understanding, operative planning, and communi-
cation within surgical teams-rather than its long-term onco-
logic implications [1-10]. Notably, unlike many studies that rely
solely on digital reconstructions, our workflow incorporated
both virtual and sterilizable printed 3D models. This approach
allowed surgeons to physically interact with patient-specif-
ic anatomy and use the printed model as an intraoperative
spatial reference. This dual-modality method may partially
explain the enhanced anatomical comprehension observed in
the 3D group. The implementation of 3D models was feasible
within our clinical workflow, with production times and costs
aligning with previously reported multicenter experiences
[6,8,9]. Baseline demographic and clinical characteristics were
balanced between the groups, which reduces the likelihood of

selection bias and strengthens the internal validity of the com-
parative analyses.

Perioperatively, patients in the 3D group experienced signifi-
cantly lower intraoperative blood loss. This finding aligns with
recent meta-analyses that demonstrate improved anatomical
precision and reduced surgical complexity when using 3D
planning [21-23]. These results support the safety and potential
operational advantages of integrating 3D modeling into pre-
operative planning, without changing surgical indications or
increasing procedural aggressiveness.

Pathological findings showed no significant differences be-
tween groups regarding steatosis, tumor type, lesion distribu-
tion, or resection margin width. The predominance of CRLM
in our cohort aligns with contemporary case-mix patterns and
is consistent with the literature, where CRLM is the most com-
mon indication for oncologic liver resection, accounting for up
to 64% of hepatic resections [24,25].

The lack of differences in RO resection rates between groups
aligns with previous reports indicating that margin negativity
is primarily influenced by IOUS, tumor biology, and anatomic
complexity, rather than solely by preoperative planning tools
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Table 5. Univariate and multivariate Cox proportional hazards regression to identify factors associated with overall and disease-free survival at one and

two years
Univariate Multivariate (ajusted)
N Event N HR 95% Cl p-value HR 95% Cl p-value
One-year OS
Bilobar 3 121 1.25,116 0.031*
Blood loss 59 4 1.01 1.00, 1.01 0.018*
Two-year OS
Bilobar 5 3.57 1.09,11.7 0.036*
Blood loss 59 1 1 1.00, 1.01 <0.001* 1 1.00, 1.01 0.012*
R1/R2 6 6.6 2.00,21.7 0.002* 8.61 1.73,43.0 0.009*
One-year DFS
Blood loss 59 27 1 1.00, 1.01 0.004* 1 1.00, 1.01 0.009*
TBS 55 26 1.19 1.04,1.37 0.014*
R1/R2 10 5.59 251,125 <0.001* 6.05 2.60, 14.1 <0.001*
Two-year DFS
BMI 59 41 0.95 0.88, 1.02 0.134 0.88 0.81,0.96 0.003*
3D-model 20 0.75 0.40, 1.38 0.35 0.47 0.24,0.92 0.028*
Bilobar 10 1.63 0.80, 3.34 0.179
Blood loss 59 41 1 1.00, 1.01 0.009*
TBS 55 39 117 1.03,1.32 0.014*
HCC 8 0.62 0.28,1.36 0.233 0.37 0.16,0.89 0.026*
Others tumors 6 0.44 0.18,1.08 0.074 0.23 0.08, 0.68 0.007*
R1/R2 10 3.21 1.55,6.62 0.002*% 3.78 1.66, 8.59 0.002*

OS, overall survival; HR, hazard ratio; Cl, confidence interval; DFS, disease-free survival; TBS, tumor burden score; BMI, body mass index; 3D, three-dimen-

sional; HCC, hepatocellular carcinoma.
*Statistically significant difference (p < 0.05).

[10,11,26-30].

Our findings suggest that anatomical factors, such as bilo-
bar tumor distribution, and functional parameters, such as
the ALBI score, are the primary determinants of achieving RO
resection in this cohort. In contrast, technical or demographic
variables, including the use of 3D modeling, were not inde-
pendently predictive.

In our multivariable analysis, bilobar tumor distribution and
impaired hepatic function (indicated by a higher ALBI score)
were identified as the strongest predictors of positive margins.
This finding supports existing evidence that links these fac-
tors to restricted parenchymal reserve and a limited ability to
achieve wide margins [20,31-33].

The role of the TBS deserves specific attention. Although
TBS could not be integrated into multivariable models due
to missing data in cases of pCCA and gallbladder carcino-
ma, it showed a significant association with recurrence in
univariate analyses. This finding aligns with its established
prognostic utility as a comprehensive measure of tumor size
and number across hepatobiliary malignancies [19]. Its exclu-
sion from the multivariable model indicates a methodological
limitation rather than a lack of biological relevance. In larger
datasets, TBS would likely continue to be a strong predictor

https://doi.org/10.14701/ahbps.25-250

of recurrence. Another notable finding is the inverse asso-
ciation between BMI and recurrence risk, which reflects the
so-called “obesity paradox.” Previous studies in general and
hepatobiliary surgery have demonstrated that overweight or
obese patients may experience postoperative and oncological
outcomes that are equal to or even better than those of their
normal-weight counterparts, despite their theoretical burden
of comorbidities [34-36]. Guo et al. (2015) [36] specifically
analyzed patients undergoing curative hepatectomy for HCC
and found no significant differences in DFS at 1, 3, or 5 years
between obese and non-obese patients. However, this effect
should be interpreted cautiously.

The principal contribution of this study is that 3D modeling
is independently associated with improved two-year DFS. The
lack of statistical significance in the univariate analysis does
not rule out an independent association in multivariable mod-
els, as adjusting for relevant confounders-such as tumor type,
resection margin status, BMI, and intraoperative blood loss—
may uncover effects that are obscured in unadjusted analyses.
While unmeasured confounding and temporal effects cannot
be completely ruled out, existing literature, despite its hetero-
geneity, supports the idea that 3D planning facilitates more
accurate resections and enhances parenchymal-sparing strate-
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gies, particularly in complex anatomical situations [10,11,27,37-
39].

Although unmeasured confounding and temporal effects
cannot be entirely ruled out, our findings indicate that the
advantages of 3D modeling are more evident in medium-term
oncological control than in immediate operative metrics like
RO rates. These results advocate for the use of 3D liver mod-
eling as a tool to enhance oncological planning, particularly
in anatomically complex cases where adequate parenchymal
preservation is crucial. The observed reduction in recurrence
points to its potential role in improving long-term outcomes
beyond just technical execution. Integrating 3D models into
standard preoperative workflows may be particularly beneficial
for patients with bilobar or multifocal disease.

Tumor type was a significant determinant of recurrence,
with HCC and other tumors showing a lower recurrence risk
than CRLM. This finding aligns with existing evidence; con-
temporary studies report two-year recurrence rates exceeding
75% after the resection of CRLM, reflecting the systemic na-
ture of colorectal cancer. In contrast, two-year recurrence rates
after curative resection for HCC range from approximately
47% to 60%, even in patients with early-stage disease [40,41].
These differences in cumulative recurrence rates underscore
the importance of tumor type as a key factor influencing short-
term DEFS after liver resection.

This study has inherent limitations due to its retrospective
design. Notably, the before-after study design carries a signifi-
cant risk of temporal bias, particularly following the mid-study
introduction of 3D modeling. Factors such as improvements
in surgical expertise, perioperative management, patient selec-
tion, and the increasing use of minimally invasive techniques
may have independently influenced oncologic outcomes,
separate from the effects of 3D planning. While baseline de-
mographic and clinical characteristics were similar between
groups for the measured variables, unmeasured changes in
clinical practice and learning-curve effects cannot be ruled
out. Additionally, although the use of 3D models was linked to
improved two-year DFES, there was no corresponding increase
in RO resection rates, which limits causal interpretation. This
suggests that the observed association may be due to indirect
effects or residual confounding rather than a direct oncologic
benefit of 3D planning. The inclusion of biologically diverse
primary and metastatic liver tumors, which have distinct re-
currence patterns, also poses a significant limitation that may
impact the interpretation of survival analyses. Furthermore,
the inability to include TBS-a well-established prognostic fac-
tor-in multivariable models due to missing data may have led
to residual confounding, particularly in analyses of DFS. Final-
ly, the relatively small sample size and the limited number of
survival events, especially regarding OS, may have diminished
statistical power and model stability. Therefore, the findings
should be interpreted with caution and viewed as hypothe-
sis-generating, necessitating validation in prospective, ideally

randomized, studies.
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