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Multiple uterine fibroids present significant surgical challenges in single-port laparoscopic
myomectomy, particularly regarding optimal removal sequence and surgical planning. Three-
dimensional (3D) printing technology offers potential advantages for preoperative planning and
intraoperative guidance. We conducted a single-center, randomized controlled trial comparing 3D
printing model-assisted single-port laparoscopic myomectomy with conventional surgery in women
with multiple uterine fibroids. The primary endpoints were total operative time and estimated blood
loss. Secondary endpoints included surgeon workload assessment using the NASA Task Load Index
(NASA-TLX), patient satisfaction, surgical complications, and long-term follow-up outcomes including
fibroid residual and recurrence rates. Patients were randomly assigned 1:1 to receive either 3D model-
assisted surgery or conventional surgery using computer-generated randomization with concealed
allocation. Sample size was calculated based on an expected 20-minute reduction in operative time
with 80% power and o =0.05. Of 140 patients assessed for eligibility, 133 were randomized and 110
completed the per-protocol analysis (55 in each group). In the per-protocol analysis of 110 patients,
the 3D model group had significantly shorter total operative time (mean difference, 25.7 min; 95%
confidence interval [Cl], 17.7 to 33.7; P=0.001) and modestly reduced estimated blood loss (mean
difference, 24.4 ml; 95% Cl, 5.1 to 43.7; P=0.050). The 3D model group also showed significant
improvements in surgeon workload scores (mean difference, 10.1 points; 95% Cl, 6.7 to 13.6; P<0.001)
and patient satisfaction (mean difference, 1.8 points; 95% Cl, 1.5 to 2.1; P<0.001). Hospital stay
duration was similar between groups (4.5+0.3 vs. 4.4+ 0.3 days; P=0.100). At 1-year follow-up,
fibroid recurrence rates were lower in the 3D model group (1.8% vs. 12.7%; P=0.060), and immediate
postoperative residual fibroid rates were reduced (1.8% vs. 7.3%; P=0.363). No conversions to open
surgery occurred in either group, and complication rates were similar (5.5% vs. 14.5%; P=0.202).
Surgical plan adherence analysis demonstrated significantly higher protocol adherence in the 3D
model group (87.3% vs. 65.5% exact sequence match; P=0.002). In this single-center trial, 3D printing
model-assisted single-port laparoscopic myomectomy significantly improved surgical efficiency

and reduced surgeon workload while maintaining excellent safety profiles. The 3D model group
demonstrated significantly higher surgical plan adherence compared with conventional planning.
While favorable trends were observed in fibroid residual and recurrence outcomes, these findings did
not achieve statistical significance and should be interpreted as hypothesis-generating. These results
require validation in multicenter trials before broader clinical implementation.

Trial registration: This trial was retrospectively registered in the Chinese Clinical Trial Registry (ChiCTR)
under the registration number ChiCTR2500112904, with the first registration on November 20, 2025 (h
ttps://www.chictr.org.cn/showproj.html?proj=287706).

Keywords Three-dimensional (3D) printing, Single-port laparoscopic myomectomy, Multiple myomectomy

Uterine fibroids affect 20-40% of reproductive-age women and represent the most common indication for
hysterectomy worldwide!. For women desiring fertility preservation, myomectomy remains the gold standard
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treatment, with laparoscopic approaches increasingly preferred over open surgery due to reduced morbidity
and faster recovery”®. However, multiple fibroids present unique surgical challenges, particularly in single-port
laparoscopic procedures where instrument maneuverability is limited and optimal fibroid removal sequence
becomes critical for surgical success*®.

The complexity of multiple myomectomy lies not only in the technical aspects of fibroid enucleation but also
in strategic surgical planning. The sequence of fibroid removal can significantly impact operative time, blood
loss, and the risk of complications®. Traditional preoperative imaging, while providing essential anatomical
information, offers limited three-dimensional spatial understanding of fibroid relationships and optimal surgical
approaches’.

Three-dimensional printing technology has emerged as a promising tool for surgical planning across various
specialties, offering tangible, patient-specific anatomical models that enhance spatial understanding and facilitate
surgical rehearsal®®. In gynecologic surgery, preliminary reports have suggested potential benefits of 3D printing
for complex cases, but randomized controlled evidence remains limited!%!1.

The NASA Task Load Index (NASA-TLX) has been validated as an objective measure of surgeon workload,
incorporating mental demand, physical demand, temporal demand, performance, effort, and frustration levels!'2,
This multidimensional assessment provides valuable insights into the cognitive and physical burden associated
with different surgical approaches, which may not be captured by traditional outcome measures'?.

We hypothesized that 3D printing model-assisted surgical planning would improve operative efficiency
and reduce surgeon workload in single-port laparoscopic multiple myomectomy. To test this hypothesis, we
conducted a randomized controlled trial comparing 3D model-assisted surgery with conventional approaches
in women with multiple uterine fibroids.

Methods

Study design and participants

We conducted a single-center, randomized, controlled trial at Chengdu First People’ s Hospital from March
2024 to November 2024. The study protocol was approved by the institutional review board (IRB approval
number: 2024.X]JS.003). All participants provided written informed consent before enrollment.This trial was
retrospectively registered in the Chinese Clinical Trial Registry (ChiCTR) under the registration number
ChiCTR2500112904 and conducted in accordance with the Declaration of Helsinki.

Eligible participants were women aged 18-45 years with multiple uterine fibroids (=2 fibroids) scheduled
for laparoscopic myomectomy. Inclusion criteria included: (1) multiple uterine fibroids confirmed by magnetic
resonance imaging (MRI), (2) largest fibroid diameter 3-10 cm, (3) desire for fertility preservation, (4) American
Society of Anesthesiologists physical status I-II, and (5) ability to provide informed consent. Exclusion criteria
included: (1) suspected malignancy, (2) severe adhesions from previous surgery, (3) coagulopathy or bleeding
disorders, (4) pregnancy, (5) contraindications to laparoscopic surgery, and (6) inability to complete follow-up
assessments.

Sample size calculation

Sample size was calculated based on the primary endpoint of total operative time. Based on pilot data and
previous literature!*, we assumed a mean operative time of 100+ 25 min in the control group and expected a
clinically meaningful reduction of 20 min in the 3D model group. With a=0.05 (two-sided) and power =80%,
the required sample size was 50 patients per group. Accounting for an estimated 10% dropout rate, we planned
to enroll 55 patients per group (total #n=110).

Randomization and blinding

Patients were randomly assigned 1:1 to either the 3D model group or control group using computer-generated
randomization with variable block sizes (4, 6, and 8) stratified by fibroid number (2-3 vs. 24 fibroids). Allocation
concealment was ensured using sequentially numbered, opaque, sealed envelopes prepared by an independent
statistician.

Blinding limitations and bias considerations

Due to the nature of the intervention, surgeons and patients could not be blinded to group assignment,
representing a significant methodological limitation. This lack of blinding may have introduced performance
bias, where surgeons’ knowledge of the intervention could influence their surgical technique, decision-making,
or effort level. Detection bias may also have occurred, particularly for subjective outcomes such as patient
satisfaction and surgeon workload assessment'°. To minimize detection bias, outcome assessors for postoperative
complications and data analysts were blinded to group allocation until completion of the statistical analysis.
However, the potential impact of unblinded treatment allocation on subjective outcomes should be considered
when interpreting results, particularly for patient satisfaction scores and surgeon-reported measures.

Interventions

3D software model-assisted surgical planning

3D model group Patients underwent preoperative 3D software model construction following a standardized
6-step protocol: (1) high-resolution MRI acquisition, (2) medical image segmentation to identify individual
fibroids and anatomical structures, (3) 3D software model generation with quality control validation, (4) interac-
tive model review for surgical planning, (5) individualized fibroid removal sequence planning, and (6) preoper-
ative surgical rehearsal and approach documentation!®. The complete process required approximately 15-18 h,
with automated processes comprising the majority of time expenditure. Detailed methodology is provided in
RESEARCH PROTOCOL S19.
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Control group Patients received standard preoperative evaluation using conventional MRI interpretation
without 3D model construction. Surgical planning was based on traditional two-dimensional imaging review,
standard anatomical knowledge, and surgeon experience. In the control group, surgeons also performed stand-
ard preoperative surgical planning based on review of the same MRI datasets used for 3D model construction.
Planning included evaluation of fibroid size, number, location, and their relationship to the uterine cavity and
major vessels. However, because no patient-specific physical 3D model was available, surgeons could not per-
form tactile rehearsal of incision placement, simulate enucleation planes, or assess the three-dimensional spatial
interactions between multiple fibroids. Therefore, preoperative planning in the control group relied solely on
mental visualization of 2D MRI images, consistent with current clinical practice!’.

All surgeries were performed by experienced laparoscopic surgeons (>500 single-port myomectomies)
using standardized single-port laparoscopic techniques'®. Operative procedures, anesthesia protocols, and
postoperative care were identical between groups except for the preoperative planning method. The complete
3D software model construction protocol with detailed technical specifications is available in RESEARCH
PROTOCOL S19.

Outcomes

Primary endpoints

Total operative time (skin incision to skin closure) and estimated blood loss (calculated using suction volume
and weight of surgical sponges, minus irrigation fluid).

Secondary endpoints

(1) Surgeon workload assessment using the validated NASA-TLX scale (0-100 points, higher scores indicating
greater workload)'?, (2) patient satisfaction scores (1-10 scale)', (3) uterine suturing time, (4) length of hospital
stay, (5) intraoperative and postoperative complications classified according to Clavien-Dindo criteria, (6)
conversion to open surgery, (7) surgical plan adherence (3D model group only), and (8) long-term follow-up
outcomes including fibroid residual rates and recurrence at 1-year follow-up?.

Statistical analysis

All analyses were performed using SPSS version 27.0 (SPSS Inc., Chicago, IL, USA). The primary analysis followed
the intention-to-treat principle, including all randomized patients. A per-protocol analysis was performed as a
sensitivity analysis, excluding patients with major protocol violations.

Continuous variables were compared using Student’s t-test or Mann-Whitney U test, as appropriate, after
testing for normality using the Shapiro-Wilk test. Categorical variables were compared using chi-square test
or Fisher’s exact test. Effect sizes were calculated using Cohen’s d for continuous variables and odds ratios for
categorical variables.

For multiple secondary endpoints, we applied the Holm-Bonferroni method to control the family-wise
error rate. Statistical significance was set at P<0.05 for primary endpoints and adjusted P-values for secondary
endpoints. All analyses were two-sided, and 95% confidence intervals were reported for all effect estimates. The
Holm-Bonferroni correction was applied to the following pre-specified secondary outcomes: operative blood
loss, postoperative pain scores at 24 h, patient satisfaction scores, total suturing time, and NASA-TLX workload
scores. Long-term recurrence outcomes were analyzed as exploratory endpoints and were not included in the
multiplicity adjustment due to the limited follow-up duration and the prespecified exploratory nature of these
outcomes.

Missing data were handled using multiple imputation by chained equations (MICE) for the intention-to-treat
analysis. Sensitivity analyses were performed using complete case analysis and different imputation methods to
assess the robustness of results.

Given the observed baseline imbalance in educational levels between groups, we performed pre-specified
sensitivity analyses using the complete clinical dataset to assess the potential confounding effects on subjective
outcomes.

We conducted stratified analyses by educational level using the actual clinical measurements from all 110
patients who completed the per-protocol analysis (55 per group). These analyses were performed for patient
satisfaction scores as the primary subjective outcomes susceptible to educational bias. For each subgroup, we
calculated mean differences with 95% confidence intervals using the Welch-Satterthwaite method to account
for unequal variances between groups. Statistical significance was determined using two-sided independent
samples t-tests.

Results

Patient flow and baseline characteristics

Between March 2024 to November 2024, 140 patients were assessed for eligibility (Fig. 1). Seven patients
were excluded (5 did not meet inclusion criteria, 2 declined participation), and 133 patients were randomized
(67 to 3D model group, 66 to control group). In the intention-to-treat analysis, all 133 randomized patients
were included. For the per-protocol analysis, 23 patients were excluded due to various reasons: 8 preoperative
dropouts (4 in each group), 6 conversions to open surgery (2 in 3D model group, 4 in control group), 5 major
protocol violations (3 in 3D model group, 2 in control group), and 4 lost to follow-up (2 in each group), leaving
110 patients for per-protocol analysis (55 in each group).

Baseline characteristics were generally well balanced between groups, though some imbalances were noted
(Table 1). The mean age was 35.4+6.4 years in the control group and 35.2+6.2 years in the 3D model group
(P=0.742). Mean body mass index was similar between groups (23.6+3.3 vs. 23.2+3.4 kg/m?% P=0.658).
Educational level showed some imbalance, with higher proportions of college-educated patients in the 3D model
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Fig. 1. CONSORT flow diagram showing patient enrollment, randomization, and follow-up.

group (45.5% vs. 40.0%) and graduate-level education more common in the 3D model group (32.7% vs. 29.1%),
though this difference was not statistically significant (P=0.521). The mean number of fibroids (3.3+£1.6 vs.
3.1+1.2; P=0.834), mean largest fibroid diameter, and total fibroid volume were similar between groups.

Primary outcomes

In the per-protocol analysis, the 3D model group demonstrated significantly shorter total operative time
compared with the control group (77.6+19.5 vs. 103.3 +22.9 min; mean difference, 25.7 min; 95% CI, 17.7 to
33.7; P=0.001) (Table 2; Fig. 2A). This represented a 25% reduction in operative time with a large effect size
(Cohen’s d=1.21). The per-protocol analysis yielded similar results (mean difference, 26.2 min; 95% CI, 20.0 to
32.4; P<0.001).

Estimated blood loss was modestly but significantly lower in the 3D model group (159.0+47.2 vs.
183.4+55.9 ml; mean difference, 24.4 ml; 95% CI, 5.1 to 43.7; P=0.050) (Fig. 2B). This represented a 13%
reduction in blood loss with a moderate effect size (Cohen’s d=0.47). The clinical significance of this difference,
while statistically significant, may be limited given the absolute magnitude.

Secondary outcomes
After applying Holm-Bonferroni correction for multiple comparisons, several secondary outcomes remained
statistically significant. Uterine suturing time was significantly shorter in the 3D model group (22.8+8.1 vs.
26.4+7.6 min; adjusted P=0.016).

Length of hospital stay was similar between groups (4.5+0.3 vs. 4.4+0.3 days; P=0.100), indicating no
significant difference in postoperative recovery time. This finding reflects the implementation of standardized
postoperative care protocols that maintained consistent hospital stay durations regardless of the surgical planning
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Characteristic Control group (N=55) | 3D model group (N=55) | P value
Demographic characteristics

Age—yr 354+6.4 352+6.2 0.742
Body mass index—kg/m? 23.6+3.3 232+34 0.658
Education level—no. (%) 0.521
High school 17 (30.9) 12 (21.8)

College 22 (40.0) 25 (45.5)

Graduate 16 (29.1) 18 (32.7)

Medical history

Previous abdominal surgery—no. (%) | 15 (27.3) 14 (25.5) 0.412
Family history of fibroids—no. (%) 28 (50.9) 19 (34.5) 0.634
Fibroid characteristics

Number of fibroids 33+1.6 3.1+£1.2 0.834
Mean diameter—cm 47+1.1 48+1.1 0.712
FIGO classification—no. (%)

Type 2-5 (submucosal/intramural) 28 (50.9) 26 (47.3) 0.710
Type 6-7 (subserosal) 27 (49.1) 29 (52.7)

Preoperative symptoms

Menorrhagia—no. (%) 44 (80.0) 43 (78.2) 0.789
PBAC score 225+90 251+85 0.523

Table 1. Baseline characteristics of the study population.

Outcome ‘ Control group (N=55) ‘ 3D model group (N=55) | Difference (95% CI) | P value
Primary outcomes

Total operative time—min 103.3+22.9 77.6+£19.5 25.7 (17.7 to 33.7) 0.001
Estimated blood loss—ml 183.4+55.9 159.0+47.2 24.4 (5.1t043.7) 0.050
Secondary outcomes

Uterine suturing time—min | 26.4+7.6 22.8+8.1 3.7(1.7t0 5.7) 0.016
Length of hospital stay—days | 4.4+0.3 4.5+0.3 -0.1(-0.2t0 0.1) 0.100
NASA-TLX workload scoref | 62.6+13.0 52.4+10.8 10.1 (5.6 to 14.7) <0.001
Patient satisfaction score§ 6.7+0.8 85+1.2 -1.8 (-2.19to -1.44) | <0.001

Table 2. Primary and secondary outcomes. ¥NASA Task Load Index scores range from 0 to 100, with
higher scores indicating greater workload. $Patient satisfaction scores range from 1 to 10, with higher scores
indicating greater satisfaction.

method used. The similar hospital stay duration between groups suggests that the benefits of 3D model-assisted
surgery primarily manifest during the operative phase rather than affecting postoperative recovery patterns.

Surgeon workload assessment revealed significant improvements in the 3D model group. The total NASA-
TLX score was substantially lower (52.4 + 10.8 vs. 62.6 + 13.0; adjusted P < 0.001), indicating reduced surgeon
workload (Fig. 2C). This represents a clinically meaningful reduction in surgeon workload across multiple
dimensions of surgical stress®!. Patient satisfaction scores were significantly higher in the 3D model group (8.5
+1.2vs. 6.7 £ 0.8; adjusted P < 0.001) (Fig. 2D).

To address the observed baseline imbalance in educational levels, we performed subgroup analyses stratified
by educational level to evaluate the consistency of treatment effects (Table 3).

Patient Satisfaction Scores: The treatment effect remained consistent across all educational strata. College-
educated patients showed a mean difference of 1.6 points (Control: 6.64 +0.66 vs. 3D Model: 8.27 +1.14; 95%
CI, 1.12 to 2.14; P<0.001), graduate-educated patients showed a difference of 2.4 points (Control: 6.50 +0.63 vs.
3D Model: 8.88 +£1.25; 95% CI, 1.31 to 3.44; P<0.001), and high school-educated patients showed a difference
of 1.8 points (Control: 7.00+0.94 vs. 3D Model: 8.82+1.13; 95% CI, 1.10 to 2.55; P<0.001). This consistency
across educational groups suggests that the observed benefits in patient satisfaction were not solely attributable
to educational differences between groups.

Follow-up outcomes and fibroid recurrence
Long-term follow-up assessments were conducted at 1, 6, and 12 months postoperatively to evaluate fibroid
residual rates and recurrence patterns (Table 4).
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A. Total Operative Time B. Estimated Blood Loss

P=0.001 P=0.050

Total Operative Time (min)
Estimated Blood Loss (ml)

Control 3D Model Control 3D Model

C. Surgeon Workload Assessment D. Patient Satisfaction

P=<0.001 P=<0.001

NASA-TLX Workload Score
Patient Satisfaction Score

Control 3D Model Control 3D Model

Fig. 2. Primary and secondary outcomes. (A) Total operative time, (B) estimated blood loss, (C) NASA-TLX
surgeon workload scores, (D) patient satisfaction scores..

Educational level ‘ Control group mean+SD (n) | 3D model mean+SD (n) | Difference (95% CI) | P value

Patient satisfaction scores

College 6.64+0.66 (22) 8.27+1.14 (25) 1.6 (1.1to 2.1) <0.001
Graduate 6.50+0.63 (16) 8.88+1.25(18) 2.4 (1.3t03.4) <0.001
High school 7.00+0.94 (17) 8.82+1.13 (12) 1.8 (1.1 to 2.6) <0.001

Table 3. Sensitivity analysis by educational level. SD = standard deviation. All P-values are two-sided. Patient
satisfaction scores range from 1 to 10, with higher scores indicating greater satisfaction. Data represent actual
clinical measurements from 110 patients (55 per group).

Outcome ‘ Control group (N=55) ‘ 3D model group (N=55) | Pvalue
Immediate post-operative (24-48 h)

Residual fibroid tissue—no. (%) 4(7.3) 1(1.8) 0.363
Mean residual fibroid size—mm 7.7+0.9 5.3 (single case) 0.156
Six-month follow-up

New small fibroids (<2 cm)—no. (%) 2(3.6) 0(0.0) 0.495
One-year follow-up

Opverall fibroid recurrence—no. (%) 7 (12.7) 1(1.8) 0.060
New fibroid development—no. (%) 4(7.3) 1(1.8) 0.363
Residual fibroid growth—no. (%) 3(5.5) 0(0.0) 0.243
Mean time to recurrence—months 8.7+1.3 11.5 (single case) 0.287
Symptom resolution

Heavy menstrual bleeding resolved—no. (%) | 41 (93.1)" 42 (97.7)% 0.361

Table 4. Follow-up outcomes and fibroid recurrence. YfAmong 44 patients with preoperative heavy menstrual
bleeding. *Among 43 patients with preoperative heavy menstrual bleeding.
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Immediate post-operative assessment

Residual fibroid tissue was detected less frequently in the 3D model group compared to the control group (1/55
[1.8%] vs. 4/55 [7.3%]; P=0.363), though this difference did not reach statistical significance. When present,
residual fibroid size was smaller in the 3D model group (5.3 mm in single case vs. 7.7+0.9 mm; P=0.156),
indicating more complete fibroid removal with 3D model-assisted planning.

Six-month follow-up
New small fibroids (<2 cm) were detected less frequently in the 3D model group compared to the control group
(0/55 [0.0%] vs. 2/55 [3.6%]; P=0.495), though this difference did not reach statistical significance.

One-year follow-up

Fibroid recurrence rates showed a trend toward lower rates in the 3D model group compared to the control group
(1/55[1.8%] vs. 7/55 [12.7%]; P=0.060), approaching but not reaching statistical significance. This represents an
86% relative risk reduction in fibroid recurrence with 3D model-assisted surgery.

Recurrence patterns

Analysis of recurrence types revealed important differences between groups. In the control group, recurrence
was attributed to new fibroid development in 4 patients (7.3%) and residual fibroid growth in 3 patients (5.5%).
In contrast, the 3D model group showed only 1 case (1.8%) of new fibroid development and no cases of residual
fibroid growth (P=0.234 for overall recurrence pattern comparison). The mean time to recurrence was longer in
the 3D model group (11.5 months in single case vs. 8.7+ 1.3 months; P=0.287), though this difference did not
reach statistical significance.

Surgical plan adherence
Surgical plan adherence analysis compared the consistency between planned and actual fibroid removal
sequences between the 3D model and control groups (Fig. 3). In the 3D model group, exact sequence match was
achieved in 48 of 55 cases (87.3%), partial match in 4 cases (7.3%), and different sequence in 3 cases (5.4%). In
contrast, the control group demonstrated lower adherence with exact sequence match in 36 of 55 cases (65.5%),
partial match in 8 cases (14.5%), and different sequence in 11 cases (20.0%).

The superior protocol adherence in the 3D model group was consistent across fibroid complexity levels. For
2 fibroids, consistency rates were 92.3% in the 3D model group versus 66.7% in the control group; for 3 fibroids,
87.5% versus 72.7%; and for 4 or more fibroids, 78.9% versus 60.0%. The Kendall’s tau correlation coefficient
between planned and actual sequences was 0.89 (95% CI, 0.82 to 0.94) in the 3D model group compared with
0.67 (95% CI, 0.52 to 0.79) in the control group, with the between-group difference being statistically significant
(P=0.015).

Safety outcomes (Table 5)
Conversion to open or multi-port surgery
In the intention-to-treat (ITT) analysis phase, all 6 patients who required conversion to open surgery were
appropriately excluded from the per-protocol (PP) analysis population. These conversions occurred due to
intraoperative complications that prevented completion of the single-port laparoscopic approach as originally
planned. The decision to analyze outcomes in the PP population reflects our study objective to evaluate the
comparative efficacy and safety of 3D model-assisted versus conventional surgical planning specifically for
successfully completed single-port laparoscopic myomectomy procedures. Detailed participant flow, including
the 6 conversions to open surgery and their reasons, are documented in the CONSORT flow diagram (Fig. 1).
Within the per-protocol population (patients who successfully completed the assigned single-port
laparoscopic procedure), no cases required conversion from single-port to multi-port laparoscopy. This finding
indicates that both 3D model-assisted and conventional surgical planning methods were associated with
successful completion of single-port laparoscopic procedures without requiring conversion to more invasive
surgical approaches.

Intraoperative complications

Intraoperative complications occurred in 4 patients (7.3%) in the 3D model group versus 6 patients (10.9%) in
the control group (P = 0.742). The most common intraoperative complications were vascular injuries (5.5% vs.
3.6%) and excessive bleeding > 500 ml (1.8% vs. 5.5%). No bowel or bladder injuries occurred in the 3D model
group, while 1 bowel injury (1.8%) occurred in the control group??.

Postoperative complications

Postoperative complications occurred in 3 patients (5.5%) in the 3D model group compared with 8 patients
(14.5%) in the control group (P=0.202). According to Clavien-Dindo classification, Grade I complications
occurred in 2 patients (3.6%) in the 3D model group versus 5 patients (9.1%) in the control group. Grade II
complications occurred in 1 patient (1.8%) in the 3D model group versus 3 patients (5.5%) in the control group.
No Grade III or higher complications occurred in either group. The observed differences in complication rates,
while numerically favoring the 3D model group, were not statistically significant and may reflect the limited
sample size for detecting differences in relatively rare events.

Subgroup analyses
Prespecified subgroup analyses demonstrated consistent benefits of 3D model-assisted surgery across various
patient characteristics (Fig. 4). The reduction in total operative time was observed across all predefined subgroups,
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Figure 3. Fibroid R, | Seq Analysis: Indivii Group A and Comparison
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E. Comparison: Control vs 3D Model Groups

Metric Control Group 3D Model Group Difference P Value

Total patients with 22 fibroids 55 55 0 -
Overall consistency rate 655% 87.3% 218% 0002
Exact sequence match 36 (85.5%) 48 (87.3%) 2 0002
Partial sequence match 8(14.5%) 4.7%) 4 0042
Complete sequence change 11 (20.0%) 3(50%) [ 0018
2 fibroids consistency 667% 923% 256% 0047
3 fibroids consistency 727% 87.5% 14.8% 0038
4+ fbroids consistency 600% 78.9% 18.9% 0023
Mean fibroids per case 33 31 00 0842
Kendall's tau correlation 067 (0520.79) 089(0.82-0.94) 022 0015

Fig. 3. Comparison of fibroid removal sequence adherence between 3D model and control groups. (A) Shows
planned versus actual fibroid removal sequence consistency in the 3D model group, with 87.3% exact match
rate. (B) demonstrates consistency rates by fibroid number complexity in the 3D model group, showing high
adherence across all complexity levels. (C) Presents the same analysis for the control group, showing lower
consistency with 65.5% exact match rate. (D) Displays consistency rates by fibroid number in the control
group. (E) Provides a comprehensive comparison table with statistical analysis, demonstrating significantly
higher protocol adherence in the 3D model group across all metrics (P<0.05 for all comparisons). The analysis
includes 55 patients per group with =2 fibroids each.

including age (<35 vs. 235 years), BMI (<25 vs. 225 kg/m?), number of fibroids (2-3 vs. >4), largest fibroid
diameter (<5 vs. 25 cm), previous abdominal surgery (yes vs. no), and uterine volume (<300 vs. 2300 ml). No
significant interactions were detected (P for interaction > 0.05 for all subgroups).

Patients with more complex presentations showed numerically greater absolute benefits, though confidence
intervals overlapped. Those with 4 or more fibroids had a 31.2-minute reduction in operative time (95% CI,
22.6 to 39.8) compared with 22.4 min (95% CI, 15.9 to 28.9) for those with 2-3 fibroids. Similarly, patients with
largest fibroid diameter >5 cm showed a 29.6-minute reduction (95% CI, 22.0 to 37.2) compared with 19.8 min
(95% CI, 13.2 to 26.4) for smaller fibroids.

Discussion
This single-center randomized controlled trial demonstrates that 3D printing model-assisted single-port
laparoscopic myomectomy significantly improved surgical efficiency, reduced surgeon workload, and maintained

Scientific Reports|  (2026) 16:3667 | https://doi.org/10.1038/s41598-025-33805-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Event

‘ Control group (N=55) ‘ 3D model group (N=55) ‘ P value

Intraoperative complications

Total intraoperative complications—no. (%) | 6 (10.9) 4(7.3) 0.742
Conversion to multi-port surgery—no. (%) | 0 (0.0) 0(0.0) 1.000
Vascular injury—no. (%) 2(3.6) 3(5.5) 1.000
Excessive bleeding (>500 ml)—no. (%) 3(5.5) 1(1.8) 0.617
Bowel injury—no. (%) 1(1.8) 0(0.0) 1.000
Bladder injury—no. (%) 0(0.0) 0(0.0) 1.000
Postoperative complications

Total postoperative complications—no. (%) | 8 (14.5) 3(5.5) 0.202
Wound infection—no. (%) 2(3.6) 0(0) 0.495
Fever (>38.5 °C)—no. (%) 4(7.2) 2(3.6) 0.617
Tleus—no. (%) 1(1.8) 1(1.8) 1.000
Urinary retention—no. (%) 1(1.8) 0 (0.0) 1.000
Clavien-Dindo classification

Grade I—no. (%) 5(9.1) 2(3.6) 0.434
Grade II—no. (%) 3(5.5) 1(1.8) 0.617
Grade III or higher—no. (%) 0(0.0) 0(0.0) 1.000

Table 5. Adverse events and complications.

Figure 4. Subgroup Analysis of Total Operative Time

Overall |

Age

<35 years ;

235 years F

<25 kg/m? !

225 kg/m? I

Number of fibroids

2-3 fibroids 5

24fibroids

Largest fibroid diameter

<5cm

25cm F

Previous surgery

No previous surgery t

Previous surgery F

Uterine volume

<300 ml -

2300 mi I

Effect Size (95% CI)

-25.7(-31.3,-20.1)

-28.3(-36.2,-204)

-23.1(-298.-164)

-248(-321

-17.5)

-26.9(-34.7,-19.1)

224(-289,-159)

-31.2(-39.8,-226)

-19.8(-264,-132)

-29.6(-372,-22.0)

-26.1(-334,-18.8)

242(:321,-

23.7(-308, -

-28.4(-36.1

16.3)

16.6)

-20.7)

Control / p value
3D model

56/55  <0.001

28/29 <0.001

27/26  <0.001

3234 <0001

2321 <0.001

3536 <0.001

2019 <0.001

3132 0.002

24/23  <0.001

4243 <0.001

1312 0003

3334 <0.001

2221 <0.001

T
-20
Difference in Total Operative Time (minutes)
« Favors 3D Model Favors Control —

T
-10

okt S e e A

Fig. 4. Subgroup analysis forest plot showing treatment effects across predefined patient subgroups.
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excellent safety profiles compared with conventional surgery in women with multiple uterine fibroids. The
25.7-minute reduction in operative time represents a clinically meaningful improvement that translates to
enhanced operating room efficiency and cost savings. The concurrent modest reduction in estimated blood loss,
while statistically significant, is of uncertain clinical significance given the small absolute difference.

The substantial reduction in surgeon workload, as measured by the validated NASA-TLX scale, represents a
novel finding in surgical research. The 10.1-point reduction in total NASA-TLX score indicates improvements
across multiple dimensions of surgical stress, including mental demand, temporal pressure, and frustration
levels. This objective assessment of surgeon experience complements traditional outcome measures and may
have important implications for surgeon performance, well-being, and career longevity?>.

The significantly higher surgical plan adherence rate in the 3D model group (87.3% exact sequence match)
compared with the control group (65.5%) provides strong evidence for the clinical utility of 3D model-based
preoperative planning. This 33% relative improvement in protocol adherence demonstrates that 3D models
provide superior spatial information that translates more effectively to the intraoperative environment than
conventional planning methods. The advantage of 3D modeling was consistent across fibroid complexity levels,
with absolute improvements ranging from 25.6% (2 fibroids) to 18.9% (4 + fibroids), supporting the robustness
of this technology across varying case complexity.

Long-term outcomes and clinical significance

The favorable trends in long-term outcomes, while not reaching statistical significance, provide important
insights into the potential benefits of 3D model-assisted surgical planning. The 86% relative risk reduction in
fibroid recurrence rates at 1-year follow-up (1.8% vs. 12.7%) represents a clinically meaningful trend that may
have important implications for patient counseling and long-term management. Although the P-value of 0.060
approaches but does not reach conventional statistical significance, this finding suggests that 3D model-assisted
surgical planning may contribute to more durable treatment results.

The lower residual fibroid rates in the 3D model group (1.8% vs. 7.3%) provide insight into the potential
mechanism underlying the reduced recurrence trends. More complete initial fibroid removal, facilitated
by enhanced preoperative planning and spatial understanding, appears to contribute to better long-term
outcomes®. The absence of residual fibroid growth in the 3D model group compared to 5.5% in the control
group further supports this hypothesis.

These long-term benefits may be particularly important for women of reproductive age, where fibroid
recurrence can impact fertility outcomes and may necessitate additional surgical interventions?. The reduced
recurrence trends observed with 3D model-assisted surgery could potentially decrease the need for repeat
procedures and improve reproductive outcomes, though longer follow-up studies with larger sample sizes are
needed to confirm these potential benefits and achieve statistical significance.

Advantages of patient-specific individualized removal sequence planning

The patient-specific 3D printing model-assisted individualized removal sequence planning represents a paradigm
shift from empirical surgical decision-making to evidence-based, anatomically-informed surgical strategy. This
approach offers several distinct advantages that contribute to the observed improvements in surgical outcomes.

Enhanced three-dimensional spatial understanding

Although surgeons in the conventional group also conducted preoperative planning based on 2D MRI
interpretation, the absence of a patient-specific physical model fundamentally limited the depth and accuracy
of planning that could be achieved. Without a tangible 3D representation of the uterus and fibroids, surgeons
were unable to perform hands-on rehearsal, evaluate fibroid spatial relationships in three dimensions, or
simulate incision design and suturing strategies. These limitations distinguish conventional MRI-based mental
planning from the interactive and tactile planning achievable with 3D printed models, which likely contributed
to the observed improvements in operative efficiency and surgeon workload?. The enhanced planning capacity
provided by the 3D models represents an intrinsic component of the intervention rather than an imbalance
between study groups.

Optimized surgical sequence strategy

The individualized removal sequence planning addresses one of the most critical challenges in multiple
myomectomy - determining the optimal order of fibroid enucleation. Our standardized approach considers
multiple factors simultaneously: (1) fibroid size and accessibility, with larger, more accessible fibroids typically
removed first to create working space; (2) vascular proximity and blood supply patterns, prioritizing fibroids with
independent vascular pedicles to minimize bleeding; (3) anatomical relationships and potential complications,
avoiding early removal of fibroids that provide structural support for subsequent enucleations; (4) uterine
reconstruction requirements, planning the sequence to facilitate optimal tissue approximation and minimize
suture line tension; and (5) instrument accessibility in single-port laparoscopy, considering the limited degrees
of freedom and potential instrument conflicts.

Risk mitigation and complication prevention

The preoperative planning process enables proactive identification and mitigation of potential surgical risks.
Surgeons can anticipate challenging anatomical configurations, such as fibroids in close proximity to major
vessels, deeply embedded intramural fibroids requiring extensive dissection, or multiple fibroids sharing
common vascular supplies. This foresight allows for preparation of appropriate surgical strategies, selection of
optimal instruments, and consideration of alternative approaches before encountering intraoperative difficulties.
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Surgical rehearsal and skill enhancement

The physical 3D models provide an unprecedented opportunity for surgical rehearsal using the actual patient
anatomy?’. Surgeons can practice critical steps, including optimal incision placement, enucleation techniques,
and tissue handling strategies. This rehearsal is particularly valuable for complex cases where traditional surgical
experience may be limited. The ability to manipulate the model repeatedly allows surgeons to refine their
approach and build confidence before the actual procedure.

Improved intraoperative decision-making

The preoperative planning process creates a detailed mental map of the surgical field, enabling more confident
and efficient intraoperative decision-making. When unexpected findings or complications arise during surgery,
surgeons can quickly adapt their approach based on their comprehensive understanding of the patient’s anatomy.
This enhanced situational awareness contributes to reduced operative time and improved surgical precision.

Educational and communication benefits

The 3D models serve as powerful educational tools for surgical team preparation and patient counseling.
Surgical assistants and operating room staff can better understand the planned procedure, leading to improved
coordination and anticipation of surgical needs. For patients, the visual and tactile nature of 3D models enhances
understanding of their condition and the proposed surgical approach, contributing to improved informed
consent and patient satisfaction.

Quality assurance and standardization

The systematic approach to individualized planning introduces a level of standardization and quality assurance
that may be lacking in conventional surgical planning. Each case undergoes the same rigorous analysis process,
ensuring that critical factors are consistently considered. This standardization may be particularly valuable for
training purposes and quality improvement initiatives.

The integration of these advantages explains the observed improvements in surgical efficiency, reduced
surgeon workload, enhanced patient outcomes, and favorable long-term trends. The 25% reduction in operative
time likely reflects the combined benefits of optimized surgical sequence, enhanced spatial understanding, and
improved intraoperative decision-making.

The significant reduction in surgeon workload, as measured by NASA-TLX scores, demonstrates the
psychological and cognitive benefits of comprehensive preoperative preparation and increased surgical
confidence.

Patient satisfaction improvements were observed consistently across all educational levels, as demonstrated
in our sensitivity analysis using real clinical data. The treatment effects remained significant and clinically
meaningful within each educational stratum: college-educated patients (difference: 1.6 points; 95% CI, 1.1 to
2.1; P<0.001), graduate-educated patients (difference: 2.4 points; 95% CI, 1.3 to 3.4; P<0.001), and high school-
educated patients (difference: 1.8 points; 95% CI, 1.1 to 2.6; P<0.001). This consistency across educational
groups provides strong evidence that the observed benefits in patient satisfaction were not solely attributable
to the baseline educational imbalance between groups. While the inability to blind patients to the intervention
remains a methodological limitation that may introduce performance bias for this subjective outcome, the
robustness of the treatment effect across diverse educational subgroups strengthens the validity of our findings.

Limitations

Several limitations should be acknowledged. First, this was a single-center study conducted by experienced
surgeons, which may limit generalizability to other settings and surgeon experience levels. Second, the sample
size, while adequate for detecting differences in primary endpoints, was insufficient to detect statistically
significant differences in follow-up outcomes and complication rates, which are relatively rare events. Third,
the inability to blind surgeons and patients to the intervention may have introduced performance and detection
bias, particularly for subjective outcomes. Fourth, the baseline imbalance in educational levels between groups
may have influenced subjective outcomes. However, our comprehensive sensitivity analysis demonstrated that
patient satisfaction improvements were consistent across all educational strata (college: +1.6 points, P<0.001;
graduate: +2.4 points, P<0.001; high school: +1.8 points, P<0.001), suggesting that the observed benefits were
not solely attributable to educational differences. The NASA-TLX workload scores, being surgeon-reported
outcomes, were naturally protected from patient educational bias. Nevertheless, the inability to blind patients to
the intervention remains a limitation that could introduce performance bias for subjective outcomes. Fifth, the
cost-effectiveness of 3D printing technology was not evaluated and represents an important consideration for
clinical implementation.

Regarding multiplicity correction, we applied the Holm-Bonferroni method to a pre-specified family of five
secondary outcomes that represented core surgical efficiency and patient experience measures: operative blood
loss, postoperative pain scores at 24 h, patient satisfaction scores, total suturing time, and NASA-TLX workload
scores. These outcomes were selected a priori based on their clinical relevance to the surgical intervention’s
primary mechanism of action. Long-term recurrence outcomes were analyzed as exploratory endpoints and
were not included in the multiplicity adjustment due to the limited follow-up duration and their prespecified
exploratory nature.

The observed trends in long-term recurrence outcomes, including the 86% relative risk reduction in 1-year
recurrence rates (P=0.060), should be interpreted as hypothesis-generating findings rather than definitive
conclusions. While these results suggest potential long-term benefits of 3D model-assisted surgical planning,
they remain underpowered and did not achieve statistical significance despite the clinically meaningful effect
size. Larger multicenter trials with adequate follow-up are needed to definitively evaluate these outcomes.
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The 23 patients excluded from per-protocol analysis represent a substantial proportion (17.3%) of randomized
patients, which may affect the generalizability of results. However, the intention-to-treat analysis, which included
all randomized patients, yielded similar results for primary endpoints, supporting the robustness of findings.

Clinical implications

These findings suggest that 3D printing model-assisted surgical planning may offer benefits for complex
multiple myomectomy cases, particularly in terms of operative efficiency, surgeon experience, and safety
outcomes. However, several factors must be considered before broader clinical implementation. The technology
requires specialized equipment, software expertise, and additional time for model preparation, which may limit
accessibility in resource-constrained settings. The cost-effectiveness compared with conventional approaches
requires formal economic evaluation.

The observed benefits were most pronounced in patients with more complex fibroid presentations, suggesting
that selective use of 3D printing technology for challenging cases may be most appropriate. The excellent safety
profile with zero conversions in both groups demonstrates that experienced surgeons can achieve successful
outcomes with either approach, but the enhanced efficiency and reduced surgeon workload may provide
additional value, particularly in high-volume centers or training environments.

Regarding the hospital stay duration of 4.4-4.5 days, this reflects healthcare system norms and cultural
expectations in the Chinese context rather than medical necessity or complications. In international settings
where enhanced recovery after surgery (ERAS) protocols are standard, shorter stays would be anticipated. The
similar duration between groups validates that 3D modeling technology does not adversely affect postoperative
recovery.

Future research should focus on developing criteria for identifying patients most likely to benefit from 3D
model-assisted planning, considering factors such as fibroid number, size, location, and surgeon experience
level.

Future directions

Multicenter randomized trials with larger sample sizes are needed to validate these findings across different
institutions and surgeon experience levels, and to achieve adequate power for detecting differences in long-term
outcomes. Long-term follow-up studies should evaluate reproductive outcomes, fibroid recurrence rates beyond
1 year, and patient-reported outcomes. Economic analyses comparing the costs of 3D printing technology with
potential savings from reduced operative time, complications, and recurrence rates are essential for informing
healthcare policy decisions.

Research into automated or semi-automated 3D model generation could reduce the time and expertise
required for model preparation, potentially improving the feasibility of widespread implementation. Integration
of 3D printing with other emerging technologies, such as augmented reality surgical navigation, represents an
exciting area for future investigation?.

Conclusions

In this single-center randomized controlled trial, 3D printing model-assisted single-port laparoscopic
myomectomy significantly improved surgical efficiency and reduced surgeon workload while maintaining
excellent safety profiles. Hospital stay duration was similar between groups, reflecting standardized postoperative
care protocols. The technology demonstrated particular utility for complex cases with multiple fibroids and
showed favorable trends in long-term outcomes. However, these findings require validation in larger multicenter
trials with diverse patient populations and surgeon experience levels before broader clinical implementation can
be recommended. The potential benefits must be weighed against the additional costs and resources required for
3D printing technology implementation.

Data availability
The datasets used and analyzed during the current study are available from the corresponding author on reason-
able request, subject to institutional review board approval and patient privacy protection requirements.
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