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Original Research
T2*-weighted placental magnetic resonance imaging:
a biomarker of placental dysfunction in small-for-
gestational-age pregnancies

Ditte N. Hansen, MD, PhD; Marianne Sinding, MD, PhD; Astrid Petersen, MD; Ole B. Christiansen, DMSc;
Niels Uldbjerg, DMSc; David A. Peters, MSc, PhD; Jens B. Frøkjær, MD, PhD; Anne Sørensen, MD, PhD
BACKGROUND: The antenatal identification of placental dysfunction in
small-for-gestational-age fetuses with normal fetal Doppler flows remains
an obstetrical challenge. In a significant fraction of such pregnancies, pla-
cental dysfunction is revealed by clinical manifestations such as preeclamp-
sia, preterm delivery, or severe small-for-gestational-age at birth or by
abnormal findings in the postnatal placental histologic examination. There-
fore, new methods to identify placental function directly in pregnancy at the
time of small-for-gestational-age diagnosis is highly needed.
T2*-weighted placental magnetic resonance imaging is sensitive to
changes in placental morphology and oxygenation and is thereby related to
placental function. Previous studies have demonstrated that pregnancies
complicated by low birthweight and preeclampsia are characterized by low
placental T2* values. However, the specific performance of placental T2*
in the prediction of placenta-related outcomes in small-for-gestational-age
pregnancies with normal fetal Doppler flows remains to be explored.
OBJECTIVE: In small-for-gestational-age pregnancies with normal fetal
Doppler flows, we aimed to evaluate T2*-weighted placental magnetic res-
onance imaging as an antenatal biomarker of placental dysfunction. In
addition, we aimed to investigate the correlation between placental T2*
and Doppler flow measurements of fetal and uterine arteries at the time of
magnetic resonance imaging.
STUDY DESIGN: In this prospective cohort study, the inclusion criterion
was suspected small-for-gestational-age (ultrasound estimated fetal weight
Z-score ≤�2.0 [2.3rd centile]) with normal fetal Doppler flows (middle
cerebral artery pulsatility index Z-score >�2.0 and umbilical artery pulsatil-
ity index Z-score <2.0). The T2*-weighted placental magnetic resonance
imaging scan was performed at inclusion in a 1.5 T system. The outcomes
was placental dysfunction at birth defined by low birthweight (Z-score
≤�2.0), preeclampsia, preterm delivery (gestational age<37 weeks), or
abnormal placental histologic examination such as placental vascular mal-
perfusion according to the Amsterdam Consensus Statement.
RESULTS: We included 92 pregnancies at 26+5 to 39+6 weeks ges-
tation. The median time interval between the magnetic resonance imaging
Cite this article as: Hansen DN, Sinding M, Petersen A,
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gestational-age pregnancies. Am J Obstet Gynecol MFM
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scan and birth was 4.6 weeks (interquartile range, 2.7−7.8 weeks). At
birth, 55% (51/92) of pregnancies revealed at least 1 sign of placental
dysfunction; 49% (40/81) had abnormal placental histologic examination,
29% (27/92) were born with low birthweight, 13% (12/92) were delivered
preterm, and 7% (6/92) had preeclampsia.
When adjusted for gestational age at magnetic resonance imaging, the
placental T2* Z-score was a significant predictor of abnormal placental
histologic examination (area under the curve, 0.73; P=.001), small-for-
gestational-age at birth (area under the curve, 0.63; P=.030), preeclamp-
sia (area under the curve, 0.88; P=.005), and preterm delivery (area
under the curve, 0.81; P=.001).
The placental T2* was reduced in pregnancies with a combination of clini-
cal manifestations and abnormal placental histologic examination (T2* Z-
score=�1.52§1.35 [mean§standard deviation]; P=.0001) and in clini-
cally uneventful pregnancies with abnormal placental histologic examina-
tion (T2* Z-score=�0.79§0.97; P=.045).
At the time of magnetic resonance imaging, the placental T2* Z-score
showed a significant linear correlation with the uterine artery pulsatility
index Z-scores (r=�0.24; P=.016) and the middle cerebral artery pulsa-
tility index Z-scores (r=0.29; P=.017) but not with the umbilical artery pul-
satility index Z-scores (r=0.18; P=.17) and the cerebroplacental ratio
(r=0.03; P=.77).
CONCLUSION: This study indicates that placental dysfunction is fre-
quent in small-for-gestational-age fetuses with normal fetal Doppler flows.
In this cohort, T2*-weighted placental magnetic resonance imaging is a
sensitive biomarker of placental dysfunction regardless of the clinical man-
ifestations. This finding supports a paradigm shift in the conception of pla-
cental dysfunction that may cover a wide spectrum of clinical and
subclinical manifestations.

Key words: Doppler flow, histologic examination, magnetic resonance
imaging, placenta, placental dysfunction, placental, preterm delivery, T2*
relaxation, transverse relaxation, vascular malperfusion
Introduction

T he antenatal identification of pla-
cental dysfunction is of outmost

clinical importance as it may improve
neonatal outcomes through adequate
fetal surveillance and timely delivery.1,2

The most frequently used biomarker of
placental dysfunction is small-for-gesta-
tional-age (SGA) fetuses, which are esti-
mated by ultrasound using different cut-
offs, reflecting local standards or national
agreements. Such SGA fetuses are further
characterized by ultrasound Doppler
flow measurements of fetal circulation. It
is well-described that abnormal fetal
Doppler flows reflect fetal hypoxia and
acidosis3, and abnormal fetal Doppler
flows are considered as a late manifesta-
tion of severe placental dysfunction.2

However, in less severe placental dys-
function, fetal Doppler flows may be
within the normal range. This point is
missing from the editing process, should
therefore be: “However, in less severe
May 2022 AJOG MFM 1
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AJOG MFM at a Glance

Why was this study conducted?
In small-for-gestational-age (SGA) fetuses with normal fetal Doppler flows,
placental dysfunction may be present. However, antenatal identification of the
same is challenging.

Key findings
In 92 SGA pregnancies with normal fetal Doppler flows, T2*-weighted placental
magnetic resonance imaging was performed shortly after the diagnosis of SGA.
In 55% of pregnancies, placental dysfunction was revealed by the presence of
clinical manifestations and/or abnormal placental histology. Placental T2* was a
significant predictor of each of these outcomes.

What does this add to what is known?
Placental dysfunction is frequent among suspected SGA fetuses with normal
fetal Doppler flows. Placental T2* is a sensitive biomarker of placental dysfunc-
tion regardless of the clinical manifestations.

Original Research
placental dysfunction, fetal Doppler flows
may be within normal range, and there-
fore the identification remains an obstet-
ric challenge with current clinical
methods.”
Placental dysfunction may lead to

obstetrical complications such as low
birthweight (BW), preeclampsia, and
preterm delivery,4,5 but the ultimate evi-
dence of placental dysfunction is the
abnormal postnatal placental histologic
examination.6−8 Placental histology has
previously been challenged by inconsis-
tencies in sampling strategies and diag-
nostic criteria. However, much of this
debate has been overcome by the
Amsterdam Placental Workshop Con-
sensus Statement.9 However, the clinical
significance of abnormal placental his-
tology in the absence of clinical mani-
festations remains a matter of debate.
We hypothesize that T2*-weighted

placental magnetic resonance imaging
(MRI) is a biomarker of placental dys-
function in suspected SGA fetuses. The
T2* value is a robust tissue constant
that reflects not only tissue morphology
but also tissue oxygenation, as it is
sensitive to the concentration of
deoxyhemoglobin in the tissue.10 This
hypothesis is also supported by the
association between low placental T2*
values and placenta-related complica-
tions of pregnancy such as fetal growth
restriction and gestational hypertensive
disorders.11−14 However, the clinical
performance of placental T2* in the
2 AJOG MFM May 2022
identification of placental dysfunction
in SGA fetuses with normal fetal Dopp-
ler flows remains unexplored. This
method is clinically relevant, as the T2*
value can be obtained from the placenta
with a 1-minute MRI scan, which has
become available at most hospitals. Fur-
thermore, the examination is now con-
sidered safe in pregnancy when
performed at 1.5 to 3 Tesla.15

Therefore, we aimed to evaluate T2*-
weighted placental MRI as a biomarker
of placental dysfunctions such as low
BW, preeclampsia, preterm delivery,
and abnormal placental histologic
examination in SGA fetuses with nor-
mal fetal Doppler flows. In addition, we
aimed to investigate the correlation
between placental T2* and the Doppler
flow measurements of the fetal and
uterine arteries at the time of MRI.

Materials and Methods
The study was conducted at Aalborg
University Hospital from February 1,
2018 to November 13, 2019. The inclu-
sion criteria were singleton pregnancies
with an ultrasound estimated fetal
weight (EFW) Z-score ≤�2.0 of the
expected for gestational age (GA)16 and
normal Doppler flows (umbilical artery
[UA] pulsatility index [PI] Z-score <
2.017 and middle cerebral artery [MCA]
PI Z-score > �2.0).17 The exclusion cri-
teria were gestational age below 24
weeks of gestation, maternal age
<18 years, non-Danish speaking, severe
fetal malformation, and severe maternal
claustrophobia.
Outcomes as placental dysfunction

were defined as the following: (1) SGA
at birth defined as BW Z-score ≤�2.016

(2.3rd centile), (2) preeclampsia defined
in accordance with the International
Society for the Study of Hypertension in
Pregnancy international consensus
criterion,18 (3) preterm delivery before
37+0 weeks of gestation, and (4) abnor-
mal placental histologic examination
with maternal or fetal vascular
malperfusion.9

All the participating women gave
written informed consent. The study
was approved by The North Denmark
Region Committee on Health Research
Ethics, N-20170052. Data collection
and handling were approved by a
regional notification to the Danish Data
Protection Agency, 2017-148. The data
were collected and managed using
Research Electronic Data Capture
“REDCap”19 hosted at Aalborg Univer-
sity Hospital, North Denmark Region.

Ultrasound
Ultrasound scans were performed by
Fetal Medicine Foundation-certified
doctors and sonographers using GE
VolusonTM E10 (GE Healthcare, Mil-
waukee, WI). All the pregnancies were
dated by crown-rump length performed
in the first trimester.20 The EFW was
derived using the Hadlock’s formula
(head circumference, abdominal cir-
cumference, and femur length)21, and
deviation from normal was calculated
using the reference curve from Mar�s�al
et al.16 The Doppler flow measurements
were registered as PI and were con-
verted into Z-scores (GA-adjusted)
using the reference curve by Parra-Cor-
dero et al17 for both the UA and MCA
and G�omez et al22 for the uterine artery
(UtA). The cerebroplacental ratio was
calculated as a ratio between the MCA
and UA and was converted to Z-scores
(GA-adjusted) using the reference by
Baschat and Gembruch.23

Magnetic resonance imaging
Placental MRI was performed in a 1.5
Tesla wide-bore 70 cm system (GE
OptimaTM MR450w, GE Healthcare,



FIGURE 1
Flowchart of the study population
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Milwaukee, WI) using the anterior body
array coil and the coil elements within
the scanning table. The T2*-weighted
placental MRI scan was obtained using
16 echoes (echo time [TE16]: 3.0 msec
−67.5 msec in steps of 4.3 msec, repeti-
tion time [TR]: 71.2 msec, flip angle:
30°, spacing: 20.0 mm, slice thickness:
8.0 mm, field of view [FOV]:
38.0£ 38.0 cm, frequency: 256, and
phase: 160). Five slices were acquired
oriented transversal of the placenta,
each of them in a single breath hold of
12 seconds. The regions of interest
(ROI) were manually drawn in the 3 sli-
ces with the best coverage of the entire
placental cross-section using a “MAT-
LAB-based” software developed inhouse
(MathWorks, Natick, MA). Data analy-
sis was performed prospectively by a
single observer (D.N.H.), who was
blinded to all the clinical outcomes; the
obstetricians were blinded to the pla-
cental T2* value. Each MRI scan was
evaluated for susceptibility artifacts and
uterine contractions.24 None of the 92
T2*-weighted MRI scans were excluded
from the analysis. The T2* value was
obtained using the average signal within
each ROI, fitted as a function of the
echo times using monoexponentially
decaying function with the equilibrium
magnetization (M0) and T2* as a free
parameter and a nonlinear least-squares
fitting algorithm.25 Placental T2*
(msec) was calculated as a mean of 3 sli-
ces. The placental T2* values were con-
verted to Z-scores adjusted for GA at
MRI according to previously published
normal reference values.11
EFW, estimated fetal weight, MRI, magnetic resonance imaging.

Hansen. Placental T2* in small-for-gestational-age pregnancies. Am J Obstet Gynecol MFM 2022.
Biochemistry
All the participating women had blood
samples taken on the day of MRI. The
blood sample testing included testing
for hemoglobin, sodium, potassium,
creatinine, albumin, glycated hemoglo-
bin, platelets, D-dimer, activated partial
thromboplastin clotting time, interna-
tional normalized ratio, fibrinogen,
antithrombin, uric acid, lactate dehy-
drogenase, alanine aminotransferase,
alkaline phosphatase, and bilirubin.
Placental histologic examination
The placental histologic examination
was performed by a single experienced
placenta pathologist (A.P.) according to
the Amsterdam Consensus Statement.9

The pathologist was blinded to the MRI
findings but not to the clinical out-
comes. Abnormal placental histologic
examination in this study was defined
simply as vascular malperfusion of
either maternal or fetal type. Placental
findings indicating maternal vascular
malperfusion (MVM) include placental
hypoplasia (weight below 10th centile
and/or thin umbilical cord (<8 mm at
term or below 10th centile), infarctions,
retroplacental hemorrhage, decidual
arteriopathy, accelerated villous matu-
ration, and distal villous hypoplasia.
Fetal vascular malperfusion is because
of any obstruction to the fetal blood
flow (eg, umbilical cord lesions, hyper-
coagulability, cardiac dysfunction) and
includes thrombosis and/or obliteration
of the fetal vessels, fibrous avascular
villi, and villous karyorrhexis.
Statistical analyses
The predictive performance of placental
T2* regarding the 4 placenta-related
outcomes was investigated using logistic
regression and receiver operating curves
(ROC) and reported as area under the
ROC curves (AUC). The mean GA-
adjusted placental T2* values (Z-scores)
were calculated for each subgroup of
placental dysfunction and compared
with normal pregnancies using the Stu-
dent t test. Simple linear regression and
Pearson’s correlations coefficients were
used to investigate the correlation
between the placental T2* Z-score and
the scores of each of the 3 Doppler
flows; UA PI Z-score, MCA PI Z-score,
and mean UtA PI Z-score. Statistical
analyses were performed using Stata,
version 15.1 (Stata Corp, College Sta-
tion, TX). P values <.05 were consid-
ered statistically significant.

Results
During the study period, 227 pregnant
women were eligible for enrollment. 43
May 2022 AJOG MFM 3



TABLE 1
Characteristics of the study population

Characteristics Total cohort N=92

Maternal characteristics

Maternal age (y) 29 (26.5−34)

Pregestational maternal BMI (kg/m2) 23.1 (20.6−26.6)

Smoking at first trimester scan 16/92 (17.4)

Nullipara 42/92 (45.7)

Pregestational coagulation disease 0/92

Maternal diabetes 8/92 (8.7)

Pregnancy at time of inclusion

EFW deviation at time of inclusion (%)a �24.8 (�27.0 to �23.2)

Umbilical artery PI Z-scoreb at inclusion 0.103 (�0.569 to 1.116)

Middle cerebral artery PI Z-scoreb at inclusion �0.179 (�0.821 to 0.454)

Cerebroplacental ratio Z-scorec at inclusion �0.146 (�1.012 to 0.402)

GA at inclusion (wk) 30.3 (27.9−33.2)

Pregnancy at time of MRI

EFW deviation at time of MRI (%)a �22.9 (�27.1 to �19.0)

Abnormal uterine artery Doppler flowd

(mean PI Z-score>2.000) at time of MRI
13/85 (15.3)

GA at MRI (wk) 33.5 (30.6−36.0)

Time between MRI and birth (wk) 4.6 (2.7−7.8)

Delivery characteristics

GA at birth (wk) 39.0 (37.8−40.1)

Birthweight (g) 2730 (2440−2975)

Birthweight deviationa (%) �20.0 (�22.5 to �14.2)

Extreme small-for-gestational-age (≤�33%) 8/92 (8.7)

Boys 33/92 (35.9)

Vaginal delivery 66/92 (71.7)

Induction of delivery 38/92 (41.3)

Acute cesarean delivery 8/92 (8.7)
The data are presented as median (interquartile range) or number (percent).

BMI, body mass index; EFW, estimated fetal weight; GA, gestational age; MRI, magnetic resonance imaging; PI, pulsatility index.

Measurements were adjusted for GA (percent or Z-scores) using the following references:
a Mar�s�al et al,16; b Parra-Cordero et al,17; c Baschat and Gembruch,23 and; d G�omez et al.22

Hansen. Placental T2* in small-for-gestational-age pregnancies. Am J Obstet Gynecol MFM 2022.
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women were excluded, and 184 were
available for inclusion. 44 declined par-
ticipation, and 48 delivered before MRI.
Accordingly, 92 participants were
included in this study (Figure 1). The
maternal characteristics and obstetrics
outcomes for the recruited and non-
recruited women are presented in
Supplementary, Table S1.
4 AJOG MFM May 2022
Placental MRI was performed at gesta-
tional week 26+5 to 39+6, and the median
time interval between this MRI and birth
was 4.6 weeks (interquartile range, 2.7−7.8
weeks) (Table 1). T2*-weighted placental
images are added in Supplementary,
Figure S1, and a scatter plot demonstrating
the T2* value as a function of GA is pro-
vided in Supplementary, Figure S2.
At birth, 55% (51/92) of the women
revealed at least 1 of the outcomes
related to placental dysfunction; 29%
(27/92) revealed low birthweight, 7%
(6/92) preeclampsia, 13% (12/92) pre-
term birth, and 49% (40/81) abnormal
placental histologic examination. The
cases of preterm deliveries are described
in detail in Supplementary, Table S2.
Several pregnancies showed a combi-

nation of outcomes related to placental
dysfunction. The proportion of abnormal
placental histologic examination was
73.1% in SGA at birth, 81.8% in preterm
deliveries, 100% in pregnancies compli-
cated by preeclampsia, and 21.0% in clini-
cally uneventful pregnancies (Figure 2
and Supplementary, Table S3).
Figure 2 illustrates the distribution of

outcomes among the 81 pregnancies that
underwent placental histologic examina-
tion. In the 49 pregnancies complicated
by placental dysfunction (clinical mani-
festations and/or abnormal placental his-
tologic examination), the placental T2*
was significantly reduced (Z-score:
�1.10§1.22 [mean§standard deviation])
when compared with the 32 normal preg-
nancies (Z-score: �0.14§1.09), P=.0006.
In the 9 pregnancies with clinical mani-
festations of placental dysfunction but
normal placental histologic examination,
the placental T2* remained within the
normal range (Z-score: �0.58§1.01);
P=.29. In contrast, in the 17 pregnancies
with abnormal placental histologic exami-
nation without clinical manifestations, the
placental T2* was significantly reduced
(Z-score: �0.79§0.97); P=.045. Pregnan-
cies with a combination of clinical mani-
festations and abnormal placental
histologic examination showed the most
significant reduction in placental T2* (Z-
score:�1.52§1.35); P=.0001.
The predictive performance of the

placental T2* Z-score in relation to the
outcomes related to placental dysfunc-
tion was evaluated by ROC curves, and
the results were as follows: AUC=0.88
for preeclampsia (P=.005), AUC=0.81
for preterm delivery (P=.001),
AUC=0.73 for abnormal placental
histologic examination (P=.001),
AUC=0.72 for placental dysfunction
(P=.002), and AUC=0.63 for low BW
(P=.030) (Figure 3).



FIGURE 2
Placenta-related outcomes in pregnancies with placental histologic examination (n = 81)

Grey area: Normal placental histologic examination and no clinical manifestations (reference group). Red area: abnormal placental histologic examination.
Blue area: clinical manifestations of placental dysfunction. Purple area: abnormal placental histologic examination and clinical manifestations of placental
dysfunction.
SD, standard deviation.
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A linear correlation was demon-
strated between the placental T2* Z-
score and the UtA PI Z-score (r=�0.24;
P=.016) and MCA PI Z-score (r=0.29;
P=.017) but not with UA PI Z-score
(r=0.18; P=.17) or cerebroplacental ratio
Z-score (r=0.03; P=.77) at the time of
MRI (Figure 4).

Discussion
Principal findings
In a cohort of SGA fetuses with normal
fetal Doppler flows, placental dysfunc-
tion was revealed in more than half of
the pregnancies. In this cohort, antena-
tal T2*-weighted placental MRI was a
significant predictor of placenta-related
outcomes such as placental vascular
malperfusion, SGA at birth, preeclamp-
sia, and preterm delivery. Placental T2*
was a sensitive biomarker of placental
dysfunction before abnormal fetal
Doppler findings regardless of the clini-
cal manifestations. Thus, placental T2*
has the potential to complement Dopp-
ler flow measurements and thereby
improve the identification of placental
dysfunction in SGA fetuses.

Strengths and limitations
Placental T2* examination was conducted
in accordance with a protocol that has
been meticulously evaluated,11,26 and the
placental histologic examination was
performed by a single, trained pathologist
using the Amsterdam criteria; the pathol-
ogist was blinded to the placental T2* val-
ues. The inclusion of placental histologic
examination in this study allows for the
identification of subclinical placental dys-
function, which is a major strength of this
study. Of the 227 patients eligible for
inclusion, only 92 were included. How-
ever, only minor differences were demon-
strated between the recruited and
nonrecruited patients, as the pregesta-
tional body mass index was lower and
abnormal MCA PI before delivery was
present more in the nonrecruited group.
Accordingly, the proportion of placental
pathology among the suspected SGA



FIGURE 3
ROC curves for placental T2* and outcomes related to placental dysfunction

Clinical manifestations and/or abnormal placental histology includes clinical manifestations such as either small-for-gestational-age at birth, and/or pre-
eclampsia, and/or preterm birth <37 weeks of gestation, and/or abnormal placental histologic examination.
AUC, area under the ROC curve; ROC, receiver operating characteristics.

Hansen. Placental T2* in small-for-gestational-age pregnancies. Am J Obstet Gynecol MFM 2022.

Original Research
fetuses with normal Doppler flows may
be slightly underestimated in this study.
As demonstrated by T2*-weighted pla-
cental images, there is no visual differen-
ces between the cases at equivalent GA.
Previous publication has demonstrated
visual differences between extreme cases
of placental dysfunction and normal con-
trols.11 However, such visual findings are
not apparent in this cohort of less patho-
logic pregnancies. Therefore, the T2*
value needs to be estimated to separate
the groups. This highlights the strength of
the quantitative T2* value, which can be
easily obtained.
The limitations were that the patholo-

gist, in accordance with the clinical rou-
tine at the department, was not blinded
to the obstetrical outcomes. The MRI
scans were performed at a wide range of
gestations, and 46% were conducted after
34 weeks of gestation. As the predictive
performance of placental T2* may change
with the GA at MRI, this may have
affected our results. In 11 pregnancies,
the placenta was not sent for histologic
examination postpartum. Most of these
pregnancies (n=9/11) were clinically
uneventful pregnancies with normal
BWs. In these pregnancies, placental his-
tologic examination was not performed
for clinical purposes, and the staff was
not aware that the patient was enrolled.
For the 2 cases with clinical manifesta-
tions, 1 was delivered in another hospital
and 1 was simply missed by the staff. In
addition, the placental histologic exami-
nation was dichotomized as being either
normal or abnormal, according to placen-
tal vascular malperfusion. In a larger set-
ting, the placental histologic examination
should be described and analyzed with
greater details and thereby further divided
into gradings of severity. In this study, we
used an SGA cutoff Z-score ≤�2.0 (2.3rd
centile), which is in accordance with our
national guidelines.27 We could have used
another SGA cutoff, such as 10th centile,
regardless of the fetal Doppler flow meas-
ures.28 However, had we used such a cut-
off, the proportion of pregnancies truly
complicated by placental dysfunction in
this study would have been markedly
decreased.



FIGURE 4
Correlation between placental T2* and Doppler flow measurements

The linear relation between placental T2* Z-score and UA PI Z-score (left top), MCA PI Z-score (right top), uterine artery mean PI Z-score (left bottom),
and cerebroplacental ratio (right bottom) measured at time of MRI and 95% prediction interval. Pearson correlation coefficient (r). Z-scores are adjusted
for gestational age using the following references: Placental T2*: Sinding et al,11 UA PI and MCA PI: Parra-Cordero et al,17 uterine artery mean PI: Gom�ez
et al22 and cerebroplacental ratio: Baschat and Gembruch.23

MCA, middle cerebral artery; PI, pulsatility index; UA, umbilical artery.
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Results
In this study, placental dysfunction was
revealed in 55% of pregnancies. The
most frequent finding was abnormal
placental histologic examination, and
the proportion of abnormal placental
histologic examination was higher in
pregnancies with clinical manifestations
of placental dysfunction. However,
abnormal placental histologic examina-
tion was also seen in pregnancies with-
out clinical manifestations of placental
dysfunction. In this group, the placental
T2* was significantly reduced. This
finding underlines that abnormal pla-
cental histologic examination should be
regarded a sign of placental dysfunction
even when the pregnancy is uneventful
and fetal weight is within the normal
range. This finding is important, as it
highlights that placental dysfunction
may be more frequent than previously
assumed. However, the short- and long-
term consequences of such subclinical
placental dysfunction need to be further
investigated. Moreover, subclinical pla-
cental dysfunction should be considered
in the evaluation of future biomarkers
of placental dysfunction.

The placental T2* Z-score was a pre-
dictor of SGA at birth. However, the
performance of placental T2* in this
current study (AUC=0.63) is much
lower than in a previous study using
exactly the same placental MRI protocol
(AUC=0.92).12 This difference may be
related to different populations of the 2
studies. The previous study included a
wide range of pregnancies, some of
them complicated by severe placental
dysfunction. In contrast, in the current
study, we included only SGA pregnan-
cies with normal fetal Doppler flows.
The inclusion of less severe cases of
placental dysfunction tends to challenge
the predictive performance of placental
T2*.
According to our data, the placental

T2* Z-score is a predictor of preeclamp-
sia. This finding is in line with previous
case−control studies demonstrating a
lower placental T2* value in cases of
preeclampsia and chronic hypertension
when compared with normal
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controls.13,29 We found abnormal pla-
cental histologic examination in all
cases of preeclampsia, which underlines
the high degree of placental pathology
in preeclampsia.
Placental T2* was also a predictor of

preterm delivery, and most of the preg-
nancies with preterm delivery also
revealed abnormal placental histologic
examination (9/11, as 1 case had no pla-
cental histologic examination). Within
this group of preterm delivery, 67%
were delivered because of placenta-
related complications of pregnancy. The
remaining 33% had preterm premature
rupture of membranes (PPROM).
PPROM may not be directly related to
placental dysfunction. However, previ-
ous literature has demonstrated associa-
tions with vascular lesions, for example,
accelerated villous maturation, which is
also part of MVM.5,30

According to our data, placental T2*
can identify placental dysfunction in
SGA pregnancies with normal fetal
Doppler flows. This finding suggests
that placental T2* is more sensitive to
placental dysfunction than current
fetal Doppler flow measurements. We
demonstrated a significant correlation
between placental T2* and the PIs of
MCA and UtA. Surprisingly, we failed
to demonstrate any correlation between
placental T2* and the cerebroplacental
ratio, which may be a result of a nonsig-
nificant correlation between the placen-
tal T2* and UA PI.
The placental T2* and Doppler flow

measurements may reflect the same pla-
cental pathology to some extent. How-
ever, the correlations are weak,
indicating that the methods may also
reflect different aspects of placental dys-
function. Changes in the T2* values
reflect altered tissue morphology and
tissue hypoxia,10 whereas UtA PI
reflects the resistance of the spiral arter-
ies, which is also related to placental
perfusion but not directly related to pla-
cental hypoxia.8,31,32 The MCA PI
reflects the fetal redistribution of blood
flow because of fetal hypoxia,3 and
therefore shows a significant correlation
with placental T2*. However, the UA PI
reflects downstream resistance of the
fetoplacental vasculature, which may
not be affected in mild cases of placental
dysfunction. Therefore, a direct marker
of placental function such as placental
T2* may be more sensitive to early
stages of placental dysfunction than
fetal Doppler flow measurements. In
this study, we reported Doppler flow
measurements such as PI Z-score rather
than the binary outcome, normal or
abnormal. The correlation between pla-
cental T2* and the PI Z-scores for MCA
and UtA underlines the high value of a
continuous scale to reflect the broad
spectrum of placental dysfunction in
this cohort.

Clinical implications
Placental dysfunction has a wide range
of clinical and subclinical manifesta-
tions and may accordingly be more fre-
quent than previously anticipated.

This study suggests that the antenatal
identification of placental dysfunction
among SGA fetuses with normal fetal
Doppler flows may be improved by
T2*-weighted placental MRI.

The clinical implementation of pla-
cental MRI may be challenged by lim-
ited availability and high cost. However,
these practical aspects may be out-
weighed by the clinical gain of this
method, and accordingly, they should
not limit research in this promising
field.

Research implications
Our findings indicate that placental T2*
may be more sensitive to placental dys-
function than fetal Doppler flow meas-
urements. The timing of changes in
placental T2* in relation to the progres-
sion in placental dysfunction and
changes in fetal Doppler flow measure-
ments needs to be further elucidated by
longitudinal studies of high-risk preg-
nancies starting in the early second tri-
mester.

The clinical value of placental T2*
needs to be explored in other clinical
cohorts such as pregnancies compli-
cated by diabetes33−35 and late-onset
placental dysfunction.36,37 In such preg-
nancies, the predictive performance of
fetal Doppler flow is particularly lim-
ited, and additional methods focusing
directly on placental function are highly
needed to improve the antenatal identi-
fication of placental dysfunction. In
such pregnancies, the benefit of a direct
placental marker such as T2* may be
even higher than what we observed in
this current cohort of SGA pregnancies.
In this study, subclinical placental

dysfunction such as abnormal placental
histologic examination in clinical
uneventful pregnancies was revealed by
T2*-weighted placental MRI. The clini-
cal relevance of such findings and the
prognostic value of the antenatal detec-
tion of this condition needs to be
explored. Our study underlines that pla-
cental dysfunction is a wide spectrum of
diseases. New studies are needed to
investigate the clinical significance of
subclinical placental dysfunction.
Conclusion
Our study demonstrates that T2*-
weighted placental MRI is a sensitive
biomarker of placental dysfunction in
SGA pregnancies. Placental T2* can
identify placental dysfunction when
fetal Doppler flows are normal, even in
the absence of clinical manifestations.
Thus, this finding supports a paradigm
shift in the conception of placental dys-
function in vivo. Placental dysfunction
includes a wide range of clinical and
subclinical manifestations, and placen-
tal dysfunction may be more frequent
than previously assumed. Our findings
highlight the strength of biomarkers
focusing directly on placental function
to complement methods focusing on
fetal size and fetal well-being. &
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