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Abstract
Introduction and hypothesis The objective was to evaluate the morphological characteristics of pelvic floor structure specific 
to de novo stress urinary incontinence (SUI) in primiparous women using three-dimensional (3D) reconstruction fusion 
technology based on static MRI combined with dynamic MRI.
Methods Eighty-one primiparous women after the first vaginal delivery were studied, 40 with SUI and 41 without SUI. 
3D reconstruction models based on static MRI were used to describe the anatomical abnormalities of pelvic floor tissues. 
Dynamic MRI was used to describe segmental activities of the urethra and vagina. The relationship between the morphometry 
and postpartum SUI was evaluated by logistic regression analysis and receiver operator characteristic curve.
Results The differences in the distance from the bladder neck to the pubic symphysis (BSD), the angle between the posterior 
wall of the urethra and the anterior wall of the vagina, the width of the distal region of the vagina, urethral length, urethral 
compression muscle volume (CUV), and pubovisceral muscle volume, puborectal muscle volume, were measured, and except 
for the extremity of the anterior urethral wall, the total displacements (TDs) of the other sites between the two groups were 
statistically significant (p < 0.05). Logistic regression analysis showed that the BSD decreased, the CUV decreased, the TDs 
of the first site and the eighth site increment correlated significantly with postpartum SUI occurrence (p < 0.05).
Conclusions 3D reconstruction fusion technology provides an important support for a precise assessment of the pelvic floor 
dysfunction. The BSD, CUV, and iliococcygeus muscle volume have certain values in predicting de novo SUI after first 
vaginal birth.

Keywords Stress urinary incontinence · Primiparous women · Three-dimensional reconstruction · Dynamic magnetic 
resonance imaging · Urethral and vaginal mobility

Introduction

Stress urinary incontinence (SUI) is defined as the involun-
tary outflow of urine when abdominal pressure increases [1] 
and is the most common pelvic floor dysfunction disease. 
Delivery is one of the main risk factors for the development 
of SUI in women [2]. De novo SUI is defined as a condition 
in which the primiparous woman is normal before delivery 
and experiences SUI symptoms after delivery.

Although postpartum symptoms in women change over 
time, the pathogenesis of de novo SUI has also received 
continuous attention. The parameters related to de novo SUI, 
such as urethral length (UL), bladder neck mobility, and 
levator ani muscle (LAM) morphology, have been measured 
on two-dimensional (2D) planes to identify impairments 
specific to SUI [3, 4]. However, measuring UL as a straight 
line has limitations [4–6], as the shape of the deformed 
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urethra is irregular. It is also difficult to measure the volume 
and surface area of an irregular structure in a 2D plane. The 
UL, thickness and volume of LAM can be analyzed and 
measured directly by three-dimensional (3D) reconstruction. 
It is widely recognized as a useful tool for evaluating various 
functional disorders owing to its accuracy, visualization, and 
multi-angle observation [7, 8], which compensates for the 
shortcomings of 2D measurements. To our knowledge, 3D 
reconstructions have not been previously used to perform 
various measurements and analyses of different parts of the 
vagina.

In recent years, studies have shown that hyperactivity of 
the middle urethra is a risk factor for SUI [9]. In the study 
of segmental activities of the urethra, the urethra has been 
considered to be a whole division [10, 11], but the move-
ment patterns and segmental activities of the anterior and 
posterior walls of the urethra, as well as the anterior and pos-
terior walls of the vagina alone, have received little attention.

The main aims of the study are as follows: first, to 
describe the anatomical abnormalities of the routine param-
eters of pelvic floor structures, and the abnormalities of the 
volume, thickness, and the three diameter lines of the proxi-
mal and distal vaginal areas of de novo SUI after the first 
vaginal delivery, in which 3D reconstruction fusion models 
are used based on a static MRI; second, to determine the 
differences in motion patterns and segmental activities of 
the anterior and posterior walls of the urethra and the vagina 
between the SUI group and the normal group based on a 
dynamic MRI; finally, to analyze the predictive values of 
these parameters for the occurrence of de novo SUI after the 
first vaginal delivery.

Materials and methods

Patients

In this retrospective cross-sectional study, MR images of 
91 primiparous women delivered via vaginal delivery who 
underwent postpartum pelvic floor reexamination in Tianjin 
First Central Hospital from October 2015 to December 2017 
were collected. The participants included 43 primiparous 
women diagnosed with SUI through the urinary inconti-
nence questionnaire score, who reported normal prenatal 
conditions and 48 healthy primiparous women who were 
matched in age and body mass index and did not show any 
abnormalities through medical history, clinical examination, 
questionnaire survey, and imaging examination. Before the 
examination, the patients were instructed to assume a supine 
position with a wedge-shaped cushion placed under the 
knee to simulate the lithotomy position to maintain consist-
ency in the pelvic position, thereby standardizing the slice 
angle, and patients were trained to perform the resting-force 

movement (Valsalva). After subjects had undergone a 2-h 
period of urine holding to maintain a moderate bladder fill-
ing, static and dynamic scan examinations were performed 
using a Philips Ingenia 3.0 T magnetic resonance scanner 
and a 16-channel phased array body coil. The MRI examina-
tion conducted in this study was a scientific research scan-
ning protocol. Supplementary file1 shows specific scanning 
parameters. Inclusion criteria were: 

1. Primiparas who gave birth through the vagina for about 
6 weeks

2. In the SUI group, involuntary urine leakage occurred 
during a sudden increase in abdominal pressure (such 
as coughing, sneezing, laughing, or exercising) at least 
twice a week

 Exclusion criteria were: 

1. History of pelvic surgery
2. Incomplete clinical data, missing images and poor imag-

ing quality
3. Postpartum pelvic organ prolapse was excluded in the 

SUI group

 The study process conformed to the Declaration of Helsinki 
(as revised in 2013) and was approved by the Institutional 
Review Board of Tianjin First Central Hospital (registration 
ID2018NO22KY).

3D reconstruction and measurements

The collected  T2WI MRI was imported into Mimics 19.0 in 
DICOM format, and the 3D reconstruction of the lower uri-
nary tract tissue was completed by specialized researchers. 
In order to achieve precise reconstruction of the lower uri-
nary tract, this study applied corresponding 3D model-based 
registration for creation of the fusion 3D models. In the first 
step, three 3D models of the same structure were recon-
structed based on the horizontal, coronal, and sagittal MRI. 
In the second step, based on the same coordinate system, the 
corresponding 3D models are accurately fitted in Geomagic 
Studio 14.0 software. For this method, each 3D structure 
achieved reconstruction and fusion, which made the models 
more realistic and favorable for measurement analysis. And 
then, we measured the 3D models with 3-matic 11.0.

The steps for the measurements of the proximal and the 
distal regions of the vagina were as follows. In the first step, 
a horizontal plane was identified using 3-matic software 
according to a point that was used to mark the lowest point 
of the bladder neck in a 2D plane. In the second step, the 
vagina was cut into two parts above and below the bladder 
neck based on the determined plane using the "plane cutting" 
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tool of 3-matic software. In this method, the different regions 
of the vagina achieved division.

The urethral compression muscle (CU) volume (CUV), 
the surface area of the CU (CUS), the iliococcygeus muscle 

(IC) volume (ICV), the surface area of IC (ICS), the pubo-
visceral muscle (PVi) volume (PViV), the surface area of 
the PVi (PViS), the puborectal muscle (PR) volume (PRV), 
the surface area of PR (PRS), the urethral volume (UV), 

Table 1  Comparison of 3D measurement parameters between the two groups (mean ± SD)

SD standard deviation, BSD distance from the bladder neck to the upper edge of the pubic symphysis; LD-Angle inclination angle between the 
base of the levator ani muscle and the lateral wall of the left part, RD-Angle inclination angle between the base of the levator ani muscle and the 
lateral wall of the right part, LR-Angle absolute value of the difference between the RD-Angle and the LD-Angle, UA anterior posterior diameter 
of the urethra, A-Angle the angle of the central line of the proximal urethra and the distal urethra, B-Angle the angle of the central line of the dis-
tal urethra and the distal urethra, C-Angle the angle between the posterior wall of the urethra and the anterior wall of the vagina
*p < 0.0001; **p < 0.05; ***p < 0.01

Parameters SUI Non-SUI p

BSD (mm) 9.07 ± 5.04 15.00 ± 3.62 0.000*
LD-Angle (°) 138.82 ± 5.11 138.59 ± 6.66 0.860
RD-Angle (°) 139.53 ± 5.97 139.71 ± 6.36 0.891
LR-Angle (°) 4.15 ± 3.55 3.53 ± 2.66 0.511
Urethral volume  (cm3) 3.05 ± 0.75 4.35 ± 6.97 0.172
Urethral surface area  (cm2) 1.54 ± 0.28 1.75 ± 1.46 0.996
Urethral width (mm) 19.56 ± 5.36 17.08 ± 4.07 0.016**
Anterior posterior diameter of the urethra (mm) 17.98 ± 3.40 17.60 ± 3.38 0.493
Urethral length (mm) 26.72 ± 3.39 30.18 ± 3.12 0.000*
A-Angle (°) 9.45 ± 7.12 8.87 ± 6.44 0.821
B-Angle (°) 164.62 ± 11.79 168.27 ± 9.57 0.162
C-Angle (°) 8.56 ± 5.90 5.72 ± 3.63 0.034**
The proximal region of the vagina volume  (cm3) 19.35 ± 10.32 22.22 ± 12.98 0.273
Anterior posterior diameter of the proximal region of the vagina (mm) 35.52 ± 9.91 36.09 ± 10.11 0.798
Width of the proximal region of the vagina (mm) 75.50 ± 18.44 78.61 ± 19.61 0.247
Length of the proximal region of the vagina (mm) 20.17 ± 8.80 19.49 ± 9.79 0.981
Distal region of the vagina volume  (cm3) 13.91 ± 5.06 14.13 ± 3.49 0.824
Anterior posterior diameter of the distal region of the vagina (mm) 27.69 ± 4.93 28.42 ± 5.84 0.985
Width of the distal region of the vagina (mm) 47.81 ± 7.90 51.69 ± 7.58 0.026**
Length of the distal region of the vagina (mm) 29.49 ± 5.716 28.52 ± 4.19 0.385
Volume of the obturator internus muscles  (cm3) 65.67 ± 14.65 66.97 ± 12.55 0.667
Volume of the obturator internus muscles  (cm2) 22.03 ± 3.29 22.61 ± 2.41 0.361
Volume of the urethral cavity  (cm3) 0.19 ± 0.08 0.17 ± 0.13 0.237
Volume of the urethral cavity  (cm2) 0.23 ± 0.09 0.21 ± 0.12 0.438
Length of the urethral cavity (mm) 15.97 ± 5.91 15.01 ± 7.09 0.891
Anterior posterior diameter of the urethral cavity (mm) 6.15 ± 1.95 6.57 ± 2.88 0.448
Width of the urethral cavity (mm) 6.13 ± 1.68 5.73 ± 2.56 0.199
Width of the urethral cavity  (cm3) 0.14 ± 0.10 0.29 ± 0.16 0.000*
Surface area of the compressor urethra  (cm2) 0.41 ± 0.21 0.68 ± 0.28 0.000*
Surface area of the compressor urethra (mm) 3.67 ± 1.53 4.97 ± 1.49 0.000*
Iliococcygeus muscle volume  (cm3) 11.06 ± 3.69 8.35 ± 3.04 0.001***
Iliococcygeus muscle volume  (cm2) 12.00 ± 2.34 8.54 ± 1.91 0.000*
Iliococcygeus muscle volume (mm) 5.53 ± 0.77 5.57 ± 0.99 0.847
Pubovisceral muscle volume  (cm3) 5.65 ± 1.39 6.67 ± 1.69 0.004***
Surface area of the pubovisceral muscle  (cm2) 6.48 ± 1.34 7.14 ± 1.33 0.030**
Thickness of the pubovisceral muscle (mm) 6.83 ± 1.00 6.75 ± 0.94 0.667
Thickness of the pubovisceral muscle  (cm3) 6.51 ± 2.60 8.71 ± 1.64 0.000*
Thickness of the pubovisceral muscle  (cm2) 6.15 ± 1.95 8.90 ± 1.46 0.000*
Thickness of the puborectal muscle (mm) 6.44 ± 0.92 5.89 ± 0.78 0.003***
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the urethral surface area, the volume of the UC, the sur-
face area of the UC, the vaginal surface area, the proximal 
region of the vagina volume, the distal region of the vagina 
volume, the volume of the obturator internus muscles, and 
the surface area of the obturator internus muscles were 
directly viewed by the 3-matic software.

The procedure for measuring diameter lines is as fol-
lows: first, the entities were analyzed by means of 3-matic 
software for extreme values on the X, Y, and Z axes, the 
leftmost and rightmost points were analyzed on the X axis, 
the highest and lowest points were analyzed on the Y axis, 
the anterior and final points were obtained on the Z axis, 
and next, the distance between the two poles value points 
on each axis were measured in a straight line. Finally, the 
urethral width (UW), the anterior and posterior diameter of 
the urethra, the width of the urethral cavity, the length of the 
urethral cavity, the anterior–posterior diameter of the ure-
thral cavity, the width of the proximal region of the vagina, 
the length of the proximal region of the vagina (VPL), the 
anterior–posterior diameter of the proximal region of the 
vagina, the width of the distal region of the vagina (VDW), 
the length of the distal region of the vagina (VDL), and the 
anterior–posterior diameter of the distal region of the vagina 
achieve the measurement of the three diameter lines. The 
thickness measurements of the compressor urethra (CUT), 
the iliococcygeus muscle (ICT), the pubovisceral muscle 
(PViT), the puborectal muscle (PRT) were directly analyzed 
and realized by the 3-matic "wall thickness analysis" tool.

The angle between the lower and anterior lower edges 
of the right part and the left part of the LAM was defined 
as the RD-Angle and the LD-Angle respectively. LR-Angle 
was the absolute value of the difference between the RD-
Angle and the LD-Angle. The center lines of the distal 
and proximal urethra and vagina were analyzed using the 
3-matic software. The angles between the central line of 
the proximal and the distal urethra and the coronal plane 
were defined as the A-Angle and the B-Angle. The angle 
between the posterior wall of the urethra and the ante-
rior wall of the vagina was defined as the C-Angle. The 
distance from the lowest point of the bladder neck to the 
pubic bone (PB) and sacrococcygeal joint planes were 
defined as the BSD. All measurements and analyses of 
the model were completed by a professional researcher.

2D measurements and analyses

A rectangular coordinate system was built based on the 
median sagittal image of MRI in the rest state and in maxi-
mal Valsalva state respectively. A horizontal line passing 
through the posterior edge of the PB as the X-axis, and the 
vertical line for the X-axis through the midpoint of the pos-
terior edge of the PB is the Y-axis. The midpoint and end 
of the anterior and posterior walls of the urethra and the 

vagina, the end of the bladder neck and cervix were marked 
in the MRI median sagittal images at rest and in the maximal 
Valsalva state respectively. The Y-value above the X-axis 
was marked as a positive value, whereas the Y-value below 
(foot side) was marked as a negative value, and the X-axis 
on the right side of the Y-axis was marked as a positive 
value, whereas the left side was marked as a negative value, 
which measures the position of each marked point (x, y). 
The total displacement (TD) was measured by the formula 
√ ((xValsalva—xrest)2 +  (yValsalva—yrest)2).

Statistical analyses

The inter-group mean standard deviation between the SUI 
group and the control group was tested by Mann–Whitney 
U tests or two independent sample t tests to see if there were 
significant differences between the two population variables. 
A logistic regression was used to analyze the parameters 
with statistically significant differences. A receiver operator 
characteristic (ROC) curve was used to evaluate the accu-
racy of the continuous variables for detecting and identifying 
the predictive values of indicators, screening out parameters 
affecting the occurrence of SUI. The statistical test method 
was selected according to whether it conforms to the nor-
mal distribution. SPSS 26.0 software was used for statistical 
analysis. p < 0.05 was defined as statistically significant.

Results

A total of 81 cases were finally included in the study and 
divided into 40 cases in the SUI group and 41 cases in the 
normal control group according to the clinical presence or 
absence of urinary incontinence. There were no statisti-
cally significant differences in the mean age, BMI, bipari-
etal diameter, and exam-delivery interval between the two 
groups (p > 0.05).

With the help of Mimics software based on T2-weighted 
MRI, we reconstructed 3D models of pelvic organs of 
subjects with and without SUI (Fig. 1), including pelvis, 
bladder, urethra, vagina, OIM, IC, PR, PVi, and UC. The 
volume, surface area angle and other parameters of the 
object were measured using 3-matic (Fig. 2). Then, we used 
the segmentation function of the software to analyze and 
measure the relevant components in parts (Fig. 2G–I). The 
results showed that the BSD, UL, CUV, CUS, CUT, PViV, 
PRV, and PRS in the SUI group were significantly lower 
than those in the control group (all, p < 0.01), UW, C-Angle, 
VDW, PViS, PRT, ICV, ICT, and PRV were significantly 
higher than those in the control group (p < 0.05; Table 1).

We marked the points on the MRI during the resting and 
maximal Valsalva state and measured the spatial positions 
of each point respectively (Fig. 3), comparing the before 
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and after changes in the SUI and control group in the two 
states. The spatial position of the first site in the Y-direction 
was significant between the two groups during Valsalva 
maneuver (p < 0.01), and the results of other sites are pre-
sented in Table 2. The TDs from rest to maximal Valsalva 
stage at all sites were significantly greater in the SUI group 
than in the control group (p < 0.05), except for the 3rd site.

According to the above analysis results, BSD, UL, 
C-Angle, VDW, CUV, ICV, PViV, PRV, TD of the 1st, 
2nd, 4th, 5th, 6th, 7th, and 8th sites were measured as 
influential factors of SUI. Binary logistic regression anal-
ysis showed that the BSD decreased, the CUV decreased, 
the ICV increased, the TD of the 1st site increased, and 
the TD of 8th site increased; the parameters correlated 
significantly with SUI occurrence (Table 3).

The predictive values of relevant parameters for SUI 
occurrence were analyzed by ROC curve. The results 
showed that the area under the curve values of BSD, CUV, 
and ICV were 0.836, 0.800, and 0.717 respectively, indi-
cating that the above parameters were certainly accurate 
for the diagnosis of SUI. The sensitivities for diagnos-
ing SUI were 72.5%, 87.5%, and 92.5% respectively. The 
specificities were 85.4%, 61.0%, and 46.3% respectively. 
The optimal thresholds were 11.455 mm, 0.230  cm3, and 
7.745  cm3 respectively (Table 3).

Discussion

Static and dynamic MRI are non-invasive golden imaging 
techniques for evaluating SUI postpartum [12]. Based on 
static MRI, this study used a new method combining three 
planes: horizontal, coronal, and sagittal for 3D reconstruc-
tion fusion. These 3D models can be used to measure 
detailed anatomical parameters of the pelvic floor struc-
tures related to SUI. This method does not only avoid the 
subjective selection of a single plane in 2D measurement, 
but also compensates for the potential lack of anatomical 
features in 3D models reconstructed solely using horizon-
tal plane. This study shows that the 3D measurement and 
the pelvic floor MRI provides more precise and detailed 
morphological parameters for in-depth exploration of the 
pathogenesis of SUI.

Previous studies have confirmed that the occurrence 
of SUI is related to the injury and degeneration of LAM 
[13]. The LAM is divided into the IC, the PR, and the 
PVi owing to differences in starting and ending points and 
course. Sheng et al. showed that urethral closure pres-
sure of women with a PVi tear was 25% lower than those 
without a PVi tear during an attempted pelvic muscle 

Fig. 1  3D reconstruction 
of pelvic tissues based on 
T2-weighted MRI. A The 
sagittal scanning image. B The 
coronal scanning image. C The 
horizontal scanning image. D 
3D reconstructions of the pubic 
bone (PB), bladder (B), urethra 
(U), urethral cavity (UC), 
vagina (V), rectum (R), iliococ-
cygeus muscle (IC), puborectal 
muscle (PR), pubovisceral 
muscle (PVi), urethral compres-
sion muscle (CU), and obturator 
internus muscle (OIM). Red 
dotted line urethral compression 
muscle, orange dashed line ure-
thra, green dashed line vagina, 
white dotted line rectum, deep 
blue dotted line the pubovisceral 
muscle, purple dotted line the 
puborectal muscle, pink dotted 
line bladder, yellow dotted 
line the iliococcygeus muscle, 
wathet dotted line the obturator 
internus muscle
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contraction by examining the urethral closure pressure of 
primiparous women [14]. Murad-Regadas et al. used an 
ultrasound scoring system to assess the correlation between 
women with vaginal delivery and the severity of symptoms, 
and found out that patients with a PVi tear had significantly 
higher incontinence scores [15]. The results of this study 
indicated that the PViV and PViS of the SUI group were 
significantly lower than those of the normal group, which 
was consistent with the studies by Sheng et al. and Murad-
Regadas et al. Based on the direct measurement of static 
MRI, Yasar et al. reported that the average values of the 
left and right PRT in the urinary incontinence group were 

7 mm and 6.23 mm respectively, which were significantly 
lower than those in the normal group. Consistent with the 
findings of Yasar et al. [16], we found out that the average 
value of PRT in the control group was higher than that in 
the SUI group; the average value of PRT in the SUI group 
was 6.44 mm.

The difference in the average value of PRT in the above 
results may be caused by different research objects. The 
research objects of Yasar et al. [16] include women with 
symptoms of stress and mixed urinary incontinence, whereas 
this study focused on primipara with SUI. We then meas-
ured the PRV and the PRS indicators, owing to an irregular 
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shape of the PR, it is difficult to calculate the volume and the 
surface area of PR in 2D measurements, and the calculation 
based on the elliptical volume formula was not accurate. In 
this study, PRT and PRV were obtained through 3D auto-
matic analysis, avoiding subjective errors in measurement 
and improving data accuracy. After analyzing the results 
using this precise method, we found out that the PRV and 
PRS in the SUI group were significantly lower than those in 
the normal group, indicating that the injury of LAM in post-
partum women with SUI mainly occurred in the PR and PVi.

Singh et  al. suggested that the IC was considered to 
mainly act on supporting pelvic organs and had little impact 
on SUI [17]. But our data do not support this perspective, 
we found out that the average ICS, ICV, and ICT in the SUI 
group were significantly higher than those in the control 
group; we speculate that this situation is caused by the 
potential impact of muscle compensation. Regression analy-
sis showed that the large ICV correlated significantly with 
SUI and was a risk factor for postpartum SUI.

Mothes et al. found out that normal female urethras were 
longer than 30 mm and shorter urethras were to be associ-
ated with preoperative incontinence symptoms in measur-
ing autologous tissue [18]. Consistent with the measure-
ment results of Mothes et al., we found out that the UL of 
the SUI group was significantly smaller than that of the 

control group, with a mean length difference of 3.5 mm 
(26.72 ± 3.39 vs 30.18 ± 3.12). The SUI group had a larger 
UW than the control group in our study. This suggests that 
women with postpartum SUI have shorter and wider urethras 
than healthy controls, and UL is an influencing factor for 
postpartum SUI, but not a risk factor.

According to previous descriptions, our 3D reconstruc-
tion fusion technology has been proved not only to be able 
to restore the morphological characteristics of organs but 
also to have accurate measurement results [19]. However, 
our data do not support the findings in some literature that 
suggested that bladder hypermobility has poor diagnostic 
efficacy in SUI [20, 21]. Yin et al. [22] indicated that there 
were no significant differences in the bladder neck mobility 
between SUI patients and normal women. Despite Mayer 
et al. examining the bladder neck mobility using a Q-tip test 
and finding out that it could not provide reliable predictive 
values for SUI [21], its relative contributions were not evalu-
ated. Differently, this study showed that the BSD and TD of 
the 1st site in the SUI group were significantly higher than 
those in the control group, which was consistent with the 
results of Dietz et al. [23]. We then found out that, compared 
with the control group, the SUI group had a larger C-Angle. 
The increase in the C-Angle indicated that the support force 
provided by the vagina to the bladder neck was weakened, 
which appeared to increase bladder neck mobility. Logistic 
regression analysis showed that for every 1-mm increase in 
the BSD, the relative risk of SUI increases by a factor of 
0.478. The BSD had good prediction efficiency for post-
partum SUI. Therefore, our study results suggest that the 
BSD can be used as a diagnostic parameter for postpartum 
SUI. In this study, the 3D measurements of the BSD and the 
C-Angle were automatically analyzed using 3-matic soft-
ware, ensuring accurate and reliable measurement results.

Low urethral closure pressure would lead to the occur-
rence of SUI [24], and the passive urethral closure pressure 
was increased owing to the active support provided by ure-
thral compression muscles interacting with hammock struc-
ture for urethra and bladder neck, which became the key to 
maintaining urinary incontinence. We found out that CUV, 
CUS, and CUT were significantly smaller in the SUI group 
than in the control group. In addition, controversy exists 
regarding the relationship between the urethral compression 
muscle and the external urethral sphincter. Some scholars 
believed that CUs exist independently [24, 25], whereas 
others believed that CUs represent only a small muscular 
protrusion, which is a part belonging to the EUS [26]. We 
not only observed its presence on imaging, measured and 
analyzed its volume, surface area versus thickness, but we 
also found out that the CUV provided a good diagnosis of 
postpartum SUI, and when the CUV was less than 0.23  cm3, 
the risk of postpartum SUI increased. Despite the differences 
in nomenclature, there is no doubt that the CU is a critical 

Fig. 2  3D analyses of length (mm), width (mm), anteroposterior 
diameter (mm), volume  (cm3), angle (°), distance (mm), thickness 
(mm), and surface area  (cm2). A The leftmost and rightmost points 
were analyzed by 3-matic software on the X-axis, the urethral width 
(UW) was measured from the leftmost point to the rightmost point. 
The UW was 14.82 mm. B The anterior point, the last point, and the 
inflection point of the lower levator ani muscle (LAM) were deter-
mined on the Y-axis by 3-matic software. The angle formed by the 
three points was the inclination angle between the base of the LAM 
and the lateral wall of the right part (RD-Angle). The RD-Angle 
was 133.42°. C The plane of the posterior margin of the pubic bone 
and the sacrococcygeal joint was fitted by 3-matic software accord-
ing to three points, which were used to mark on the 2D plane. The 
lowest point of the bladder neck fitted by the 2D plane. The distance 
from the bladder neck to the pubic bone (BSD) is 17.5. D The angle 
between the central line of the proximal and distal urethra and the 
coronal plane was defined as the A-Angle and the B-Angle respec-
tively. The A-Angle was 4.55°, the B-Angle was 18.64°. The part 
10  mm away from the end of the urethra was defined as the distal 
urethra, and the other part was the proximal urethra. E Surface dis-
tance from the proximal endpoint of the urethra to the distal end-
point of the urethra was defined as the urethral length (UL). The UL 
was 30.47  mm. F Schematic diagram of the properties of the ure-
thral body. G A horizontal plane was identified using 3-matic soft-
ware according to a point that was used to mark the lowest point of 
the bladder neck in the 2D plane. H The "plane-cutting" tool of the 
3-matic software was used to cut the vagina into two parts above and 
below the bladder neck based on the determined plane. I The thick-
ness of the distal region of the vagina (VDT) was analyzed using 
3-matic software. The VDT was 25.44  mm. The urethral volume 
(UV) was 3.12  cm3. The urethral surface area (US) was 1.57  cm2. 
VVD distal region of the vagina volume, VSD distal region of the 
vagina surface area

◂
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structure for maintaining normal continence. In addition, the 
causes of stress incontinence in young women are different 
from the causes in later life, when the deterioration of ure-
thral function takes over as the main causal factor. Therefore, 
in addition to the support of the structure of the urethra, 
attention should be paid to the future relationship between 
the failure of the urethral function itself and postpartum SUI.

The motility of the lower urinary tract is crucial for the 
assessment of SUI and much attention must be paid to it 
[11, 27]. Zhao et al. divided the urethra with six equidistant 
points and found out that the mid-urethra was hyperactive in 
SUI [11]. Going a step further than Zhao et al., we divided 
the urethra into anterior and posterior walls separately for 
segmental study, which contributed to a deeper understand-
ing of the urethral motility status. Different from other sites, 
only the location of the 3rd site in the X- and Y-directions, 
as well as TD, showed no statistically significant difference 
between the two groups, neither at rest nor with Valsalva 
(Table 2).

Table 2 showed that, compared with the normal group, 
the SUI group had a larger TD of the 1st, 2nd, and 4th sites 
(p < 0.05), and when pressure was applied, the 1st, 2nd, and 
4th site of the SUI group, originally closer to the PB, moved 
in a more distal direction in the Y-direction compared with 
the control group (Fig. 4A; p < 0.05). Therefore, signs of the 
larger spatial gap between the 1st, 2nd, and 4th sites, with 
the formation of a urethral funnel, were observed among pri-
miparous women with SUI. Moreover, the movement char-
acteristics of these sites appear to result in the alteration of 
the urethra approximately to an anti-“C” shape during the 
Valsalva maneuver in primipara with SUI compared with 
healthy primipara.

Our results showed that the TDs of the 2nd and 4th 
sites in the SUI group were significantly higher than those 
in the control group, suggesting that postpartum SUI had 
greater mid-urethral mobility. Although mid-urethral sling 
is an accepted treatment for SUI, recurrent stress inconti-
nence occurs in 24.2 to 35.7% of women [28, 29]. Relevant 
research showed that the normal physiological state of the 
urethra was restored by applying a force to the posterior 
portion of the bladder neck, improving the surgical success 
rate [30]. Thus, we believe that the key to the success of the 
midurethral sling surgery is whether or not the midurethral 
sling eliminates the deformation of the middle part of the 
urethra. In addition to limiting the movements of the 1st, 
2nd, and 4th sites, which causes the anti-“C” shape of the 
urethra to disappear, the 5th site is also worth paying atten-
tion to. This study showed that the 5th site with a greater TD, 
originally located lower than the PB, would move in a lower 
and more ventral direction (Fig. 4A) in the SUI group than 
in the control group. The difference was statistically sig-
nificant. Therefore, surgical designs should pay attention to 
the movement of the posterior end of the urethra after sling 
surgery is performed to check whether or not it is restricted, 
in order to ensure the effectiveness of the operation.

At present, there are fewer reports on VDW and vaginal 
mobility in SUI patients. The anterior vaginal wall is an 
important part for squeezing the posterior urethral wall 
during the increase in intra-abdominal pressure [31]. We 
found out that the VDW of the SUI group was significantly 
smaller than that of the control group, and that the TDs 
of the 6th, 7th, and 8th sites were significantly larger 
in the SUI group than in the control group. Logistic 
regression analysis showed that every 1-mm increment in 

Fig. 3  The marks on static MRI. A MRI of the pelvic floor at rest. 
B MRI of the pelvic floor at maximal Valsalva state. 1st site lowest 
point of the bladder neck, 2nd site midpoint of the anterior urethral 
wall, 3rd site extremity of the anterior urethral wall, 4th site midpoint 
of the posterior urethral wall, 5th site extremity of the posterior ure-

thral wall; 6th site extremity of the cervix, 7th site midpoint of the 
anterior vaginal wall, 8th site extremity of the anterior vaginal wall, 
9th site midpoint of the posterior vaginal wall, 10th site extremity of 
the posterior vaginal wall
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TD of the 8th site increased the relative risk of postpartum 
women suffering from SUI by 1.499 times, indicating that 
an unstable anterior vaginal wall and slightly narrowed 
distal vagina could fail to provide effective support to the 
posterior urethral wall, which leads to the occurrence of 
SUI. Except for the 10th and 8th sites, the 7th and 9th 
sites during Valsalva maneuver in the SUI group were all 
significantly further away from the PB in the horizontal 
direction, and significantly lower in the vertical direction 
(Table 2). Based on our findings, we conclude that the 
postpartum SUI has a narrower VDW, and the middle 
part of the anterior and posterior walls of the vagina move 
backward and downward, whereas the distal part moves 
forward and downward. These results fill the research gaps 

in the pattern of vaginal segment activity, which relates to 
the morphological indicators of the vagina.

In addition, this study has certain limitations. First, our 
sample size was relatively small, and there were many 
influencing factors of SUI included in this study; there-
fore, a larger sample was needed to improve the accuracy 
of the related factors in logistic regression analysis. Larger 
samples are needed in the future to confirm and supple-
ment our results. Second, we did not compare the mod-
els with the original scan. Third, the axis established by 
MRI based on horizontal and vertical lines did not take 
into account the differences in the pelvic inclination in 
the MRI scanners for our study. However, before static 
and dynamic MRI examination, all the postpartum women 

Table 2  Comparison of dynamic MRI measurement parameters between the two groups (mean ± SD)

SD standard deviation, TD total displacement, 1st site lowest point of the bladder neck, 2nd site midpoint of the anterior urethral wall, 3rd site 
extremity of the anterior urethral wall, 4th site midpoint of the posterior urethral wall, 5th site extremity of the posterior urethral wall; 6th site 
extremity of the cervix, 7th site midpoint of the anterior vaginal wall, 8th site extremity of the anterior vaginal wall, 9th site midpoint of the pos-
terior vaginal wall, 10th site extremity of the posterior vaginal wall
*p < 0.0001; **p < 0.01; ***p < 0.001; ****p < 0.05

Parameters SUI Non-SUI p

1st site at rest (x, y) (9.43 ± 5.35, 23.64 ± 5.10) (7.40 ± 5.27, 24.98 ± 3.73) (0.089, 0.183)
1st site with Valsalva (x, y) (13.29 ± 5.98, 2.80 ± 10.39) (13.63 ± 6.48, 11.36 ± 9.50) (0.705, 0.000*)
TD of the 1st site (mm) 22.61 ± 9.50 16.12 ± 9.14 0.002**
2nd site at rest (x, y) (4.28 ± 3.47, 12.83 ± 3.57) (3.10 ± 3.22, 13.57 ± 3.00) (0.115, 0.313)
2nd site with Valsalva (x, y) (13.29 ± 5.98, 2.80 ± 10.39) (13.63 ± 6.48, 11.37 ± 9.50) (0.459, 0.002***)
TD of the 2nd site (mm) 13.10 ± 4.88 10.22 ± 4.73 0.008**
3rd site at rest (x, y) (1.54 ± 2.60, 1.79 ± 3.43) (1.33 ± 1.67, 1.91 ± 3.26) (0.419, 0.862)
3rd site with Valsalva (x, y) (−2.55 ± 4.81, −3.28 ± 2.96) (−1.95 ± 3.44, −2.83 ± 3.70) (0.603, 0.554)
TD of the 3rd site (mm) 7.45 ± 4.10 6.61 ± 3.57 0.530
4th site at rest (x, y) (16.33 ± 3.44, 11.45 ± 5.28) (14.71 ± 3.48, 13.68 ± 3.90) (0.039*, 0.084)
4th site with Valsalva (x, y) (13.23 ± 5.81, −7.39 ± 6.93) (14.80 ± 3.69, −0.02 ± 8.58) (0.149, 0.001**)
TD of the 4th site (mm) 19.70 ± 8.24 14.70 ± 7.70 0.006**
5th site at rest (x, y) (11.13 ± 3.34, −2.06 ± 3.92) (10.77 ± 3.01, 0.71 ± 3.78) (0.615, 0.119)
5th site with Valsalva (x, y) (1.53 ± 6.28, −11.18 ± 4.93) (4.70 ± 4.37, −8.95 ± 6.57) (0.010*, 0.138)
TD of the 5th site (mm) 14.42 ± 6.19 11.70 ± 5.07 0.033****
6th site at rest (x, y) (35.36 ± 10.01, 49.77 ± 10.16) (33.79 ± 10.92, 49.64 ± 10.40) (0.502, 0.954)
6th site with Valsalva (x, y) (44.82 ± 12.43, 28.73 ± 15.68) (40.20 ± 12.17, 35.73 ± 14.65) (0.119, 0.041****)
TD of the 6th site (mm) 26.13 ± 14.53 18.07 ± 11.45 0.007**
7th site at rest (x, y) (17.71 ± 5.05, 18.82 ± 5.98) (16.40 ± 5.49, 19.55 ± 5.90) (0.266, 0.584)
7th site with Valsalva (x, y) (25.24 ± 7.60, 2.61 ± 8.91) (20.85 ± 6.16, 8.91 ± 9.07) (0.005**, 0.002**)
TD of the 7th site (mm) 18.94 ± 10.04 12.96 ± 7.58 0.003**
8th site at rest (x, y) (3.63 ± 8.43, −7.01 ± 4.08) (2.82 ± 8.15, −6.55 ± 4.18) (0.661, 0.609)
8th site with Valsalva (x, y) (−3.00 ± 8.28, −14.40 ± 6.68) (0.71 ± 6.78, −12.90 ± 5.97) (0.030*, 0.094)
TD of the 8th site (mm) 13.85 ± 7.00 9.37 ± 5.59 0.007**
9th site at rest (x, y) (27.97 ± 7.28, 26.29 ± 8.65) (26.76 ± 7.29, 27.84 ± 6.50) (0.457, 0.364)
9th site with Valsalva (x, y) (35.82 ± 8.45, 9.32 ± 11.57) (31.93 ± 7.76, 15.32 ± 11.14) (0.034*, 0.020****)
TD of the 9th site (mm) 21.14 ± 11.96 15.72 ± 9.29 0.025****
10th site at rest (x, y) (25.67 ± 9.32, −11.92 ± 7.10) (26.71 ± 6.69, −11.00 ± 5.50) (0.717, 0.519)
10th site with Valsalva (x, y) (22.43 ± 10.38, −19.79 ± 13.01) (26.04 ± 7.92, −17.23 ± 8.90) (0.081, 0.043****)
TD of the 10th site (mm) 16.72 ± 12.02 10.92 ± 5.62 0.016****
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assumed the supine position, with a wedge-shaped cushion 
placed under the knees, largely maintaining consistency in 
pelvic position. Finally, although we used a new method 
of fusion and measurement of 3D models, we restored the 
anatomical features of the tissue as much as possible. But 
this approach required building models in three directions 
(3D), which was an enormous workload. A simpler method 
of modeling is needed in the future. However, our precise 
methods provided the possibility of further discovering the 
variable features of pelvic floor dysfunction diseases.

Conclusions

In conclusion, 3D reconstruction fusion technology based 
on MRI can accurately measure and analyze morpho-
logical changes in pelvic floor structures of postpartum 
SUI. The BSD, CUV, ICV, bladder neck mobility, and the 
extremity of the anterior vaginal wall mobility are risk 
factors for de novo SUI after first vaginal birth, and the 
BSD, CUV, and ICV have certain value in predicting de 
novo SUI after first vaginal birth.

Table 3  Binary logistic regression and receiver-operating characteristic (ROC) curve analysis

BSD distance from the bladder neck to the upper edge of pubic bone, UL urethral length, CUV compressor muscle urethra volume, ICV iliococ-
cygeus muscle volume, PViV the pubovisceral muscle volume, TD total displacement, 1st site lowest point of the bladder neck, 8th site extremity 
of the anterior vaginal wall, AUC  area under the curve
*p < 0.01; **p < 0.05; ***p < 0.0001

Binary logistic regression analysis ROC curve

β OR OR 95%CI p Cutoff AUC Sensitivity Specificity p

BSD (mm) −0.738 0.478 0.284–0.804 0.005* 11.455 0.836 0.725 0.854 0.000***
UL (mm) −0.679 0.057 0.229–1.123 0.094 – – – – –
CUV  (cm3) −19.196 0.000 0.000–0.012 0.011** 0.230 0.800 0.875 0.610 0.000***
ICV  (cm3) 1.038 2.823 1.147–6.949 0.024** 7.745 0.717 0.925 0.463 0.001*
PViV (mm) −0.747 0.474 0.195–1.151 0.099 – – – – –
TD of the 1st site (mm) 0.403 1.496 1.081–2.072 0.015** 12.924 0.682 0.850 0.439 0.005*
TD of the 8th site (mm) 0.405 1.499 1.108–2.029 0.009** 4.935 0.674 1.000 0.268 0.007*

Fig. 4  Displacement trajectories at each site from the resting state to 
the Valsalva state. A Displacement trajectories of the 1st site to the 
5th site from the resting state to the Valsalva state. B Displacement 
trajectories of the 6th site to the 10th site from the resting state to the 
Valsalva state. Red dotted line SUI, blue dotted line non-SUI, square 
1st site, circle 2nd site, upper triangle 3rd site, lower triangle 4th site, 
rhombus 5th site, left triangle 6th site, right triangle 7th site, star 8th 
site, pentagon 9th site, hexagon 10th site, (0,0) the spatial position 

of the posterior edge of the pubic symphysis, R rest state, V Valsalva 
state, 1st site lowest point of the bladder neck, 2nd site midpoint of 
the anterior urethral wall, 3rd site extremity of the anterior urethral 
wall, 4th site midpoint of the posterior urethral wall, 5th site extrem-
ity of the posterior urethral wall, 6th site extremity of the cervix, 7th 
site midpoint of the anterior vaginal wall, 8th site extremity of the 
anterior vaginal wall, 9th site midpoint of the posterior vaginal wall, 
10th site extremity of the posterior vaginal wall
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