frs

~( Clinical and Experimental ,
Febrd e vnecoloev Clin. Exp. Obstet. Gynecol. 2026; 53(9): 53703
Obstetrics & Gynecology https://doi.org/10.31083/CEOG53703

Original Research

Preoperative Three-Dimensional Magnetic Resonance
Angiography-Based Anatomical Risk Stratification in Transvaginal
Sacrospinous Ligament Fixation: A Preliminary Predictive Analysis of
Intraoperative Hemorrhage and Postoperative Complications

Chao Zhang!' ®, Yajuan Gao?>®, Shuncang Zhang?®, Xiaochun Huang!'®, Qing Su'®,
Ji Yang!'®, Huijuan Peng!®, Jianfeng Wang! *

I Department of Obstetrics and Gynecology, Xi’an People’s Hospital (Xi’an Fourth Hospital), 710004 Xi’an, Shaanxi, China
2Department of Radiology, Peking University Third Hospital, 100191 Beijing, China
3Department of Obstetrics and Gynecology, Xi’an Daxing Hospital, 710016 Xi’an, Shaanxi, China
*Correspondence: wangjfl106@163.com (Jianfeng Wang)
Academic Editor: Ugo Indraccolo
Submitted: 9 May 2026 Revised: 8 June 2026 Accepted: 24 July 2026 Published: 9 September 2026

Abstract

Background: To establish a preliminary three-tier anatomical risk classification for sacrospinous ligament fixation (SSLF) using pre-
operative three-dimensional (3D) magnetic resonance angiography (MRA), evaluate its correlation with intraoperative hemorrhage and
postoperative complications, as well as compare perioperative outcomes between MRA-guided and conventional SSLF while accounting
for potential confounding between risk stratification and tailored surgical approaches in the MRA cohort. Methods: This single-center,
parallel-group randomized controlled trial was conducted at a tertiary gynecological center in China from January 2024 through De-
cember 2025. A total of 140 patients with pelvic organ prolapse quantification (POP-Q) stage III-IV uterine prolapse scheduled for
uterus-preserving transvaginal SSLF were randomly assigned in a 1:1 ratio to either a 3D MRA-guided group (n = 70), which under-
went preoperative MRA with 3D reconstruction and individualized surgical planning, or a conventional palpation-guided group (n = 70),
which underwent standard tactile-guided surgery without preoperative MRA. In the MRA-guided group, bilateral sacrospinous ligament
(SSL) morphometry and the spatial relationship with the internal pudendal artery (IPA) were quantified using 3D reconstructions (Mimics
version 19.0). Patients were classified into three anatomical risk categories: Type I (standard risk: IPA distance >20 mm and thickness
=>3.5 mm), Type II (moderate risk: IPA distance 15—-19 mm or thickness 2.5-3.4 mm), and Type III (high risk: IPA distance <15 mm or
thickness <2.5 mm). Primary outcomes comprised operative time, estimated blood loss (EBL), and length of hospital stay. Prespecified
secondary outcomes included 6-month overall postoperative complication rates and 1-month Pelvic Floor Distress Inventory-20 (PFDI-
20) scores. Risk-stratified subgroup analyses, univariate receiver operating characteristic (ROC) curve analyses, and Cochran—Armitage
trend testing were designated as post hoc exploratory analyses, with no formal adjustment for multiple comparisons applied. Multivari-
able logistic regression analysis was performed solely in the full study cohort; subgroup regression analysis within the MRA-guided group
was omitted due to severe overfitting risk from limited complication events. Results: Baseline demographic characteristics demonstrated
acceptable intergroup balance, with all standardized mean differences (SMDs) <0.2, except for BMI (SMD = 0.448) showing moderate
imbalance; BMI was included as a covariate in multivariable regression to account for this imbalance, rather than relying on p-value
comparisons to confirm randomization success. The MRA-guided group exhibited a significantly shorter operative time (56.2 + 9.8 vs.
74.8 £ 11.6 min, p < 0.001), reduced median EBL (39 [32-51] vs. 64 [53—79] mL, p < 0.001), and shorter hospitalization (3.2 + 0.5 vs.
4.5+ 1.1d, p<0.001). Median EBL was reported alongside mean + standard deviation (SD) to account for four extreme hemorrhage
outliers (210, 225, 240, and 270 mL) in the conventional arm, which distorted the distribution of raw EBL values. The overall com-
plication rates were significantly lower in the MRA-guided group than in the conventional group (7.1% [5/70] vs. 24.3% [17/70], ° =
8.14, p = 0.004). Within the MRA-guided group, risk-type distribution was: Type I 44.3% (31/70), Type 1I 37.1% (26/70), and Type
IIT 18.6% (13/70). Complication rates increased descriptively across risk types (3.2%, 7.7%, and 15.4% for Types I-111, respectively),
although the Cochran—Armitage trend test did not reach statistical significance (p-value = 0.157). All four intraoperative vascular in-
juries occurred in the non-MRA group; no neurovascular injuries were observed in the MRA-guided cohort. On multivariable logistic
regression including all 140 patients, assignment to the non-MRA group emerged as an independent predictor of postoperative compli-
cations (adjusted odds ratio [OR] = 4.1; 95% confidence interval [CI]: 1.3-12.8, p = 0.015). Separate univariate ROC curve analyses
were conducted in distinct study populations. Among all participants, binary group allocation yielded an area under the curve (AUC)
of 0.66 (95% CI: 0.57-0.75); within the MRA cohort, the three-tier risk classification achieved an AUC of 0.67 (95% CI: 0.54-0.80),
outperforming IPA distance alone (AUC = 0.63; 95% CI: 0.50-0.76) and SSL thickness alone (AUC = 0.60; 95% CI: 0.47-0.73). A
combined predictive model integrating group assignment and MRA risk type was excluded from analysis, as anatomical risk stratifica-
tion data were unavailable for all patients in the conventional arm, thereby precluding construction of a unified model. Direct DeLong
comparisons between ROC curves derived from non-overlapping patient subsets were not performed in accordance with methodologic
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guidance. Conclusions: The 3D MRA-derived SSL—pudendal vascular risk classification provides a preliminary framework for preop-
erative anatomical stratification in patients undergoing SSLF, with incremental descriptive associations with intraoperative hemorrhage

and postoperative adverse events. Type III anatomical features were associated with a numerically higher complication risk despite the

use of image-adapted surgical technique. Clinical Trial Registration: The trial was registered with the Chinese Clinical Trial Registry
(ChiCTR) at https://www.chictr.org.cn (registration number ChiCTR2600121272).

Keywords: uterine prolapse; sacrospinous ligament fixation; magnetic resonance angiography; 3D reconstruction; image-guided

surgery; pelvic organ prolapse

1. Introduction

Pelvic organ prolapse (POP) constitutes one of the
most prevalent pelvic floor disorders affecting women in
later life, with estimated lifetime surgical risk ranging from
11% to 19% [1]. Among the reconstructive procedures cur-
rently available, transvaginal sacrospinous ligament fixa-
tion (SSLF) has been widely adopted as a native tissue,
mesh-sparing technique for apical prolapse repair as it pro-
vides vaginal access, relatively low procedural cost, and
preservation of vaginal length [2]. Nevertheless, the clini-
cal efficacy of SSLF depends critically upon accurate suture
placement within the sacrospinous ligament (SSL), which
lies in intimate proximity to the internal pudendal artery
(IPA), inferior gluteal artery, and sciatic nerve [3]. Anatom-
ical studies have revealed substantial interindividual vari-
ability in the spatial relationships between these neurovas-
cular structures and the ligament, with the IPA-to-SSL dis-
tance ranging from as little as 8 mm to over 25 mm among
individuals [4,5].

Conventional SSLF relies exclusively on the sur-
geon’s tactile perception to localize the ligament and esti-
mate suture depth, an inherently subjective approach that
affords no preoperative awareness of vascular proximity
[6]. Consequently, vascular injury during SSLF, most com-
monly involving branches of the IPA, has been documented
in 3% to 8% of cases, and severe hemorrhage requiring
transfusion or embolization occurs in a clinically meaning-
ful subset of patients [7,8]. The inability to pre-identify pa-
tients harboring elevated anatomical risk preoperatively re-
mains a critical and longstanding gap in the current surgical
planning for SSLF.

Three-dimensional (3D) reconstruction based on mag-
netic resonance angiography (MRA) has emerged as a pow-
erful modality for preoperative anatomical mapping across
diverse surgical specialties, including living donor nephrec-
tomy, orthopedic ligament reconstruction, and hepatic re-
section [9,10,11]. In the context of pelvic floor surgery,
3D MRA enables precise quantification of SSL dimensions
and their spatial relationships with adjacent vasculature,
thereby potentially transforming surgical planning from an
experience-based paradigm to a data-driven, individual-
ized approach [12,13]. However, prior studies have de-
scribed primarily the feasibility of 3D reconstruction with-
out establishing a systematic classification framework link-
ing anatomical measurements to surgical risk. Notably, the

existing anatomical literature has not distinguished baseline
vascular risk from surgical technique modifications intro-
duced when imaging data inform intraoperative decision-
making, a critical confounding factor that is addressed
within the limitations of the present study.

We hypothesized that specific MRA-derived anatom-
ical parameters, particularly the IPA-to-SSL distance and
SSL thickness, could be integrated into a risk stratifi-
cation system that is descriptively associated with in-
traoperative hemorrhage and postoperative complications.
Furthermore, we hypothesized that 3D MRA-guided sur-
gical planning would reduce overall complication rates
compared with conventional palpation-guided surgery per-
formed without preoperative imaging. Accordingly, the
present study pursued three objectives: (1) to develop a pre-
liminary three-tier SSL—pudendal vascular risk classifica-
tion based on preoperative 3D MRA measurements in pa-
tients undergoing MRA-guided SSLF; (2) to descriptively
evaluate the correlation of this classification with intraop-
erative blood loss and 6-month postoperative complications
within the MR A-guided group through post hoc exploratory
analyses; and (3) to determine whether 3D MRA-guided
planning reduces overall adverse outcomes compared with
conventional palpation-guided SSLF without preoperative
imaging using prespecified primary and secondary end-
points.

2. Materials and Methods
2.1 Study Design and Ethical Considerations

This single-center, parallel-group randomized trial
was conducted at the Department of Obstetrics and Gy-
necology, Xi’an People’s Hospital, a tertiary gynecolog-
ical referral center in China. Patients were enrolled be-
tween January 2024 and December 2025. The study was
conducted in accordance with the Declaration of Helsinki
and reported according to Consolidated Standards of Re-
porting Trials (CONSORT) guidelines for randomized tri-
als. The study protocol was approved by the Institutional
Ethics Committee of Xi’an People’s Hospital (Approval
No.: 20220117; approval date: January 17, 2022). Writ-
ten informed consent was obtained from all participants be-
fore randomization. Consent for publication of the clinical
image was obtained.
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2.2 Sample Size Estimation

Sample size was calculated a priori using G*Power
3.1 software (Heinrich-Heine-Universitét Diisseldorf, Ger-
many) with dual statistical rationales to accommodate both
primary endpoint analysis and post hoc subgroup risk strat-
ification:

Primary endpoint calculation (operative time): Pilot
cohort data (n = 24) demonstrated a large effect size (d
= 1.76) for operative time between palpation-guided and
3D MRA-guided surgery. For a two-tailed independent-
samples ¢-test (o= 0.05, power = 0.80, allocation ratio 1:1),
this effect size required a minimum of 8 patients per group
to detect differences in operative time alone.

Secondary subgroup analysis adjustment: The pre-
specified exploratory objective of stratifying the MRA co-
hort into three distinct anatomical risk subgroups required
a larger sample size to reduce the likelihood of underpow-
ered descriptive comparisons. After accounting for an an-
ticipated 15% dropout or exclusion rate applied to the min-
imum primary endpoint sample (46 patients per group to
stabilize subgroup distribution), a target enrollment of 70
patients per group (total » = 140) was selected to ensure ad-
equate representation within Type I, II, and III risk subsets
for descriptive post hoc evaluation. A simple 15% infla-
tion of the 46-patient minimum sample would yield 54 pa-
tients per group; the additional 16 patients per group were
prospectively enrolled to safeguard statistical stability for
risk-stratified exploratory analyses, as documented in the
original institutional study protocol.

2.3 Participants

Inclusion criteria were as follows: (1) women aged
40-70 years; (2) confirmed pelvic organ prolapse quantifi-
cation (POP-Q) stage III or IV on standardized gynecologi-
cal examination; (3) planned uterus-preserving transvaginal
SSLF; (4) ability to comply with the stipulated follow-up
schedule; and (5) provision of written informed consent.

Exclusion criteria were as follows: (1) concurrent hys-
terectomy indicated for gynecologic malignancy or other
benign uterine pathology [14]; (2) contraindications to
MRI/MRA (e.g., ferromagnetic implants or severe claus-
trophobia), this criterion was applied to all potential partic-
ipants, as patients with contraindications to MRI could not
be randomized to the MRA-guided arm; (3) history of ma-
jor pelvic surgery, including prior prolapse repair, radical
hysterectomy, pelvic fracture fixation; (4) cognitive impair-
ment precluding informed consent; (5) severe cardiopul-
monary, hepatic, or renal disease rendering surgery unsafe;
and (6) current pregnancy or lactation.

2.4 Randomization, Allocation Concealment, and Blinding

Eligible patients were randomly assigned in a 1:1 ra-
tio to either the 3D MRA-guided group or the conventional
non-MRA group using a computer-generated allocation se-
quence prepared by an independent biostatistician. Allo-
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cation concealment was maintained with sequentially num-
bered, sealed, opaque envelopes that were opened only after
informed consent had been obtained. Blinding of the op-
erating surgeon was not feasible because the intervention
required preoperative imaging and individualized surgical
planning modifications. Postoperative outcome assessors
and the statistical analyst remained blinded to group assign-
ment until database lock.

2.5 Interventions
2.5.1 3D MRA-Guided Group (n = 70)

MRA Acquisition: Patients assigned to the MRA-
guided group underwent preoperative pelvic MRA on
a 3.0-T scanner (SIGNA HDxt; GE Medical Systems,
Waukesha, WI, USA) using standard pelvic imaging pro-
tocols. Gadobutrol (Gadavist; Bayer HealthCare, Berlin,
Germany) was administered intravenously as the contrast
agent. Raw DICOM data were archived for subsequent
postprocessing.

3D Reconstruction and Anatomical Measurements:
Two senior radiologists, blinded to surgical outcomes, inde-
pendently imported MRA datasets into Mimics version 19.0
(Materialise NV, Leuven, Belgium) to construct 3D models
of the pelvis, SSL, and adjacent neurovascular structures,
including IPA, inferior gluteal artery, and sciatic nerve. The
following parameters were measured bilaterally: (a) SSL
thickness at the thickest point; (b) SSL width; (c) distance
from the SSL to the IPA; (d) distance from the SSL to the
inferior gluteal artery; (e) distance from the pudendal canal
(Alcock’s canal) to the ischial spine; and (f) distance from
the thickest point of the coccygeus—SSL complex to the is-
chial spine. Interobserver agreement was quantified using
intraclass correlation coefficients (ICCs).

Risk Classification: Based on the MRA measure-
ments, each patient in the MRA-guided group was as-
signed an anatomical risk category according to prespeci-
fied thresholds derived from the pilot cohort and published
anatomical data [5,15]:

Type I (Standard Risk): IPA-to-SSL distance >20 mm
and SSL thickness >3.5 mm.

Type II (Moderate Risk): TPA-to-SSL distance 15-19
mm or SSL thickness 2.5-3.4 mm (without meeting Type
III criteria).

Type II (High Risk): IPA-to-SSL distance <15 mm or
SSL thickness <2.5 mm.

When bilateral measurements differed, classification
was determined by the side with the smaller IPA-to-SSL
distance or thinner ligament, in accordance with a worst-
case-scenario principle designed to maximize patient safety.

Surgical Planning and Execution: Two senior gyne-
cologists and the radiologists collaboratively reviewed the
3D models to develop individualized suture plans. The op-
timal suture corridor was defined as the region of maxi-
mal ligament thickness (=3.0 mm) while maintaining >15
mm clearance from the IPA. For patients classified as Type
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III, a multipoint shallow-suture technique (depth <2 mm,
<2 sutures) was planned preoperatively to minimize vas-
cular injury risk. The surgeon referred intraoperatively to a
sterile-printed reference sheet displaying the 3D model, key
anatomical measurements, and the planned suture corridor.
This risk-adapted surgical modification introduces critical
sources of confounding, as observed differences in compli-
cation rates across risk strata likely reflect both underlying
anatomical vulnerability and modified intraoperative tech-
nique. These effects cannot be separated without a three-
arm trial design (MRA measured unused, MRA guided, no
MRA).

2.5.2 Conventional Palpation-Guided (Non-MRA) Group
(n=70)

Patients assigned to the conventional group did not
undergo preoperative MRA examination. SSLF was per-
formed according to the institutional standard tactile-guided
technique, with suture placement determined solely by the
surgeon’s palpation of the SSL and adjacent anatomical
landmarks. No imaging data or 3D models were available
to the surgical team for this group. In addition, no standard-
ized anatomical measurements were captured for patients in
the conventional arm, precluding risk-stratified cross-group
comparisons.

All procedures were performed by a single experi-
enced pelvic floor surgeon (=200 prior SSLF procedures)
to eliminate intersurgeon variability. Absorbable sutures
(Ethicon, Johnson & Johnson, Somerville, NJ, USA) and
perioperative prophylactic cefazolin (CSPC Pharmaceu-
tical, Shijiazhuang, Hebei, China) were used uniformly
across both groups.

2.6 Follow-up Protocol

Postoperative follow-up was conducted at 1 week, 1
month, 3 months, and 6 months via outpatient visits and
telephone contact. At each assessment, complications such
as lower-limb neuropathy, urinary dysfunction, wound in-
fection, prolapse recurrence, and vascular or nerve injury,
were systematically recorded. Pelvic floor function was as-
sessed at 1 month using the Pelvic Floor Distress Inventory-
20 (PFDI-20) questionnaire, and anatomical outcomes were
evaluated at 3 and 6 months by the POP-Q system. No pa-
tients were lost to follow-up during the 6-month observation
period.

2.7 Outcome Measures

Prespecified Primary Outcomes: (1) operative time,
defined as the interval from vaginal incision to comple-
tion of suturing; (2) estimated blood loss (EBL), calcu-
lated from suction volume + gauze weighing, and reported
as both mean + standard deviation (SD) and median (in-
terquartile range, IQR) to account for non-normal distribu-
tion and hemorrhage outliers; and (3) postoperative hospi-
tal stay, defined as the interval from the date of surgery to
discharge-criteria fulfillment.

Prespecified Secondary Outcomes: (1) incidence of
any postoperative complication within 6 months; (2) PFDI-
20 score at 1 month; and (3) POP-Q stage at 3 and 6 months.

Post Hoc Exploratory Outcomes (Not Registered in
the Trial Protocol): (1) within the MRA-guided group, risk-
type-stratified descriptive analyses of EBL, operative time,
PFDI-20 score, and complication rates; (2) univariate re-
ceiver operating characteristic (ROC) curve analyses to as-
sess discriminative performance of binary group allocation,
IPA distance, SSL thickness, and the three-tier risk classi-
fication, analyzed in separate non-overlapping patient pop-
ulations; and (3) multivariable logistic regression restricted
to the full 140-patient cohort to identify independent pre-
dictors of postoperative complications. Multivariable re-
gression within the MRA subgroup was excluded due to
extreme event-per-variable imbalance and overfitting risk.

2.8 Statistical Analysis

All analyses were performed in the intention-to-treat
(ITT) population using IBM SPSS Statistics version 27.0
(IBM Corp., Armonk, NY, USA) and MedCalc version
20.0 (MedCalc Software, Ostend, Belgium). Continuous
variables were assessed for normality (Shapiro—Wilk test)
and variance homogeneity (Levene’s test). Normally dis-
tributed data were expressed as mean + SD and compared
via independent-samples #-tests. Non-normally distributed
variables (including EBL) were supplemented with median
(IQR), and between-group comparisons were conducted via
Mann—Whitney U tests. Categorical variables were pre-
sented as counts (percentages) and compared using chi-
square tests (with Fisher’s exact test when expected cell
counts were <5). Baseline intergroup balance was quan-
tified using standardized mean differences (SMDs), and re-
liance on p-values to confirm randomization success was
avoided in accordance with CONSORT recommendations.
Cochran—Armitage trend testing was applied to evaluate
linear trends in complication rates, EBL, operative time,
and PFDI-20 scores across MRA risk subtypes. All trend
analyses were classified as post hoc exploratory assess-
ments without formal multiplicity adjustment.

Multivariable logistic regression was implemented
solely for the full 140-patient cohort (Model 1), with group
assignment (non-MRA vs. MRA-guided), age, body mass
index (BMI), and parity entered as covariates to identify
independent predictors of complications. A secondary re-
gression model limited to the MRA-guided subgroup was
excluded entirely because the model would have required
five predictive parameters despite only five total adverse
events within the MRA cohort, yielding severely unstable
odds ratios (ORs) and implausibly wide confidence inter-
vals (CIs) due to overfitting. Penalized regression substi-
tutes were not utilized, as the small event count precluded
reliable exploratory predictive modeling within the MRA
subgroup.
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Univariate ROC curves were constructed separately
for two distinct patient subsets, and no cross-population
DeLong statistical comparisons were performed because
such comparisons are methodologically invalid for non-
overlapping cohorts:

1. All 140 participants: binary treatment group allo-
cation as the sole predictive variable;

2. MRA-guided subgroup (n = 70): IPA distance
alone, SSL thickness alone, and the three-tier anatomical
risk classification as independent predictors.

A combined unified predictive model integrating
group assignment and MRA risk type was discarded from
all analyses, as anatomical risk measurements were unavail-
able for all patients in the conventional palpation subgroup,
rendering the model construction mathematically unfeasi-
ble. Area under the curve (AUC) values, sensitivity, and
specificity were recalculated from raw individual patient-
level data. Sensitivity values for the MRA subgroup were
restricted to discrete increments of 20% consistent with
only five total complication events in this subset. All pre-
dictive analyses were designated exploratory hypothesis-
generating tools rather than validated clinical prediction
rules. A two-sided p <0.05 was considered statistically sig-
nificant for prespecified primary and secondary endpoints;
post hoc exploratory analyses were interpreted with caution
without formal claims of statistical inference.

3. Results
3.1 Participant Allocation and Baseline Characteristics

The enrollment and follow-up process of all partici-
pants is illustrated in the CONSORT flow diagram (Fig. 1).
Between January 2024 and December 2025, a total of 186
women were assessed for eligibility. 46 patients were ex-
cluded: 14 due to MRI contraindications, 11 for prior major
pelvic surgery, 8 for cognitive impairment or communica-
tion barriers, 7 due to severe systemic disease, and 6 for
declining participation. The remaining 140 patients were
randomly assigned to the 3D MRA-guided group (n = 70) or
the conventional non-MRA group (n=70). All 140 patients
underwent surgery and completed the 6-month follow-up,
with no losses to follow-up.

Baseline demographic and clinical characteristics are
summarized in Table 1. All variables except BMI showed
SMD <0.2 (BMI SMD = 0.448, moderate imbalance), con-
firming acceptable intergroup balance following random-
ization. No reliance on intergroup p-values was used to
demonstrate baseline equivalence. A representative clini-
cal photograph of POP-Q stage III uterine prolapse in the
enrolled cohort is presented in Fig. 2A.

3.2 Primary Perioperative Outcomes

All primary perioperative outcomes demonstrated sta-
tistically significant improvements in the 3D MRA-guided
group (Table 2). Mean operative time was reduced by 18.6
minutes (56.2 £9.8 vs. 74.8 £ 11.6 min; p <0.001). Median
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EBL was markedly lower in the MRA cohort (39 [32-51]
vs. 64 [53-79] mL), with mean EBL differing by 24.2 mL
(42.6 £ 11.5 vs. 66.8 £ 15.2 mL; p <0.001). Mean hospi-
tal stay was shortened by 1.3 days (3.2 £ 0.5 vs. 4.5 £ 1.1
days; p <0.001). 4 patients in the conventional group ex-
perienced severe intraoperative hemorrhage (210, 225, 240,
and 270 mL), and all four observations were fully retained
in the calculation of mean EBL and SD. Although these ex-
treme outliers substantially skew the EBL distribution, no
outlier exclusion or data transformation was performed in
accordance with the prespecified statistical analysis plan.
Both parametric (mean + SD) and nonparametric (median
[IQR]) statistics are reported to reflect the skewed distribu-
tion of raw EBL values. The wide disparity between mean
and median values directly illustrates the impact of these 4
high-volume bleeding cases on parametric summary met-
rics.

4 intraoperative IPA vascular injuries occurred exclu-
sively in the conventional non-MRA group; these 4 patients
represented the above-mentioned extreme hemorrhage out-
liers. Hemostasis was achieved in each case via compres-
sion and topical hemostatic agents without conversion to
laparotomy. No vascular or nerve injury events were doc-
umented in the MRA-guided group. Two-sided Fisher’s
exact test for between-group vascular injury comparison
yielded p = 0.120, indicating no statistically significant dif-
ference in the raw vascular injury event.

3.3 Postoperative Complications and PFDI-2( Scores

During the prespecified 6-month follow-up period,
postoperative complications and 1-month PFDI-20 scores
between the two groups are summarized in Table 3. The
overall complication rate was significantly lower in the
MRA-guided group than in the conventional group (7.1%
[5/70] vs. 24.3% [17/70]; x° = 8.14, p = 0.004). In
the MRA-guided group, complications comprised 2 cases
of transient lower-limb numbness that resolved within 4
weeks, 2 cases of superficial wound infection managed with
dressing changes, and 1 case of mild urinary dysfunction
that resolved by the 3-month follow-up visit. In the conven-
tional group, complications included 6 cases of lower-limb
neuropathy, 3 of urinary dysfunction, 4 of wound infection,
and 4 cases of prolapse recurrence (3—5 months postoper-
atively). Two-sided Fisher’s exact testing for prolapse re-
currence between groups yielded p = 0.120, indicating no
statistically significant difference in isolated prolapse recur-
rence rates. No bladder or rectal injury occurred in either
study group. The 1-month PFDI-20 score was significantly
superior in the MRA-guided group than in the conventional
group (31.5+6.2vs. 40.8 £7.6; ¢ =—-7.93, p<0.001).

3.4 MRA-Derived Anatomical Measurements
(MRA-Guided Group Only)

Fig. 2B shows a representative 3D pelvic reconstruc-
tion model illustrating the spatial anatomical relationships
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n=186

Assessed for eligibility

Excluded: n = 46

Reasons for exclusion:
* MRI contraindications (n
=14)

e Prior major pelvic
surgery (n = 11)

« Cognitive impairment (n
=8)

» Severe systemic disease
(n=7)
 Declined participation (n
=6)

Randomized
n =140
(1:1 allocation)

3D MRA-Guided Group

Preoperative MRA — 3D
reconstruction

— risk classification —
guided surgery

Allocated: n = 70
Received allocated
intervention: n = 70

Risk Classification (MRA

group only)
Type |: n = 31 Type ll: n = 26 Type lll: n =13
(44.3%) (37.1%) (18.6%)

Conventional Palpation-
Guided Group
No preoperative MRA
Standard tactile-guided
SSIIE

Allocated: n = 70
Received allocated
intervention: n = 70

Follow-up (6 Months)

Lost to follow-up: n =0
Completed 6-month
follow-up: n = 70

Follow-up (6 Months)

Lost to follow-up: n =0
Completed 6-month
follow-up: n =70

Analysis (ITT)

Analyzed: n = 70
» Overall outcomes
o Risk-type stratified
analysis
Excluded from analysis: n
=0

Analysis (ITT)

Analyzed: n = 70
 Overall outcomes
 No risk stratification
* MRA not performed
Excluded from analysis: n
=0

Fig. 1. CONSORT flow diagram. Of the 186 patients screened, 46 were excluded and 140 were randomized: 70 to the 3D MRA-guided
group (preoperative MRA with 3D reconstruction-guided surgery) and 70 to the conventional group (no preoperative MRA, palpation-

guided surgery). All patients completed surgery and 6-month follow-up. CONSORT, Consolidated Standards of Reporting Trials; MRA,

magnetic resonance angiography; 3D, three-dimensional; ITT, intention-to-treat.

among the rectum, prolapsed uterus, and bladder. Bilateral
MRA measurements for the 70 patients in the MRA-guided
group are summarized in Tables 4,5. The mean SSL thick-
ness was 3.5 = 0.6 mm (left: 3.6 + 0.4 mm; right: 3.4 £
0.6 mm), and the mean IPA-to-SSL distance was 18.4 +3.0
mm (left: 18.54 3.2 mm; right: 18.3 £2.8 mm). No signifi-
cant left-right differences were observed for any parameter

(all p > 0.05). Interobserver agreement was excellent, with
ICC values of 0.92 (95% CI: 0.88—0.95) for SSL thickness,
0.89 (95% CI: 0.84-0.93) for SSL width, and 0.94 (95% CI:
0.91-0.97) for IPA-to-SSL distance.
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A

Fig. 2. Preoperative clinical photograph and 3D pelvic reconstruction. (A) Preoperative clinical photograph demonstrating POP-Q

stage III uterine prolapse. (B) 3D pelvic reconstruction model depicting the spatial relationships among the rectum, prolapsed uterus,

and bladder. Letters A, U and C represent the rectum, prolapsed uterus, and bladder. POP-Q, pelvic organ prolapse quantification.

Table 1. Baseline demographic and clinical characteristics of the study population.

Variable 3D MRA-Guided (n =70) Conventional Non-MRA (n = 70) SMD
Age (years) 56.1+5.0 56.8+5.4 0.135
BMI (kg/m?) 235+1.3 229+ 14 0.448
Parity 2.5+£0.7 2.6+0.6 0.153
POP-Q stage 111, n (%) 48 (68.6) 46 (65.7) 0.062
POP-Q stage 1V, n (%) 22 (31.4) 24 (34.3) 0.062
Comorbidities, n (%) 9(12.9) 8(11.4) 0.046
Postmenopausal, 7 (%) 34 (48.6) 33 (47.1) 0.022

BMI, body mass index; SMD, standardized mean difference.

Table 2. Comparison of primary perioperative outcomes between groups.

3D MRA-Guided Conventional Non-MRA

Outcome 1t p-value
(n=170) (n=10)

Operative time (min), mean + SD 56.2+9.8 748 £+ 11.6 -10.37 <0.001

EBL (mL), mean + SD 42.6+11.5 66.8+15.2 —10.42 <0.001

EBL (mL), median [IQR] 39 [32-51] 64 [53-79] Mann—Whitney U <0.001

Hospital stay (days), mean = SD 32+0.5 45+1.1 —8.85 <0.001

Vascular injury, n (%) 0(0.0) 4(5.7) — 0.120 *

*Fisher’s exact test. All four extreme hemorrhage values (210, 225, 240, 270 mL) were included when cal-

culating the mean and SD of EBL; no outlier removal was conducted per the study's statistical protocol. Full

descriptive statistics (minimum, maximum, quartiles for EBL in the conventional group) are provided in Sup-

plementary Table 1. EBL, estimated blood loss; IQR, interquartile range; SD, standard deviation.

3.5 Risk-Type Distribution and Stratified Outcome
Analysis Within the MRA-Guided Group

Within the MRA-guided group (n = 70), 31 patients
(44.3%) were classified as Type I, 26 (37.1%) as Type 1II,
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and 13 (18.6%) as Type I11. All stratified analyses presented
in this section were conducted post hoc as exploratory as-

sessments with no formal multiplicity correction applied
(Table 6, Figs. 3,4).
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Table 3. Postoperative complications and PFDI-20 scores by group.

Complication 3D MRA-Guided, n (%) Conventional Non-MRA, n (%)  x°/t  p-value
Lower-limb numbness/pain 2(2.9) 6 (8.6) — 0.273

Urinary dysfunction 1(1.4) 3(4.3) — 0.611*
Wound infection 2(2.9) 4(5.7) — 0.682*
Prolapse recurrence 0(0.0) 4(5.7) — 0.120*
Total complications 5(7.1) 17 (24.3) 8.140  0.004

PFDI-20 (1 month) 31.5+£6.2 40.8+7.6 -7.93 <0.001

*Fisher’s exact test. PFDI-20, Pelvic Floor Distress Inventory-20.

Table 4. Bilateral MRA measurements of the coccygeus—SSL complex in the MRA-guided group (n = 70).

Parameter

Left

Right t value p-value
SSL thickness (mm) 3604 34+0.6 1.872 0.063
SSL width (mm) 76+1.1 82+12 -1.045 0.298
Thickest point to ischial spine (mm) 17.8+3.8 17.1+3.1 1.521 0.130

SSL, sacrospinous ligament.

Table S. Bilateral MRA measurements of neurovascular distances to the SSL in the MRA-guided group (n = 70).

Parameter Left Right t value p-value
Pudendal canal to ischial spine (mm) 13.2+3.1 13.8+3.8 -1.056 0.292
SSL to inferior gluteal artery (mm) 223+33 22.0+3.5 0.547 0.585
SSL to internal pudendal artery (mm) 18.5+3.2 183 +£2.8 0408 0.683

Table 6. Descriptive stratified outcomes within the MRA-guided group by anatomical risk type, with overall outcomes from the

conventional group shown for reference.

Outcome MRA Typel MRA Type Il MRA Type III p-value Non-MRA Overall
(n=31) (n=26) (n=13) (Exploratory) (n=170)

EBL (mL), mean + SD 338+102 44.1+119 59.7+14.6 0.048 66.8+15.2

Op time (min), mean = SD 52.1+8.5 56.8+9.2 62.4+10.1 0.063 74.8+£11.6

Complications 1 (%) 1/31 (3.2) 2/26 (7.7) 2/13 (15.4) 0.157 17/70 (24.3)

Vascular injury 0 0 0 — 4(5.7)

PFDI-20 (1 mo), mean+SD  28.5+5.8 32.1+£6.0 36.8+6.5 0.041 40.8+7.6

p-value values derived from Cochran—Armitage test (categorical complications) or linear regression (continuous

outcomes); all trend analyses were classified as post hoc exploratory without multiplicity adjustment.

Descriptively, incremental increases in EBL, opera-
tive time, PFDI-20 scores, and complication rates were ob-
served across ascending risk strata within the MRA co-
hort, although formal trend testing did not reach statisti-
cal significance for complications (Cochran—Armitage p-
value = 0.157). The weighted average EBL across the
three anatomical risk subgroups was 42.6 mL, consistent
with the overall mean EBL of the entire MRA-guided co-
hort. Even the highest-risk Type IIl MRA patients (15.4%
crude complication rate) demonstrated numerically fewer
adverse events than the unstratified conventional group
(24.3%), with no vascular injury events across any MRA
risk subtype. As anatomical risk measurements were not
obtained in the conventional group, direct stratified cross-
group comparisons of risk-specific treatment effects were
not feasible.

3.6 Multivariable Predictive Modeling (Full Cohort Only)

Only one multivariable logistic regression model was
retained for analysis, restricted to the full cohort of 140 trial
participants (Table 7). A secondary regression model lim-
ited to the MRA subgroup was excluded due to extreme
overfitting risk from only five total complication events in
this subset.

Model 1 (overall cohort, n =140): After adjusting for
age, BMI, and parity, assignment to the conventional non-
MRA group was independently positively associated with
postoperative complications (adjusted OR = 4.1; 95% CI:
1.3-12.8; p=0.015). Age, BMI, and parity were not inde-
pendently associated with postoperative complications (all
p>0.10). The Hosmer—-Lemeshow goodness-of-fit testing
confirmed adequate model calibration (> = 3.8, p = 0.872).
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SSL-Pudendal Vascular Risk Classification System
(Applicable to 3D MRA-Guided Group Only)

TYPE I TYPE I TYPE Il
Standard Risk Moderate Risk High Risk
IPA-to-SSL distance 220 mm > IPA-to-SSL distance 15 to <20 mm > IPA-to-SSL distance <15 mm
OR SSL thickness 23.5 mm OR SSL thickness 2.5 to <3.5 mm OR SSL thickness <2.5 mm
n=31 (44.3%) n=26 (37.1%) n=13 (18.6%)
Complication: 3.2% Complication: 7.7% Complication: 15.4%

Classification rule: worst-case-scenario principle (side with smaller IPA-to-SSL distance or thinner ligament)

Key: Risk classification enables preoperative identification of high-risk anatomy, guiding individualized suture planning

Fig. 3. Schematic illustration of the SSL—pudendal vascular risk classification applicable exclusively to the MRA-guided group.
Type I (standard risk): IPA-to-SSL distance >20 mm and thickness >3.5 mm. Type II (moderate risk): IPA-to-SSL distance 15 to <20
mm or thickness 2.5to <3.5 mm. Type III (high risk): [PA-to-SSL distance <15 mm or thickness <2.5 mm. Classification rule: worst-
case-scenario principle, whereby the side with the smaller IPA-to-SSL distance or the thinner ligament determines risk classification.
IPA, internal pudendal artery.

Complication Rate Heatmap
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Fig. 4. Descriptive comparison of complication rates between anatomical risk subgroups in the conventional non-MRA group
overall. Left panel: bar chart showing crude complication rates by risk category and treatment group at 6-month follow-up. Right panel:
heatmap illustrating that risk classification data were unavailable (N/A) for the conventional palpation arm.

Table 7. Multivariable logistic regression analysis of predictors of postoperative complications in the full cohort.

Predictor Adjusted OR  95% CI p-value
MRA-guided group (reference) 1.0 —

Conventional non-MRA group 4.1 1.3-12.8 0.015
Age (per year) 1.02 0.94-1.11 0.621
BMI (per kg/m?) 1.08 0.85-1.37 0.530
Parity (per birth) 1.15 0.72-1.83 0.558

Model adjusted for all listed covariates. Subgroup regression within the
MRA arm was excluded due to severe overfitting risk. OR, odds ratio; CI,
confidence interval.
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Table 8. Univariate ROC curve analysis for the prediction of postoperative complications in separate, non-overlapping patient

populations.
Model Population AUC  95%CI  Sensitivity  Specificity
Binary group allocation (MRA vs. non-MRA) All 140 participants 0.66 0.57-0.75 71% 63%
IPA distance threshold (<16.5 mm) MRA subgroup (2 =70) 0.63 0.50-0.76 80% 66%
SSL thickness threshold (<3.0 mm) MRA subgroup (n=70) 0.60 0.47-0.73 60% 64%
Three-tier anatomical risk classification MRA subgroup (2 =70) 0.67 0.54-0.80 80% 69%

No DeLong cross-population AUC comparisons performed; all ROC assessments designated post-hoc exploratory

hypothesis-generating analyses.

3.7 ROC Curve Analysis of Separate Univariate Models
Without Cross-Population DeLong Comparisons

Univariate ROC analyses were performed indepen-
dently in 2 non-overlapping patient subsets. All AUC,
sensitivity, and specificity values were recalculated from
raw individual patient data (Table 8, Fig. 5). A unified
combined predictive model integrating group allocation and
MRA risk type was excluded from all analyses, as anatom-
ical risk stratification data were unavailable for patients in
the conventional group, making model construction statis-
tically invalid. Direct Del.ong pairwise comparisons be-
tween ROC curves generated from distinct patient popula-
tions were not conducted in accordance with methodolog-
ical standards. Within the MRA subgroup (only five to-
tal complication events), sensitivity values were restricted
to discrete 20% increments consistent with limited positive
outcome counts.

4. Discussion

This single-center randomized controlled trial in-
troduces a preliminary MRA-derived three-tier anatom-
ical risk classification framework for patients undergo-
ing transvaginal SSLF and descriptively demonstrates im-
proved perioperative and 6-month postoperative outcomes
among patients receiving individualized preoperative 3D
MRA-guided surgical planning compared with conven-
tional palpation-only SSLF without pelvic imaging. Four
principal descriptive observations emerged, accompanied
by explicit acknowledgment of critical study limitations
identified during editorial review:

First, assignment to the conventional non-MRA sur-
gical cohort was independently associated with fourfold
higher odds of postoperative complications after multivari-
able covariate adjustment (OR = 4.1), confirming consis-
tent descriptive improvements in adverse events with pre-
operative anatomical mapping. The absolute difference
in crude 6-month complication rates (7.1% in the MRA-
guided group vs. 24.3% in the conventional group) and
the absence of intraoperative vascular injury events in the
imaging-guided subgroup provide descriptive evidence that
3D MRA facilitates patient-specific anatomical awareness
and may inform safer suture placement by eliminating the
tactile subjectivity inherent to conventional SSLF tech-
niques.
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Second, within the MR A-guided cohort, the three-tier
anatomical risk stratification identified a descriptive gra-
dient of increasing surgical risk despite the uniform ap-
plication of imaging-adapted surgical modifications. Pa-
tients classified as Type III high-risk (18.6% of the MRA
cohort) experienced a crude complication rate of 15.4%,
which was numerically nearly fivefold higher than that ob-
served in Type I standard-risk patients (3.2%). This obser-
vation confirms that unfavorable pelvic vascular-ligament
anatomy is associated with inherent baseline surgical risk
that may not be fully mitigated by preoperative imaging
alone. Nevertheless, the 15.4% complication rate among
Type I1l MRA patients remained numerically lower than the
overall unstratified conventional cohort rate of 24.3%. This
descriptive trend suggests that even anatomically high-risk
patients accrue partial safety benefits from MRA-guided
surgical planning, although formal quantification of risk-
specific treatment effects was precluded by the absence of
anatomical measurements in the control group.

Third, all four intraoperative vascular injuries involv-
ing branches of the IPA occurred exclusively in the conven-
tional palpation-guided group, whereas no neurovascular
injury events were observed across all three MRA risk sub-
types. This descriptive contrast provides preliminary evi-
dence that preoperative visualization of vascular-ligament
spatial relationships enables targeted avoidance strategies,
including the shallow multipoint suture technique that was
preplanned for Type III patients in the imaging-guided arm.
The extreme hemorrhage outliers documented in the con-
ventional group represent the type of clinically significant
adverse events that this risk stratification framework is in-
tended to identify prospectively and potentially mitigate.

Fourth, univariate ROC curve analyses demonstrated
modest discriminative capacity for all tested predictive
variables, with the three-tier anatomical risk classification
marginally outperforming isolated IPA distance or SSL
thickness within the MRA subgroup (AUC = 0.67 vs. 0.63
and 0.60, respectively). Binary treatment group allocation
exhibited weak predictive discrimination across the full co-
hort (AUC = 0.66). A unified combined predictive model
integrating treatment allocation could not be constructed
due to missing anatomical risk data in the conventional
group, thereby limiting integrated predictive performance
assessment. All ROC findings should be considered ex-
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1.0 1 [ Smooth power-model ROC curves.
Markers denote Youden-optimal points
(on each curve by construction).

0.8 1

0.6 1

0.4 1

Sensitivity (True Positive Rate)

0.2 A
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Fig. 5. ROC curves for predicting postoperative complications derived from two independent univariate analyses without cross-
population statistical comparison. Blue: IPA distance (AUC = 0.63, MRA subgroup n = 70); Orange: SSL thickness (AUC = 0.60,
MRA subgroup n = 70); Green: Three-tier anatomical risk classification (AUC = 0.67, MRA subgroup n = 70); Grey dashed reference
line: Binary group allocation (AUC = 0.66, full cohort n = 140). The previously reported combined model curve was removed due to

invalid model construction. ROC, receiver operating characteristic; AUC, area under the curve.

ploratory and require external multicenter validation before
clinical implementation for risk prediction.

Preoperative anatomical risk stratification is well-
established across multiple surgical subspecialties, in-
cluding nephrometry scoring for partial nephrectomy,
mesorectal grading for rectal cancer resection, and image-
guided radiotherapy planning for gynecologic malignancy
[16,17,18]. Prior pelvic floor anatomical studies have docu-
mented substantial interpatient variability in SSL-IPA prox-
imity, with approximately 12% of cadaveric specimens
demonstrating IPA vessels within 10 mm of the SSL sur-
gical plane [5,19], consistent with the 18.6% prevalence of
Type III high-risk observed in the present MRA cohort. The
current study operationalizes discrete, clinically actionable
MRA measurement cutoffs to stratify baseline surgical risk;

&% IMR Press

however, the proposed classification remains preliminary
and has not been validated in external patient populations.

A critical methodological design limitation of this trial
is the inherent confounding between anatomical risk clas-
sification and risk-adapted surgical intervention within the
MRA-guided group. Specifically, patients classified as
Type III high-risk anatomy underwent standardized mod-
ified shallow-suture techniques intraoperatively, whereas
patients classified as Type I underwent standard SSLF su-
ture placement. Observed differences in complication rates
across risk strata therefore reflect two overlapping effects:
innate anatomical surgical vulnerability and tailored intra-
operative surgical adjustments. As no preoperative MRA
measurements were obtained in the conventional palpation-
guided subgroup, formal statistical evaluation of treatment-

11


https://www.imrpress.com

by-risk interaction effects is impossible, and the study can-
not determine which anatomical subgroups derive the great-
est relative safety benefit from 3D MRA guidance. Future
three-arm trial designs incorporating no MRA, MRA mea-
sured unused, and MRA guided surgery are required to sep-
arate predictive anatomical risk from the therapeutic effect
of imaging-guided surgical modification.

4.1 Limitations

Several important limitations should be acknowl-
edged. First, a major methodological confounding issue
is inherent to the study design, as anatomical risk strat-
ification directly informed intraoperative surgical adjust-
ments in the MRA cohort. Consequently, observed dif-
ferences in adverse event rates across risk categories likely
reflect both intrinsic pelvic anatomical risks and modified
surgical techniques, and these effects cannot be separated
within the present study. Since anatomical measurements
were not obtained in the conventional group, treatment—
by-risk interactions could not be evaluated, and the study
could not identify which patients gain the greatest bene-
fit from MRA guidance. Second, this was a single-center
study, and all surgeries were performed by a single expe-
rienced pelvic floor surgeon; therefore, the findings may
not be generalizable to institutions with limited surgical
expertise or restricted access to preoperative 3D MRA.
Third, follow-up was limited to 6 months, allowing evalua-
tion of only short-term perioperative complications. Long-
term outcomes, including apical prolapse recurrence, sex-
ual function, and sustained pelvic floor-related quality of
life, require extended follow-up of at least 2 years [20].
Fourth, the cutoff values for the three-tier risk classification
were derived from the present cohort. Although post hoc
ROC analyses supported these thresholds, external valida-
tion in independent patient populations is mandatory prior
to routine clinical implementation. In addition, all predic-
tive analyses involving risk stratification were conducted
post hoc as exploratory assessments. Fifth, the planned
multivariable logistic regression analysis restricted to the
MRA subgroup was not performed given the severe over-
fitting risk. Only five postoperative complications occurred
among the 70 patients in this subgroup, which would have
produced unstable ORs and excessively wide CIs that could
not support reliable risk estimation. Sixth, the two-group
parallel design comparing MRA-guided with conventional
surgery prevented stratified cross-group comparisons by
anatomical risk category. Future studies should consider a
three-arm randomized design with no preoperative MRA,
MRA acquired but not used intraoperatively, and MRA-
guided surgical planning to distinguish the predictive value
of anatomical risk classification from the therapeutic ben-
efit of image-guided surgery. Seventh, routine preoper-
ative pelvic MRA increases medical costs and radiologic
resource utilization. Further cost-effectiveness research is
needed to determine whether selective use of MRA based
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on clinical risk factors can provide comparable risk stratifi-
cation performance while reducing healthcare resource ex-
penditure.

4.2 Clinical Implications and Future Directions

The SSL—pudendal vascular risk classification pro-
vides a preliminary preoperative decision-support frame-
work with two tentative levels of clinical interpretation,
while important limitations must be acknowledged. At
the cohort level, the comparative analysis suggests that pa-
tients undergoing preoperative 3D MRA may experience
reduced risk of postoperative complications. However,
because anatomical risk stratification was linked to risk-
adapted intraoperative surgical modifications in the MRA
group, the observed reduction in risk cannot be attributable
solely to preoperative anatomical visualization. At the indi-
vidual level, among patients undergoing preoperative MRA
evaluation, this stratification system descriptively identifies
those with elevated perioperative risk. For patients classi-
fied as Type III (high anatomical risk), clinicians may con-
sider individualized surgical planning guided by 3D MRA
with modified suture techniques, or alternative apical sus-
pension approaches when unfavorable anatomical features
pose substantial surgical hazards. For Type I patients with
favorable anatomical geometry, conventional palpation-
guided SSLF could be considered when MRA resources are
limited. It should be emphasized that anatomical risk status
cannot be determined without preoperative MRA imaging,
introducing unavoidable uncertainty into clinical decision-
making for patients managed without MRA.

Future investigations should focus on: (1) external
validation of the classification cutoff values in independent
multicenter cohorts; (2) long-term follow-up (=2 years)
to explore whether anatomical risk subtype predicts sus-
tained apical prolapse recurrence and pelvic floor func-
tional outcomes; (3) integration of this risk framework with
artificial intelligence-assisted automatic pelvic segmenta-
tion [21,22,23,24] to simplify preoperative imaging work-
flows; (4) cost-effectiveness analyses comparing universal
preoperative MRA with selective MRA ordering based on
clinical risk indicators; (5) three-arm randomized trials to
distinguish the predictive value of anatomical risk stratifi-
cation from the incremental therapeutic benefit of MRA-
tailored surgery; and (6) exploration of whether preopera-
tive anatomical risk visualization facilitates surgical train-
ing and shortens the learning curve of SSLF among novice
pelvic floor surgeons.

5. Conclusions

This preliminary 3D MRA-based three-tier risk frame-
work identified patients at increased risk of intraopera-
tive hemorrhage and short-term complications following
transvaginal SSLF. In this single-center randomized trial,
preoperative 3D MRA-guided surgery was associated with
lower crude 6-month complication rates (7.1% vs. 24.3%)
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and with the absence of intraoperative vascular injuries.
Type III anatomy was correlated with a numerically higher
rate of adverse events despite the use of tailored sutur-
ing techniques; however, reliable multivariable modeling
within this subgroup was not feasible due to the small num-
ber of complications. Univariate ROC analyses showed
limited predictive capacity, and an integrated risk model
could not be constructed as anatomical data were unavail-
able for the control group. Key limitations include the
single-center design, retrospective trial registration, con-
founding between anatomical risk and modified surgical
techniques, the short 6-month follow-up period, and the ab-
sence of external cutoff validation. Large, long-term mul-
ticenter trials are required to validate this stratification tool
before routine clinical implementation.
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