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Objective assessment of cesarean
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uterine simulator
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Cesarean wound healing is influenced by surgeon experience, suture type, and technique. This

study utilized a simulation model to quantify these effects. Obstetricians—gynecologists and junior
residents performed two-layer continuous suturing on uterine models, forming eight groups based on
experience level (expert, novice), suture type (conventional, barbed), and technique (Albert-Lembert,
layer-to-layer). The ideal wound condition was defined as that achieved by an expert using barbed
sutures and the layer-to-layer technique. Wound characteristics were quantified and compared to this
ideal. Experts using barbed sutures in Albert-Lembert suturing showed higher wound density but
greater deformation and larger endometrial openings (both P <0.01). Novices using barbed sutures

in Albert-Lembert suturing showed similar wound density but significantly greater deformation and
opening (both P <0.01). Novices using conventional sutures in layer-to-layer suturing showed the
lowest wound density and longest suturing time (both P <0.01). Notably, novices using barbed sutures
achieved wound characteristics comparable to experts using conventional sutures in Albert-Lembert
suturing and results closer to the ideal in layer-to-layer suturing. These findings establish a quantifiable
standard for cesarean suturing and suggest that optimizing suture types and techniques may help
compensate for differences in surgical expertise.
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Cesarean section rates have increased globally, exceeding 25% of all newborn deliveries in Japan and reaching
50% in some countries?. This increase has prompted growing concern over cesarean scar defects, which can
cause infertility, high-risk pregnancies, and postpartum complications, thereby affecting women’s quality of life>.
Risk factors for cesarean scar defects include inexperienced surgeons, advanced cervical dilation at the time of
cesarean section, and a retroverted uterus?.

Previous studies have indicated that suturing techniques, including continuous versus interrupted sutures?,
single- versus double-layer closure®, decidual layer inclusion’, and monofilament versus multifilament sutures?,
may influence the development of cesarean scar defects. Among double-layer uterine closure methods, two
different approaches have been described: (1) atechnique in which the first layer partially sutures the myometrium
followed by approximation of the remaining tissue in the second layer”!?, and (2) a technique in which the
first layer incorporates the full thickness of the myometrium and the second layer reinforces the closure by
approximating the surrounding tissue!®!!. However, differences in their effects on uterine wound healing remain
unclear. Nevertheless, suturing methods vary widely across regions and institutions. Recent evidence revealed
that barbed sutures, compared with conventional sutures may significantly reduce the incidence of cesarean scar
defects™!2. However, the mechanism by which suture type impacts cesarean scar defects is unclear.

To date, no study has objectively quantified the impact of surgeon skill and suture type on cesarean wound
characteristics using in vivo models. Although in vivo studies are limited by practical constraints, simulators
offer advantages such as repeated practice, measurement of wound pressure and suture counts, and observation
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of the wound’s internal surface'®. Previous studies have successfully quantified both novice and expert suturing
techniques using simulators for laparoscopy'4; however, this approach has not yet been applied to uterine closure
during cesarean section.

Therefore, in this study, we aimed to objectively evaluate cesarean wound closure using a uterine model
simulator by examining different combinations of surgeon experience, suture type, and suturing technique.

Results

A total of 40 novices and 30 experts (mean experience 4.1 and 16.8 years; range: 1-8 and 7-35 years, respectively)
consented to participate in the study. A table summarizing each surgeon’s years of experience, board certification
status in obstetrics and gynecology, presence of subspecialty certification and its details, hospital affiliation, and
clinical practice details is provided (Supplemental 1).

Ideal value.

The following measurements were obtained as the ideal values (Table 1, in bold): suture time, 450
(interquartile range: 367-549) s; first layer stitches, 14 (12-15) stitches; second layer stitches, 13 (12-15)
stitches; highest pressure, 10.1 (9.3-10.9) hPa; decompression time, 26.2 (7.7-50.2) s; width, 170 (167-171)
mm; length, 132 (131-134) mm; endometrial opening area, 79 (47-143) mm?. There were eight groups formed
from the combinations of two surgeon experience levels, two suture types, and two suturing techniques. Model
1 represented the ideal situation and was compared with other combinations of surgeon experience, suture type,
and suturing technique. The remaining seven groups were designated as Models 2 to 8.

Comparison of the ideal value (Model 1) with models sutured by experts (Model 2, 3, and 4) revealed
significant differences (Table 1). Suture time was significantly shorter in Model 1 than in Models 3 (Padj<0.001
/ r=-0.57) and 4 (Padj<0.001 / r=-0.62).

Model 1 required significantly fewer first-layer stitches than Model 3 (Padj<0.001 / r=-0.27). The highest
measured pressure was significantly higher in Model 1 than in Model 3 (Padj<0.001 / r=+0.52). Decompression
time was significantly longer in Model 1 than in Models 2 (Padj=0.011/r=+0.31) and 3 (Padj <0.001 / r=+0.46).

The endometrial opening area was significantly smaller in Model 1 than in Models 2 (Padj <0.001 / r=-0.78)
and 4 (Padj<0.001 / r=-0.83).

A comparison of the ideal model (Model 1) with novice-sutured models (Models 5-8) is shown in Table 1.
Suture time was significantly longer in Models 7 (Padj=0.016 / r=+0.62) and 8 (Padj <0.001 / r=+0.79) than in
Model 1. There were no significant differences in first-layer stitch counts after adjustment. The highest measured
pressure was significantly higher in Model 1 than in Model 7 (Padj <0.001 / r=-0.63) and Model 8 (Padj=0.003
/ r=—-0.28). Decompression time was significantly shorter in Model 7 than in Model 1 (Padj<0.001 / r=-0.70).
The endometrial opening area was significantly larger in Models 6 (Padj=0.002 / r=-0.73) and 8 (Padj<0.001
/ r=-0.86) than in Model 1.

The group of experts who used conventional sutures (Models 3 and 4) was compared with the novice group
who used barbed sutures (Models 5 and 6; Table 2). When comparing the Albert-Lembert suturing technique
(Model 4 vs. Model 6), no statistically significant differences were found after adjustment for multiple testing,
indicating comparable surgical performance between the two groups. In contrast, during the layer-to-layer
suturing technique (Model 3 vs. Model 5), the novice barbed-suture group required significantly fewer first-
layer stitches (Padj=0.025). Additionally, the highest pressure tended to be higher in this group. Moreover, when
comparing the ideal value with Models 3 and Model 5 demonstrated values that were closer to the ideal in terms
of suture time, second-layer stitches, highest pressure, width, and length than Model 3.

Discussion

Using a uterine simulator, significant differences in cesarean section wound conditions were observed based
on surgeon experience, suture type, and technique. In Albert-Lembert suturing, novices using barbed sutures
achieved results comparable to experts using conventional sutures, In contrast, in layer-to-layer suturing, novices
using barbed sutures showed a significantly lower number of first-layer stitches and a tendency toward higher
highest pressure compared with experts using conventional sutures. Furthermore, they also demonstrated
results closer to the ideal value in terms of suturing time, number of second-layer stitches, width and length.

This study revealed that surgeon experience, suture type, and suturing technique combination significantly
affect wound condition; however, the effect on wound healing remains unclear. Appropriate suture tension,
spacing, and wound-edge alignment are essential for wound healing, and improper application can lead to
impaired blood flow, chronic inflammation, and scarring!>~'”. Histopathological evaluation of cesarean section
wounds has shown that early blood flow impairment and necrosis can contribute to scar formation!>!3.

Although insights into suture spacing and tension exist for skin and intestinal sutures'*-?2, their effects on
the postpartum contracting uterus remain unknown. A study using a simulator with contracting materials for
two-layer continuous suturing reported higher wound dehiscence with conventional sutures compared with
barbed sutures?, emphasizing the importance of appropriate suture materials and techniques to prevent uterine
scarring.

The relative effectiveness of Albert-Lembert versus layer-to-layer techniques in preventing cesarean
scar defects remains uncertain in clinical settings. In the present simulator-based evaluation, Models 2, 4,
6, and 8 showed that the Albert-Lembert technique significantly increased the area of endometrial opening
and deformation, as well as wound density (highest pressure and decompression time), which are surrogate
mechanical parameters and do not have established clinical correlation. These findings may indicate that
excessive suture density could increase mechanical stress on the tissue. Barbed sutures reduce operator traction,
closely approximate the myometrium, and eliminate knot-tying, which may theoretically lessen mechanical
trauma?*2°, However, the combination of barbed sutures and the Albert-Lembert technique increased wound

Scientific Reports |

(2026) 16:7456 | https://doi.org/10.1038/s41598-026-37041-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

-a8uer amrenbrajut Y] {(UOTIL[2II0D [BIIASIq YURT) 3ZIS JJJ9 -1 £(UOT}DII0D [UOIIJUOY) an[eA-J pajsn(pe
:(peq onbruyps) Surmins 119quIaT-119qY FTV onbrutypa) Surtmins 194e[-0)-1o4e] T 9ININS [BUONUIAUOD [EUONIUIAUOY) DININS PAqIeq paqIeq SU0IZINS IOTAOU :2TAON ‘SU0dFIns
110dx0 10dxq “anbruyda) T oY) Yim sarnins paqreq 3ursn s319dxa £q PaASTYDE TOTIIPUOD PUNOM 3T} O} SIJAI INTeA [eapT, T, ‘anbruyos) Surimins pue ad4) srmins pue soustadxo

u0331ns JO SUOTIRUIQUUOD [IIM (P[Oq UT) sanfea [eapr sareduwrod a[qe) STy, "sonbruyoa], pue ‘sad£T, a1mins ‘suoaBing jo sUoneuIqUIOd JUSIPIP [IIM sanfea [eapl Jo uostreduro) 1 J[qef,

_ ropc (z09 ~ _ _ (152 B (ww)eare
og0-/1000> | (€9 Nwww ogorr| (986 wmm cr0-12000 | -¢87) | ozo/r| 88 mw eg0-/1000> | BB mmm 90°0+/T (ot omw 29°0-/1000> | -8€7) (evt BN Suruado
607 099 [ernawopuy
_ _ (1€1 (se1 _ _ (1€1 _
SL0+/100°0> (ogT-€21) 12°0-/1 WETTED | getuporon | -szi) | oro—/1|  ~zeD) | oc0+/1000> (ter-vzn) €T0-/1 SEZED | 15041000 | -s21) GEIED | (uyipSuag
8e1 €€t 8zl pel el
621 cet o€t
_ _ (821 (L1 _ _ (sz1 _
sco-mooo> | O mm@w o | (E1 mwmw 6v0-/950 |~z | tro-t | —eon) | eso-se00| (LT OMW oot | (14T wmww 65°0-/2000 | ~0L1) (1 nwm (ww)ppim
L1 oL VL1
. . T 979 (89¢ . . T (608
. (T0g-€9) . . (€01-¢¢) . m . . Ry . (8'c7-8'8) . . (Lp1-6¢) o . (Tos-22) (s)owmny
050+ el | co+movo> e 12°0+/1 £0) | 9roH/T ¥'S) 890°0+/T sop | 9r0+/1000> S| 1E0-/1100 7'6) 2or | uorssarduiosag]
Tel v'8 88
R e (¢t (so1 . . (¢ct T d
worn | TEION coorzooo | TEVLT ogo-n| cog)| corn | ww| oo |  EUTE ggoriones | COTDN gpg-seone| ~gop|  EOTEEN] (raDmes
g 8 ; yStH
It L6 XA
. (91-€1) . (91-€1) . (s1-21) . (st-21) . (91-21) e (91-21) o (91-21) (ST-T1) | (soyoIms)1akey
S0°0-/1 o 01'0~/1 o PIOH/T | so04t o 9T'0~/T | oo A L20°0-/T o o1 | puooss satping
. (91-%1) . (L1-€1) . (s1-21) . (st-21) . (s1-21) e T (L1-€1) . | FT-1D) (ST-TT) |  (sayoimns)iake]
870~/1 o zTo-/1 4 ET0+/1T o | orost o €10°0-/1 | zo-set00 G| 8r0+/e900 o A IRl
_ _ (158 (889 _ _ (¥ss _
6L0-m000> | T | rg0 1000 #667259) | pposero | -esp) | 8T0-/1|  -88¢) | to0-r1000> | OSETED | a0 t000> (999-505) 8L00-/1|  ~6L) (675299 | (5) sum oamyng
398 vl o0 oo €19 109 o 0S¥

nature portfolio

| https://doi.org/10.1038/s41598-026-37041-9

(2026) 16:7456

Scientific Reports |


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

@Model 4 ©Model 6 ®Model 3 ®Model 5
Expert Novice Expert Novice
Conventional | Barbed Conventional | Barbed
AL AL LL LL
Median Median Median Median
(IQR) (IQR) Padj/r | (IQR) (IQR) Padj/r
. 613 608 601 568
Suture time (s) (534-756) (489-851) 1/40.15 (505-666) (383-688) 1/40.15
. . 14 13 15 13
Stitches first layer (stitches) (12-15) (12-15) 1/-0.09 (13-17) (12-15) 0.025/40.35
. . 14 13 15 13
Stitches second layer (stitches) (12-16) (12-15) 1/-0.19 (12-16) (12-15) 1/40.18
. 10.2 11.1 8.4 9.7
Highest pressure (hPa) (9.2-12.5) (9.6-12.3) 1/-0.08 (7.0-9.5) (8.4-10.5) 0.08/-0.31
. . 20.8 13.2 9.2 8.4
Decompression time (s) (8.8-42.8) (7.7-62.6) 1/+0.27 (3.9-14.7) (5.4-36.8) 1/-0.17
. 174 175 169 170
Width (mm) (170-177) (172-178) | Y7013 | (168-171) (169-173) | 1/+0:03
128 129 134 133
Length (mm) (124-131) (25-131) | Y015 | (135135 (132-135) | /012
. . 5 | 591 409 . 75 44
Endometrial opening area (mm?) (323-858) (283-602) 1/-0.18 (30-156) (36-88) 1/+0.18

Table 2. Comparison between experts using conventional sutures and novices using barbed sutures. Expert:
expert surgeons; Novice: novice surgeons; Barbed: barbed sutures; Conventional: conventional sutures; LL:
layer-to-layer suturing technique; AL: Albert-Lembert suturing technique; Padj: adjusted P-value (Bonferroni
correction); r: effect size (rank biserial correlation); IQR: interquartile range.

density compared with conventional sutures in Models 2 and 6. Taken together, the layer-to-layer technique
combined with barbed sutures may theoretically contribute to more favorable immediate wound characteristics
in a simulated setting; however, this has not been demonstrated in vivo, and clinical implications should be
interpreted cautiously.

Novice-performed Albert-Lembert suturing resulted in lower wound density than expert-performed
suturing using the same technique, regardless of suture type, with comparable areas of endometrial opening to
Models 2 and 4. This may be due to insufficient myometrial adhesion by novices, as observed in Models 6 and
8. Oversized bites in the second layer create inward and outward vectors on the wound, increasing endometrial
opening, while excessively small bites risk myometrial rupture, highlighting the need for precise bite size and
advanced techniques.

Skill acquisition requires extensive training, and long-term practice is essential for expertise. Advances
in surgical techniques and reduced training opportunities highlight the importance of simulation-based
education?. Abdullatif et al.?” conducted a 10-country randomized clinical trial on simulator-based training in
urological surgeries, and demonstrated faster proficiency and fewer complications in simulator-trained groups.
High-fidelity simulators, like those developed by Uemura et al.', quantify suturing quality and support rapid
skill improvement.

Approximately 10 to 40 supervised cesarean section procedures are recommended before independent
practice?’. The uterine model simulator in this study enabled repeated practice without burdening patients,
promoting skill acquisition and early independence through quantifiable metrics. Novices using barbed sutures
could achieve or surpass outcomes of experts using conventional sutures with either technique, suggesting that
barbed sutures are suitable for novices and help experts achieve optimal wound conditions.

This study quantified the immediate condition of cesarean wounds using a uterine model simulator; because
the simulator does not reproduce uterine contractions or vascular perfusion, the results may not fully represent
the biomechanical conditions or postoperative healing processes in actual cesarean wounds. Future research
using biological models is needed to evaluate post-cesarean wound conditions in real uteri and the potential
effects of uterine contractions. Surgeon performance may have been influenced by familiarity with specific
suture materials and techniques, as well as by skill improvement through repeated practice, since each surgeon
consecutively sutured four uterine models. Because the suturing order was not randomized, potential learning
effects could not be fully excluded. The combination defined as ideal in this study is based on previously reported
surgical methods; however, further investigation is required. Additionally, measurements were taken in bulk
after accumulating approximately 20 sutured sheets, which may have allowed suture hydrolysis to affect the
results. Although each measurement item was evaluated by a single operator to maintain consistency, intra- and
inter-observer variability were not assessed, which may affect the reliability of the measurements and represents
a limitation of this study. Furthermore, because multiple comparisons were conducted across several outcomes
and groups, the risk of type I error may not be fully eliminated, even though Bonferroni correction and effect
sizes were applied to reduce this risk. The current study did not evaluate whether training with the uterine model
simulator improves performance in actual cesarean sections or affects the incidence of complications. Although
a priori power analysis was not conducted, the sample size was determined based on a previous simulator study,
and we included more participants to maintain adequate group sizes. This remains a limitation of the study.
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We successfully quantified ideal suturing conditions in the uterine model, enabling the creation of a standard
suturing level. Furthermore, the study indicated that adjustments in sutures and suturing techniques could
potentially compensate for differences in expertise.

Materials and methods

Study design and participants

This experimental study was approved by the Research Ethics Committee of Okayama University School of
Medicine and was conducted between September 2023 and June 2024. All methods were carried out in
accordance with relevant guidelines and regulations, including the Declaration of Helsinki. Written informed
consent was obtained from all subjects involved in the study. Participants included residents and obstetricians
from the university hospital and seven affiliated institutions. Surgeons were classified as “experts” if they had>6
years of experience and were board-certified obstetricians, while others were considered “novices.” Notably,
certification as a board-certified obstetrician and gynecologist in the country of study requires performing at
least 30 cesarean sections as the primary surgeon and participating in at least 100 vaginal deliveries. To determine
the sample size for this simulation-based study, we referred to a previous investigation that objectively evaluated
suturing skills using a laparoscopic intestinal anastomosis simulator'. In that study, 36 novices and 17 experts
were enrolled. Considering that laparoscopic bowel suturing is technically more demanding than open suturing
in cesarean delivery and therefore may produce greater performance differences, we increased the number of
participants to ensure adequate group sizes in the current study, including 40 novices and 30 experts. Although
a priori power analysis was not conducted, this point has been acknowledged as a limitation in the Discussion.

Uterine model and suture

The uterine model consisted of a uniform-density elastic resin pad measuring 162 x 151 mm and 160 x 150 mm,
respectively, when laid flat and when fixed at four points, with a middle 100 mm incision (Supplemental 2). The
incision size was comparable to that of typical cesarean incisions’. Two types of sutures were used including,
conventional suture (0-Vicryl [polyglactin 910; JMDN Code:17471000; 15700BZY01341000; Ethicon, Johnson
& Johnson])?® and barbed suture (0-STRATAFIX Spiral PDS Plus [polydioxanone; JMDN Code: 16584000;
22900BZX00123000; Ethicon, Johnson & Johnson])%.

Assessment task and objective data collection

The uterine model was mounted on a platform tilted at 20° to simulate a late gravid uterus. The uterine model
was fixed at two upper and three lower points. The model was oriented with the upper side toward the patient’s
head and the lower side toward the tail end (Supplemental 3).

The surgeons performed a two-layer continuous closure using the two different sutures and two suturing
techniques- the Albert-Lembert and layer-to-layer methods (Fig. 1). In the Albert-Lembert technique, the first
layer closes the full thickness of the uterine incision, whereas the second layer approximates the myometrium
to reduce tension!®!!. In the layer-to-layer technique, approximately one-fourth of the muscle layer on the
peritoneal side is untouched, with the second layer covering the first layer’s sutures”!®. Conventional sutures
require knot tying at the beginning and end of suturing. However, for the barbed sutures, a single reverse stitch
was performed at the start and two reverse stitches at the end, opposite the direction of the needle passage
to secure the suture. We instructed all surgeons on the suturing method before the procedure. The decidua
was included in the closure in both suturing techniques. We addressed the potential for practice-related skill
improvement bias, considering that each participant performed four suturing procedures, by ensuring that
participants initially used the suture materials and techniques they were accustomed to using in their routine
practice. All suturing procedures were video-recorded for subsequent analysis. Each measurement item was
evaluated consistently by a single trained operator to minimize variability.

Five suturing skills assessment (Fig. 2)

o Suture time (s)
The time from the start to the completion of suturing was measured.

o Number of stitches (first and second layers).
Conventional sutures were counted in full, whereas reverse stitches were excluded in the count for barbed
suture use.

« Wound density (highest pressure [hPa] and decompression time [s])
The wound density was measured using a pressure device similar to that described by Uemura et al.'* Air
was introduced with the sutured uterine model secured at four points on a pressure device and stabilized by
an acrylic plate. Subsequently, the maximum air pressure was recorded as the highest pressure (hPa) after
initiating the air supply. The time taken for the wound pressure to decrease to 3 hPa was measured as the de-
compression time (s) after halting the air supply. The highest pressure (hPa) and decompression time (s) were
recorded, with the measurements repeated an average of five times. This process is illustrated in Supplemental
4.

o Model deformation (length and width [mm])
The sutured uterine model was fixed at four points, and its length and width were measured.

« Endometrial opening area (mm?).
The endometrial opening area, as observed from the reverse side, was stained with blue ink and subsequently
analyzed using Adobe Photoshop (version 25.11; Adobe Inc., San Jose, CA, USA).
Each measurement item was evaluated consistently by a single trained operator to minimize variability.
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Fig. 1. Suture technique. Albert-Lembert suture technique: The first layer closes the full-thickness uterine
incision, whereas the second layer approximates the myometrium to reduce tension. Layer to Layer suture
technique: Approximately one-fourth of the muscle layer on the peritoneal side remains untouched, with the
second layer covering the sutures of the first layer.

Ideal value definition
Impaired blood flow or tissue weakening during the wound healing process can lead to chronic inflammation
and scar formation'?, and excessive suture tension or improper spacing may further compromise blood flow!*2°.
Therefore, adhesive-only approximation of the wound edges (Fig. 3), which does not impose suture-related
tension or tissue trauma, would theoretically provide the most ideal wound condition. However, such closure is
not clinically feasible.

Accordingly, based on previous literature , we defined the wound condition achieved by expert
surgeons using barbed sutures with the layer-to-layer technique as the “Ideal Value’, representing the best
clinically achievable condition in this study.

4,8,9,12,23

Statistical analysis

Statistical analyses were conducted using Stata/SE (version 18.0; StataCorp, LLC). The Wilcoxon rank-sum test
was used for all comparisons. To adjust for multiple testing across groups and outcome measures, Bonferroni
correction was applied, and both unadjusted and adjusted P-values (Padj) were reported. Effect sizes (r) were
calculated to evaluate the magnitude of differences. Statistical significance was set at P <0.05. Values were
presented as medians and interquartile ranges (IQR) unless otherwise specified.
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Fig. 2. Measurement method. (a) Device for measuring wound density (highest pressure [hPa] and
decompression time [s]). The measurement method is shown in Supplementary Video 1. (b) Method for
measuring model deformation (length and width [mm]). (c) Endometrial opening area (mm?) measured from
the posterior side. c1 represents the Albert-Lembert suture technique, and c2 represents the layer-to-layer
suture technique.

Bleeding Ideal Decreased blood flow
Wound dehiscence Necrosis

| highest pressure(hPa) Appropriate pressure High pressure
| decompression time(sec) Short time Appropriate time

. . . Appropriate number r
number of stitches(stitch) Few stitches e et Many stitches

Fig. 3. Ideal wound state. Indicate the ideal wound state in the figure.

Data availability
De-identified data will be shared for research purposes upon reasonable request.The datasets are available from
the corresponding author upon request.
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