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Abstract

Objectives To develop and validate MRI-based scoring models for predicting placenta accreta spectrum (PAS) invasiveness.

Materials and methods This retrospective study comprised a derivation cohort and a validation cohort. The derivation cohort

came from a systematic review of published studies evaluating the diagnostic performance of MRI signs for PAS and/or

placenta percreta in high-risk women. The significant signs were identified and used to develop prediction models for PAS

and placenta percreta. Between 2016 and 2021, consecutive high-risk pregnant women for PAS who underwent placental

MRI constituted the validation cohort. Two radiologists independently evaluated the MRI signs. The reference standard was

intraoperative and pathologic findings. The predictive ability of MRI-based models was evaluated using the area under the

curve (AUC).

Results The derivation cohort included 26 studies involving 2568 women and the validation cohort consisted of 294 women

with PAS diagnosed in 258 women (88%). Quantitative meta-analysis revealed that T2-dark bands, placental/uterine bulge,

loss of T2 hypointense interface, bladder wall interruption, placental heterogeneity, and abnormal intraplacental vascularity

were associated with both PAS and placenta percreta, and myometrial thinning and focal exophytic mass were exclusively

associated with PAS. The PAS model was validated with an AUC of 0.90 (95% CI: 0.86, 0.93) for predicting PAS and 0.85

(95% CI: 0.79, 0.90) for adverse peripartum outcome; the placenta percreta model showed an AUC of 0.92 (95% CI: 0.86,

0.98) for predicting placenta percreta.

Conclusion MRI-based scoring models established based on quantitative meta-analysis can accurately predict PAS, placenta

percreta, and adverse peripartum outcome.

Clinical relevance statement These proposed MRI-based scoring models could help accurately predict PAS invasiveness

and provide evidence-based risk stratification in the management of high-risk pregnant women for PAS.

Key Points

e Accurately identifying placenta accreta spectrum (PAS) and assessing its invasiveness depending solely on individual MRI
signs remained challenging.

o MRI-based scoring models, established through quantitative meta-analysis of multiple MRI signs, offered the potential to
predict PAS invasiveness in high-risk pregnant women.

o These MRI-based models allowed for evidence-based risk stratification in the management of pregnancies suspected of
having PAS.
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Abbreviations
AUC Area under the curve

CI Confidence interval

ESUR European Society of Urogenital Radiology

FIGO International Federation of Gynecology and
Obstetrics

IQR Interquartile range

OR Odds ratio

PAS Placenta accreta spectrum

PRISMA Preferred Reporting Items for Systematic
Reviews and Meta-Analyses

ROC Receiver operating characteristic

RR Risk ratio

SAR Society of Abdominal Radiology

SD Standard deviation

Introduction

Placenta accreta spectrum (PAS) is a perilous pregnancy-
related complication, in which the uterine wall is adhered to
or invaded by the villous tissue [1]. According to the depth
of myometrial invasion, PAS can be categorized into pla-
centa accreta, placenta increta, and placenta percreta, rang-
ing from the least severe to the most severe types. In recent
years, the incidence of PAS disorders is increasing due to an
increase in the cesarean delivery rate and more pregnancies
with advanced maternal age. PAS is likely to lead to mas-
sive hemorrhage, blood transfusion, hysterectomy, and even
death, as a result of parts or the entire placenta failing to
spontaneously detach from the uterine wall during delivery
[2]. For cases with less severe PAS, removal of the placenta
followed by uterine repair is recommended to avoid the loss
of fertility [3]. Therefore, definitive prenatal assessment of
PAS invasiveness through imaging may help individualized
treatment planning by balancing the potential benefits and
risks.

MRI is increasingly crucial in the diagnosis of PAS and
surgical planning due to the advantages in inter-operator
reproducibility and three-dimensional field of view com-
pared to color Doppler US. A recent systematic review
evaluated the diagnostic performance of MRI in high-risk
women for PAS, demonstrating favorable sensitivity and
specificity of 84% and 83%, respectively [4]. Researchers
have also explored novel predictive markers for PAS, includ-
ing diffusion MRI parameters and radiomics [5-7]. Stanzi-
one et al. conducted a systematic review of radiomics studies
on PAS assessment and indicated their methodological het-
erogeneity and insufficient clinical translation [8]. Overall,
promoting these biomarkers in clinical implementation is
currently challenging due to the variability in imaging and
data analysis protocols among studies, as well as technologi-
cal complexity and instability [9].
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Multiple individual studies have reported various MRI
signs predictive of PAS, while the results seem quite vari-
able or even conflicting [10—12]. The Society of Abdominal
Radiology and European Society of Urogenital Radiology
(SAR/ESUR) statement provides several salient MRI fea-
tures of PAS disorders based on consensus among experts
[13]. Nevertheless, systematic summarization of the diag-
nostic performance of each MRI sign for PAS and placenta
percreta is still lacking. Comprehensive assessment of these
MRI signs, together with early identification and sufficient
preoperative preparation in high-risk women, may be the
most effective management strategy for PAS to prevent
severe perinatal complications [14]. Developing scoring
systems incorporating multiple MRI signs should be a prom-
ising approach to improve diagnosis and prognostication.

The aims of our study were to develop MRI-based scoring
models for PAS and placenta percreta based on quantitative
meta-analysis summarizing the significant MRI signs and
to validate their performance for predicting PAS, placenta
percreta, and adverse peripartum outcome in high-risk preg-
nant women.

Materials and methods

This retrospective study was approved by the institutional
review board of our hospitals and the requirement for written
informed consent was waived. The study comprised a deri-
vation cohort from systematic review of published studies
and a validation cohort from two academic medical cent-
ers. The overview is shown in Supplementary Fig. 1. The
systematic review was conducted based on the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guideline and registered on INPLASY (registra-
tion no. INPLASY2022110003).

Study population

Studies that used MRI to evaluate PAS were identified by
a computerized search of PubMed, Embase, and Cochrane
Library databases through to September 2022. Search cri-
teria included the terms: placenta AND (accreta OR adhe-
sion OR implantation OR invasion) AND (magnetic reso-
nance OR MRI) (Supplementary Table 1). After removing
duplicates, initial screening based on titles or abstracts, and
reviewing of relevant reference lists, 61 studies evaluating
the diagnostic performance of MRI signs for PAS and/or
placenta percreta in high-risk women underwent full-text
review. Included studies required confirmation of diagno-
sis by intraoperative and/or pathologic findings. The exclu-
sion criteria were as follows: (a) duplicate patients and
data (n=1); (b) nonoriginal articles including guidelines,
review articles, conference abstracts, and letters (n=3); (c)
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Fig. 1 Study flowchart. a a
Screening and selection of stud-

ies included in the derivation

cohort. b Inclusion and exclu-

Articles identified from PubMed (n = 529)
Articles identified from Embase (n = 1136)
Articles identified from Cochrane Library (n = 18)

sion criteria of the study sample
in the validation cohort. PAS,

—>| Excluded duplicated articles (n = 499)

placenta accreta spectrum

Additional articles
identified from
references (n = 8)

Total articles (n = 1184) |

Excluded articles based on titles or

abstracts (n = 1131)

Full-text articles reviewed (n = 61)

Excluded articles (n = 35) due to

(a) duplicate patients and data (n = 1)
(b) nonoriginal articles (n = 3)

(c) insufficient information to configure
a2 x 2table (n=23)

(d) sample size < 30 (n =5)

(e) non-English articles (n = 3)

A,

Articles included in the derivation cohort (n = 26)

Target population (n = 317)

Consecutive pregnant women at high risk for PAS at two
academic medical centers between 2016 and 2021 who
satisfied the following criteria:

(a) singleton pregnancies

(b) patients who underwent placental MRI followed by
cesarean deliveries

(c) patients who had complete pathologic and clinical data

Exclusion criteria

(a) patients with deliveries outside of
1 the two hospitals (n = 19)

(b) poor image quality or severe
motion artifacts on MRl images (n = 4)

Validation cohort (n = 294)

! v v v
Non-PAS Placenta creta Placenta increta Placenta percreta
(n = 36) (n=92) (n=142) (n=24)

insufficient information to configure a 2 X 2 table (n=23);
(d) sample size of smaller than 30 (n=5); (e) non-English
articles (n=3). Finally, 26 studies involving 2568 women
were included in the derivation cohort. The flowchart of lit-
erature screening and selection is shown in Fig. la. Data
extraction and quality assessment are detailed in Supple-
mentary Material. Two authors (Z.F., with 9 years of expe-
rience in abdominal imaging and 6 years in meta-analysis,
Z.Y., with 8 years of experience in abdominal imaging)

independently performed the review session, and disagree-
ments were resolved by consensus.

Between 2016 and 2021, 317 consecutive pregnant
women at high risk for PAS due to placenta previa, prior
cesarean delivery, or suspicious findings on US examination
at The Third Xiangya Hospital of Central South University
and Yueyang Central Hospital were collected. The inclu-
sion criteria were as follows: (a) singleton pregnancies; (b)
patients who underwent placental MRI followed by cesarean
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deliveries; (c) patients with complete pathologic and clini-
cal data. The exclusion criteria were as follows: (a) patients
with deliveries outside of the two hospitals (n=19); (b) poor
image quality or severe motion artifacts on MRI images
(n=4). Finally, 294 patients were included in the validation
cohort, as shown in Fig. 1b.

MRI examination

Placental MRI examinations were performed on either 1.5-T
(n=206; MAGNETOM Avanto, Siemens Healthineers;
Achieva, Philips Healthcare) or 3.0-T (n=88; Ingenia,
Philips Healthcare; Discovery MR750, GE Healthcare) scan-
ners. The MRI protocol included T2-weighted imaging in
the axial, sagittal, and coronal planes, and axial T1-weighted
imaging. No intravenous contrast material was administered.
Detailed scanning parameters are provided in Supplemen-
tary Table 2.

Table 1 Patient demographic and clinical characteristics

Characteristic Value
Age (years)* 3245
Gestational age at MRI (weeks)* 34+4
Median no. of graviditiesb 4 (3-5)
Median no. of paritiesb 1(1-1)
Prior cesarean delivery 225 (77)
Median no. of prior cesarean deliveries® 1(1-1)
Placental previa

Complete 191 (65)

Partial 21(7)

Low-lying or marginal 60 (20)

No 22 (8)
Placental location

Anterior or anterior-lateral 116 (40)
Anterior—posterior 63 (21)
Posterior or posterior-lateral 106 (36)

Lateral 9(3)

US-determined PAS 175 (60)
PAS (intraoperative and/or histologic) 258 (88)
Depth of PAS invasiveness

Accreta or increta 234 (91)

Percreta 24 (9)
Intraoperative blood loss >2000 mL 34 (12)
Hysterectomy 20 (7)
Bladder repair 6Q)

Except where indicated, data are numbers of patients, with percent-
ages in parentheses. PAS placenta accreta spectrum

*Numbers are means + SDs

®Numbers are medians with interquartile ranges in parentheses
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Image analysis

Three radiologists experienced in abdominal MRI (Q.L.,
D.L., and Z.F., with 7, 15, and 9 years of experience,
respectively) performed the image analysis after a train-
ing session, consisting of a presentation with examples of
MRI terms from the SAR/ESUR statement using placental
MRI scans not included in this study [13]. Two radiologists
(Q.L. and D.L.) blinded to clinical and histological data
independently reviewed the MRI images. The presence of
MRI signs (T2-dark bands, placental/uterine bulge, loss of
T2 hypointense interface, myometrial thinning, bladder wall
interruption, focal exophytic mass, abnormal vascularization
of the placental bed, placental heterogeneity, asymmetric
thickening/shape of the placenta, placental ischemic infarc-
tion, and abnormal intraplacental vascularity) were deter-
mined. Disagreements were resolved by consensus, and in
case of discordance, the positive diagnosis of either reader
was recorded. The third radiologist (Z.F.) performed the
image review in randomly selected 100 patients to assess
the interreader agreement.

Reference standard

The reference standard consisted of intraoperative findings
and pathologic results of the utero-placental specimen or
removed placenta following the International Federation
of Gynecology and Obstetrics (FIGO) classification [15].
The operative and pathologic reports were reviewed, and
the presence and depth (including placenta creta, increta,
and percreta) of PAS were recorded. Adverse peripartum
outcome was defined as a composite of intraoperative blood
loss exceeding 2000 mL, requiring hysterectomy, or bladder
repair.

Statistical analysis

The derivation cohort was used to develop MRI-based scor-
ing models using the published methods [16]. Only the MRI
signs reported in more than 3 eligible articles were consid-
ered. Pooled risk ratios (RRs) with 95% confidence intervals
(CIs) were generated using random or fixed effects models
depending on the heterogeneity. Heterogeneity was assessed
using the I statistics and Cochrane Q test. An I* value of
more than 50% or p value of less than 0.10 indicated statis-
tical significance. Sensitivity analyses were performed by
omitting an individual study in turn to test the robustness.
Publication bias was assessed by Peters’ test. The signifi-
cant MRI signs were utilized to develop prediction models
for PAS and placenta percreta, respectively. f-coefficients
of MRI signs were calculated according to corresponding
pooled RRs, and points were calculated by dividing the
p-coefficients by the minimum and multiplying by 2 or not,
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MRI signs associated with PAS
(no. of included studies; no. of included patients)

Pooled RR (95% Cl)  Heterogeneity =~ Publication bias

T2-dark bands (22; 2118) —— 2.3(1.8,29) 2=84%, P<0.001 P=0.09
Placental/uterine bulge (21; 2078) —— 2.1(1.8,2.5) 2=80%, P<0.001 P=044
Loss of T2 hypointense interface (10; 985) —————— 1.8(1.2,2.8) 2=87%, P<0.001 P=0.38
Myometrial thinning (16; 1630) —_— 29(2.1,4.1) 2=85%, P<0.001 P=0.25
Bladder wall interruption (6; 591) — 2.1(1.4,3.0) 2=95%, P<0.001 P=0.57
Focal exophytic mass (4; 499) —_— 1.4(1.2,1.6) ?=55%, P=0.08 P=064
Placental heterogeneity (10; 878) —_—— 2.1(14,3.1) ?=90%, P<0.001 P=0.78
Abnormal intraplacental vascularity (12; 804) —_— 2.1(1.6,2.8) ?=84%, P<0.001 P=0.36
0 1 2 4 5
RR
?:'1';_' ;‘ﬁ:ﬁljj:gi‘fﬁ:’e‘g“:op';?i’;ﬁ d":fg:i o) Pooled RR (95% Cl)  Heterogeneity  Publication bias
T2-dark bands (10; 712) —— 26(16,4.1) 12=62%, P=0.005 P=0.28
Placental/uterine bulge (8; 625) —— 2.3(1.4,3.7) 2=74%, P<0.001 P=0.83
Loss of T2 hypointense interface (6; 340) — 1.5(1.0,2.1) 2=11%, P=0.34 P=0.84
Myometrial thinning (6; 442) g 2.8 (0.6, 13.8) ?=88%, P<0.001 P=047
Bladder wall interruption (4; 309) - 1.8(1.2,2.6) ?=78%,P=0.003 P=0.13
Placental heterogeneity (7; 443) —— 2.3(1.0,5.2) 1?=83%, P<0.001 P=0.31
Placental ischemic infarction (4; 172) - 1.2(0.6,2.5) 2=90%, P<0.001 P=0.77
Abnormal intraplacental vascularity (6; 389) - 1.8 (1.3,2.4) 12=38%, P=0.16 P=0.58
(IJ 5 1‘0 15
RR

Fig.2 Pooled risk ratio (RR) with corresponding 95% confidence
interval (CI), study heterogeneity, and publication bias of each MRI
sign for placenta accreta spectrum (PAS) (a) and placenta percreta

and rounding off one decimal place. The overall score was
calculated by summing the points of all MRI signs in each
model.

The validation cohort was used to examine the general-
izability of the MRI-based models. Continuous variables
were expressed as means and standard deviations (SDs)
or medians and interquartile ranges (IQRs). Categorical
variables were expressed as numbers and percentages and
compared using the chi-squared test. Interreader agreement
was evaluated using Cohen’s k statistics and classified as

(b) in the meta-analysis. Red circles and horizontal bars represent the
overall estimates and 95% ClIs

poor (<0.20), fair (0.20-0.39), moderate (0.40-0.59),
good (0.60-0.79), or excellent (0.80—1.00). The predic-
tive ability of the MRI-based models for PAS, placenta
percreta, and adverse peripartum outcome was evaluated
using receiver operating characteristic (ROC) analysis. The
areas under the curve (AUCs) were calculated and cross-
validated by a bootstrap resampling. Comparison of AUCs
was performed using the DeL.ong method. Univariable and
multivariable logistic regression analyses were conducted
to identify the predictors of adverse peripartum outcome.
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Table 2 MRI-based models
derived from quantitative meta-
analysis

MRI sign Category PAS model Simplified Placenta Simplified
PAS model percreta placenta percreta
model model

T2-dark bands No 0 0 0 0

Yes 3 3 6 6
Placental/uterine bulge No 0 0 0 0

Yes 3 3 3 3
Loss of T2 hypointense interface No 0 - 0 -

Yes 2 - 2 -
Myometrial thinning No 0 0 - -

Yes 4 4 - -
Bladder wall interruption No 0 0 0 0

Yes 3 3 4 4
Focal exophytic mass No 0 0 - -

Yes 1 1 - -
Placental heterogeneity No 0 - 0 -

Yes 3 - 6 -
Abnormal intraplacental vascularity No 0 0 0

Yes 3 3 3
Total points 22 17 24 16

Data are points of corresonding MRI signs. PAS placenta accreta spectrum

Statistical analyses were performed using R software (ver-
sion 4.0.4; www.r-project.org/). A two-sided p value less
than 0.05 was considered statistically significant except
where indicated.

Results
Cohort characteristics

A total of 26 studies were included in the derivation cohort
[6, 7, 10-12, 17-37]. Characteristics of the studies are
provided in Supplementary Tables 3—4. Twenty-two stud-
ies were retrospective, 3 were prospective, and 1 was both
retrospective and prospective. The total number of patients
ranged from 32 to 271 and the mean gestational age at
MRI ranged from 30 to 35 weeks. The number of patients
with PAS ranged from 9 to 156 and patients with placenta
percreta ranged from O to 83. Sixteen studies assessed the
MRI signs for PAS, 7 studies for both PAS and placenta
percreta, and 3 studies for placenta percreta. The reference
standard was both intraoperative and pathologic in 19 stud-
ies, pathologic in 5 studies, and intraoperative in 2 studies.
Twenty studies used 1.5-T MRI machines, 2 used 1.5-T or
3-T machines, and 3 used 3.0-T machines. The number of
MRI signs from the SAR/ESUR statement ranged from 2
to 11. The overall quality assessment is detailed in Supple-
mentary Table 5.
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The validation cohort comprised 294 women (mean age,
32 +5 years; mean gestational age at MRI, 34 +4 weeks).
Demographic and clinical characteristics are presented in
Table 1. Of them, 225 patients had a history of cesarean
delivery, 272 had placenta previa, and 175 had US-deter-
mined PAS. Cesarean delivery was performed for all patients
within a median interval of 1 week (IQR, 0-3 weeks) from
MRI. The final diagnosis revealed that 258 patients had PAS,
and 24 of them had placenta percreta. Intraoperative massive
hemorrhage (>2000 mL) was experienced by 34 patients.
Hysterectomy treatment was performed in 20 patients and
bladder repair in 6 patients.

Model development

Of the available MRI signs in the meta-analysis, 6 were
associated with both PAS and placenta percreta, that were,
T2-dark bands, placental/uterine bulge, loss of T2 hypoin-
tense interface, bladder wall interruption, placental het-
erogeneity, and abnormal intraplacental vascularity, dem-
onstrating 95% CIs of their pooled RRs not enclosing 1.0;
myometrial thinning and focal exophytic mass were exclu-
sively associated with PAS only. Forest plots of the MRI
signs for PAS and placenta percreta are presented in Fig. 2
and individual forest plots of each MRI sign are provided
in Supplementary Figs. 2-3. Substantial heterogeneity
was noted for all MRI signs for PAS (I?>55%), but there
was no publication bias (p >)0.09). Similarly, substantial
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Table 3 Association of MRI signs with presence and depth of PAS

MRI sign Presence of PAS p value Depth of PAS p value

PAS Non-PAS Creta or increta Percreta

T2-dark bands <0.001 <0.001
No 105 (41) 33(92) 104 (44) 14
Yes 153 (59) 3(8) 130 (56) 23 (96)

Placental/uterine bulge 0.04 <0.001
No 231 (90) 36 (100) 221 (94) 10 (42)
Yes 27 (10) 0(0) 13 (6) 14 (58)

Loss of T2 hypointense interface <0.001 <0.001
No 124 (48) 33(92) 121 (52) 3(13)
Yes 134 (52) 3(8) 113 (48) 21 (87)

Myometrial thinning <0.001 0.004
No 78 (30) 36 (100) 77 (33) 14
Yes 180 (70) 0(0) 157 (67) 23 (96)

Bladder wall interruption 0.26 <0.001
No 249 (97) 36 (100) 231 (99) 18 (75)
Yes 9(3) 0(0) 3() 6 (25)

Focal exophytic mass 0.28 <0.001
No 250 (97) 36 (100) 234 (100) 16 (67)
Yes 8(3) 0(0) 0(0) 8 (33)

Abnormal vascularization of the placental bed <0.001 <0.001
No 144 (56) 33(92) 139 (59) 521
Yes 114 (44) 3(8) 95 (41) 19 (79)

Placental heterogeneity <0.001 <0.001
No 124 (48) 35(97) 123 (53) 14
Yes 134 (52) 111 (47) 23 (96)

Asymmetric thickening/shape of the placenta 0.05 <0.001
No 233 (90) 36 (100) 223 (95) 10 (42)
Yes 25 (10) 0(0) 11(5) 14 (58)

Placental ischemic infarction 0.03 <0.001
No 227 (88) 36 (100) 217 (93) 10 (42)
Yes 31(12) 0(0) 17 (7) 14 (58)

Abnormal intraplacental vascularity 0.003 <0.001
No 206 (80) 36 (100) 200 (85) 6 (25)
Yes 52 (20) 0(0) 34 (15) 18 (75)

Data are numbers of patients, with percentages in parentheses. PAS placenta accreta spectrum

heterogeneity was noted for all MRI signs for placenta per-
creta except for loss of T2 hypointense interface (I>=11%)
and abnormal intraplacental vascularity (I>=38%), and no
publication bias was observed (p (a0.13). The pooled sen-
sitivity, specificity, and AUC values of each MRI sign for
PAS and placenta percreta are provided in Supplementary
Table 6. We selected the results from sensitivity analyses
(Supplementary Figs. 4-5) to develop the final prediction
models (Supplementary Table 7). The MRI signs and cor-
responding points included in the PAS model and placenta
percreta model are shown in Table 2.

Model validation

Interrater agreement for the MRI signs (Supplementary
Table 8) showed that there was good to excellent agreement
for all signs except for loss of T2 hypointense interface
(x=0.55) and placental heterogeneity (x=0.59). Accord-
ingly, simplified prediction models for PAS and placenta
percreta by removing these two MRI signs are provided
in Table 2. Association of the MRI signs with PAS and
placenta percreta in the validation cohort is described in
Table 3. Probability density function analysis revealed that
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Table 4 Diagnostic performance of MRI-based models for PAS, placenta percreta, and adverse peripartum outcome

Model AUC p value Optimal cut-off Sensitivity (%) Specificity (%) PPV (%) NPV (%)
PAS
PAS model 0.90 (0.86,0.93) - 1.0 0.85(0.81,0.89) 0.89(0.79,0.99) 0.98 (0.97,1.00) 0.45(0.34,0.57)
[219/258] [32/36] [219/223] [32/71]
Simplified PAS 0.89 (0.86,0.92) 0.47 1.5 0.81(0.76,0.85)  0.92 (0.83,1.00) 0.99 (0.97, 1.00)  0.40 (0.29, 0.50)
model [208/258] [33/36] [208/211] [33/83]
Placenta percreta
Placenta per-  0.92 (0.86,0.98) - 16.0 0.88 (0.74,1.00)  0.89 (0.85,0.93) 0.45(0.31,0.59) 0.99 (0.97, 1.00)
creta model [21/24] [208/234] [21/47] [208/211]
Simplified 0.90 (0.83,0.98) 0.36 7.5 0.88 (0.74,1.00)  0.86 (0.81,0.90) 0.38 (0.25,0.51)  0.99 (0.97, 1.00)
placenta per- [21/24] [200/234] [21/55] [200/203]
creta model
Adverse peripartum outcome
PAS model 0.85(0.79,0.90) - 10.5 0.81(0.70,0.92) 0.76 (0.71,0.81)  0.39 (0.30,0.49)  0.95 (0.93, 0.98)
[38/47] [188/247] [38/97] [188/197]
Simplified PAS 0.82 (0.75, 0.88) 0.01 5.0 0.89 (0.81,0.98) 0.62 (0.56,0.68) 0.31(0.23,0.38) 0.97 (0.94, 1.00)
model [42/47] [152/247] [42/137] [152/157]

Data in parentheses are 95% confidence intervals, and data in brackets are numbers of patients. AUC area under the curve, NPV negative predic-
tive value, PAS placenta accreta spectrum, PPV positive predictive value

the proportion of patients with PAS, placenta percreta, and
adverse peripartum outcome increased with increasing
scores of corresponding MRI-based models (Supplementary
Fig. 6). The performance results (Table 4) demonstrated no
evidence of a difference in AUCs between the PAS model
and the simplified PAS model for predicting PAS (0.90,
95% CI: 0.86, 0.93 vs 0.89, 95% CI: 0.86, 0.92; p=0.47;
Fig. 3a), or between the placenta percreta model and the
simplified placenta percreta model for predicting placenta
percreta (0.92, 95% CI: 0.86, 0.98 vs 0.90, 95% CI: 0.83,
0.98; p=0.36; Fig. 3b). However, the PAS model showed
higher AUC compared with the simplified PAS model for
predicting adverse peripartum outcome (0.85, 95% CI: 0.79,
0.90 vs 0.82, 95% CI: 0.75, 0.88; p=0.01). The MRI-based
models showed improved AUCs compared with individual
MRI signs for predicting PAS, placenta percreta, and adverse
peripartum outcome (Fig. 3c). Images of several representa-
tive cases with PAS are shown in Fig. 4.

Patients in the validation cohort were categorized into
three risk groups based on the simplified PAS model: low
(n=283), moderate (n=77), and high (n=134), corre-
sponding to scores of <3, 3—6, and > 6, respectively. The
numbers of patients with PAS were 50 (60%), 74 (96%),
and 134 (100%) in the three groups, respectively; the
numbers of patients who developed adverse peripartum
outcome were 2 (2%), 4 (5%), and 41 (31%), respectively
(Supplementary Fig. 7). Multivariable analyses revealed
that the number of prior cesarean deliveries (odds ratio
(OR), 2.9, 95% CI: 1.6, 5.0; p<0.001), placental pre-
via type (complete vs other; OR, 2.6, 95% CI: 1.1, 6.2;
p=0.04), and simplified PAS model risk group (high vs

@ Springer

low; OR, 11.2, 95% CI: 2.6, 49.0; p <0.001) were inde-
pendently associated with adverse peripartum outcome
(Table 5).

Discussion

Our study identified six MRI signs associated with both PAS
and placenta percreta through a quantitative meta-analysis:
T2-dark bands, placental/uterine bulge, loss of T2 hypoin-
tense interface, bladder wall interruption, placental hetero-
geneity, and abnormal intraplacental vascularity; myometrial
thinning and focal exophytic mass were exclusively associ-
ated with PAS. Subsequently, MRI-based scoring models
were developed to predict PAS and placenta percreta using
the corresponding weightings assigned to these significant
MRI signs. The PAS model exhibited good performance
with an AUC of 0.90 for predicting PAS and 0.85 for adverse
peripartum outcome; the placenta percreta model demon-
strated excellent performance with an AUC of 0.92. These
findings suggest that a comprehensive assessment of MRI
signs, along with the implementation of pragmatic scoring
models, can be beneficial in the prenatal prediction of pla-
cental invasiveness. Additionally, this approach can facili-
tate evidence-based risk stratification in the management of
pregnancies suspected to have PAS.

Current knowledge about MRI signs predictive of PAS
is primarily derived from observational studies with sample
sizes ranging from a dozen to a few hundred [7, 10]. Con-
sidering the discrepant findings of these studies, systematic
review was adopted to integrate these results in our study, and
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Fig. 3 Diagnostic performance of MRI-based scoring models in the
validation cohort. a Receiver operating characteristic (ROC) curves
of the placenta accreta spectrum (PAS) model (area under the curve
(AUC), 0.90) and the simplified PAS model (AUC, 0.89) for predict-
ing PAS in all patients. b ROC curves of the placenta percreta model

MRI signs associated with PAS and placenta percreta were
respectively identified. The MRI signs associated with PAS in
the meta-analysis encompassed over 2500 women are essen-
tially consistent with the MRI findings with accuracy of more
than 70% from SAR/ESUR statement, except for abnormal
vascularization of the placental bed, which was not included
in our analysis because of the limited number of available

(AUC, 0.92) and the simplified placenta percreta model (AUC, 0.90)
for predicting placenta percreta in patients with PAS. ¢ Summary
AUC values of all MRI signs and MRI-based models for predicting
PAS, placenta percreta, and adverse peripartum outcome. The blue
box denotes AUC values exceeding 0.80

studies. Myometrial thinning and T2-dark bands were shown
to be the most powerful predictive signs for PAS. Unlike pre-
vious efforts summarizing the overall performance of MRI
for identifying PAS [4, 38], our meta-analysis focused on the
diagnostic performance of individual MRI signs.

It is generally challenging to identify PAS accurately
using a single MRI sign, particularly when interreader
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Fig.4 Representative MRI images of patients with placenta accreta
spectrum (PAS). a, b Images in a 38-year-old gravid woman with
placenta increta at gestational week 32. Sagittal T2-weighted MRI
images show significantly heterogeneous signal intensity (a; arrow-
head), marked myometrial thinning (a; arrow), and abnormal intra-
placental dark bands (b; dotted circle). The scores of the PAS
model and the placenta percreta model are 12 and 14, respectively.
Patient suffered from intraoperative massive hemorrage (2500 mL).
¢, d Images in a 33-year-old gravid woman with placenta percreta
at gestational week 34. Sagittal T2-weighted MRI image (c¢) shows
anteroinferior placental bulge into the myometrium (arrow), loss of
low-signal intensity at interface between bladder and uterus (arrow-

head), abnormal hypervascularity in the placental bed (dotted circle),
and asymmetric placental thinning (asterisk) with chronic infarction.
Coronal T2-weighted MRI image (d) shows abnormal enlarged flow
voids (dotted circle) and marked myometrial thinning with loss of
T2-hypointense utero-placental interface (arrow). The scores of the
PAS model and the placenta percreta model are 22 and 24, respec-
tively. Patient required massive transfusion (10 units of red packed
blood cells) during surgery and underwent hysterectomy. e—j Axial
and sagittal T2-weighted MRI images of three patients with placenta
accreta (e, f), placenta increta (g, h), and placenta percreta (i, j),
respectively

Table 5 Univariable and

-7 Variable
multivariable analyses of

Univariable OR  p value Multivariable OR  p value

factors associated with adverse

Age (years)
peripartum outcome

No. of gravidities
No. of parities

No. of prior cesarean deliveries

Placental previa type (complete vs others)

Simplified PAS model
Low risk
Moderate risk
High risk

1.0 (1.0, 1.1) 0.24

1.2 (1.0, 1.4) 0.02 1.1(09,1.4) 0.36

2.5(1.6,4.1) <0.001 0.5(0.1,2.0) 0.35

3.5(2.1,5.8) <0.001 2.9 (1.6,5.0) <0.001

2.6(1.2,5.6) 002 26(1.1,62) 0.04
<0.001 <0.001

1 1

2.2(0.4, 12.5) 2.2(0.4,12.4)

17.9 (4.2,76.1) 11.2 (2.6, 49.0)

Data in parentheses are 95% confidence intervals. OR odds ratio, PAS placenta accreta spectrum
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variability is taken into account [39]. Instead, integrating
multiple salient MRI signs is more feasible and reliable in
moving forward by achieving complementary advantages.
Several studies have developed prediction models for PAS
or placenta percreta [7, 36, 40]. However, these models
were typically based on small samples. Thus, we established
MRI-based scoring models derived from quantitative meta-
analysis of 26 studies, which greatly improved statistical
performance. Moreover, our models were straightforward
and convenient without requiring complicated calculations.

Our MRI-based models were proven useful for predicting
PAS, placenta percreta, and adverse peripartum outcome in
an external cohort. Given the potential benefits of active
preoperative preparation for patients, sufficient sensitivity
should be the main consideration for the prediction models.
The sensitivity of the PAS model for predicting PAS (85%)
was even higher compared with previous radiomic models
(30-80%) [7, 41]. Even though, the high number of false-
negative cases (39 of 258 (15%)) explained the low negative
predictive value; in all 39 women, only one patient showed
poor peripartum course. The interpretation of the results
may warrant caution due to the imbalanced distribution of
positive and negative samples for PAS, placenta percreta,
and adverse peripartum outcome in our validation cohort.
Therefore, further validation of these models in multicenter
studies is necessary to reinforce the clinical implementation
of our findings.

We further simplified the original models by removing
the MRI signs with suboptimal interreader agreement. The
simplified models remained comparable performance for
predicting PAS and placenta percreta, which improved the
clinical usability. Several prediction models based on MRI
for poor outcomes in pregnant women have been established
[42—44]. However, these models were either developed in
patients with PAS only or lack of independent validation.
Our models overcome the above shortcomings, provide a
prognostic indicator of peripartum course for patients at high
risk for PAS, and allow careful planning of delivery.

This study had certain limitations. Firstly, the meta-
analysis exhibited inherent heterogeneity due to variations
in methods among the included studies. Conducting sen-
sitivity analysis partially mitigated the heterogeneity. Sec-
ondly, there was variability in the nomenclature of MRI
signs across the included studies. To minimize this vari-
ability and standardize the imaging findings, we adopted
the MRI signs recommended by the SAR/ESUR statement,
which were aligned with the definitions of MRI signs used
in individual studies. Thirdly, the validation cohort was
retrospectively collected from two hospitals, which may
introduce selection bias and data heterogeneity. Fourthly,
the established models comprised multiple MRI signs sus-
ceptible to the radiologists’ experience. There was also
a lack of intra-rater reproducibility assessment. Further

improvement may be achieved by integrating robust quanti-
tative imaging parameters or radiomics. Lastly, our findings
were exclusively applicable to pregnant women at high risk
for PAS, since the MRI examinations were usually per-
formed on a specific subset of women with a significantly
higher risk of PAS compared to the general population.
In conclusion, our study developed MRI-based scor-
ing models by integrating MRI signs associated with PAS
and placenta percreta derived from a quantitative meta-
analysis. These models demonstrated considerably high
potential in the prediction of placental invasiveness and
risk stratification in pregnancies suspected to have PAS.
Future prospective studies are needed to assess the role
of these models in prenatal decision-making such as per-
sonalized management strategies for high-risk individuals.
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