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Abstract

Background: Noninvasive measurement of placental blood flow is the major technical challenge
for predicting ischemic placenta (IPD). Pseudocontinuous arterial spin labeling ()0CASL) MRI was
recently shown to be promising, but the potential value in predicting the subsequence development
of IPD is not known.

Purpose: To derive global and regional placental blood flow parameters from longitudinal
measurements of pCASL MRI and to assess the associations between perfusion-related parameters
and IPD.

Study Type: Prospective.

Population: Eighty-four women completed two pCASL MRI scans (first; 14-18 weeks and
second; 19-24 weeks) from prospectively recruited 118 subjects. A total of 69 subjects were
included for the analysis, of which 15 subjects developed IPD.

Field Strength/Sequence: 3T/T,-weighted half-Fourier single-shot turbo spin-echo (HASTE)
and pCASL.

Assessment: Four perfusion-related parameters in the placenta were derived: placenta volume,
placental blood flow (PBF), high PBF (hPBF), and relative hPBF. The longitudinal changes of the
parameters and their association with IPD were tested after being normalizing to the 16th and 20th
weeks of gestation.
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Statistical Tests: Comparisons between two gestational ages within subjects were performed
using the paired Wilcoxon tests, and comparisons between normal and IPD groups were
performed using the unpaired Wilcoxon tests.

Results: The difference between the first and second MRI scans was statistically significant for
volume (156.6 cm?3 vs. 269.7 cm3, P< 0.001) and PBF (104.9 ml/100g/min vs. 111.3 mI/100g/
min, £=0.02) for normal subjects, indicating an increase in pregnancy with advancing gestation.
Of the parameters tested, the difference between the normal and IPD subjects was most
pronounced in hPBF (278.1 ml/100g/min vs. 180.7 ml/100g/min, A< 0.001) and relative hPBF
(259.1% vs. 183.2%, £< 0.001) at 16 weeks.

Data Conclusion: The high perfusion-related image parameters for IPD were significantly
decreased from normal pregnancy at 14—-18 weeks of gestation.

Placental dysfunction is thought to cause serious consequences such as gestational
hypertension, preeclampsia, 1> preterm birth,® intrauterine growth restriction,” and
prematurity.8 In addition, abnormalities in placental development can cause lifelong
morbidity, including cardiovascular disease, type 2 diabetes, and certain cancers and
infections in the off-spring.%10 Therefore, the development of an accurate real-time and
noninvasive way to assess placental health early in pregnancy would have great potential to
help diagnose abnormalities in order to improve the health of both mother and child.!

Ischemic placental disease (IPD) represents various conditions of placental insufficiency,
and each condition shares some common features such as a failure of spiral artery
remodeling, uteroplacental underperfusion, chronic hypoxia, and placental ischemia.1? It is
still under debate if an early failure of the spiral artery remodeling induces an overall change
in placental blood flow and downstream resistance.13-16 However, it is reported that the
local placental blood flow should decrease to ~10 cm/s to ensure adequate perfusion of
oxygen and nutrition from the intervillus space to the villus.17:18 Therefore, noninvasive
real-time measurement of the volumetric placental blood flow may provide useful
information in predicting IPD.

The most common noninvasive method in current use to monitor blood flow is performing
an ultrasound Doppler, which provides hemodynamic information within the uterine artery
(UA). UA Doppler has previously been deemed useful in detecting an abnormal increase in
placental vascular resistance.19 However, the UA Doppler measures blood flow in the
uterine artery, not in the placenta, limiting the ability to measure placental volumetric
perfusion abnormalities. Therefore, several studies have reported that UA Doppler may not

possess sufficient sensitivity and specificity necessary in predicting IPD at early gestation.
20-23

Magnetic resonance imaging (MRI), on the other hand, could serve as a reliable imaging
alternative to the UA Doppler measurements because it is a similarly noninvasive method
able to measure volumetric placental blood flow. Arterial spin labeling (ASL)24 is one of the
most promising noncontrast perfusion MRI techniques. Several studies have shown the
feasibility of measuring placental perfusion using pulsed ASL (PASL)2%26 and velocity-
selective ASL (VSASL).2” However, major challenges still exist, including a requirement for
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full volumetric coverage of the placenta and separation of blood flow contributed from
maternal vs. fetal sources. Pseudocontinuous ASL (pCASL) was shown to be a promising
modality capable of overcoming these challenges, since the technique allows the
measurement of blood flow contributed solely from the maternal source with high signal-to-
noise ratio (SNR) efficiency. Shao et al recently demonstrated the feasibility in measuring
volumetric placental blood flow using a multidelay pCASL sequence with the inner-volume
3D GRASE acquisition.28

In this study we aimed to perform a longitudinal analysis of pPCASL MRI during the second
trimester by deriving global and regional placenta perfusion-related parameters and to assess
associations between placenta perfusion-related parameters and IPD. The imaging features
from placental blood flow were examined in the context of clinical primary outcomes of IPD
vs. normal pregnancies to evaluate the potential value of this modality in predicting the
subsequent development of IPD.

Materials and Methods

Subject Population and Primary Outcome

This prospective study was approved by the local Institutional Review Board (IRB), and all
subjects provided written informed consent. Without preselection, we approached all eligible
pregnant women entering prenatal care in the first trimester of pregnancy at the local
prenatal clinic. The eligibility criteria included subjects less than 14 weeks gestational age,
more than 18 years old, viable pregnancy, not carrying twins, and planning to deliver at the
same local institution. A total of 118 pregnant women were recruited from February 2016 to
August 2018 and underwent two longitudinal MRI scans (first: 14-18 weeks, and second:
19-24 weeks). Gestational age was confirmed by a dating ultrasound scan in the first
trimester of pregnancy. Thirty-four subjects were excluded because of incomplete MRI
scans (n7=13) and unavailable or waiting for birth outcomes (7= 21). A total of 84 subjects
completed both MRI exams and 15 out of 84 subjects developed IPD, including three
gestational hypertension, five preeclampsia, three intrauterine growth restriction (IUGR) /
small for gestational age (SGA), two preterm birth, and two a combination of these
conditions. We excluded 10 normal pregnancy subjects due to severe imaging artifacts,
potentially due to amniotic fluid, subcutaneous fat, or motion and five subjects who
developed gestational diabetes, leaving a total of 69 women (age 33.4 + 4.4, from 21-43
years old) included for the analysis. The baseline characteristics of all 69 women are shown
in Table 1, and the flowchart for the study inclusion of 69 subjects is presented in Fig. 1.

At the time of birth, clinical information inclusive of maternal and neonatal outcomes were
reviewed to assess the primary outcome, namely, the composite placenta insufficiency, IPD.
We defined IPD as women diagnosed with gestational hypertension, preeclampsia, or
bearing IUGR/SGA, preterm birth, or a combination of these conditions that have been used
by the American College of Obstetrics and Gynecology (ACOG).2930 Preeclampsia was
defined as systolic blood pressure of 140 mm Hg or higher, or diastolic pressure of 90 mm
Hg or higher on two occasions at least 4 hours apart after 20 weeks of gestation in a woman
with a previously normal blood pressure and proteinuria of 300 mg or more in 24 hours. In
the absence of proteinuria, preeclampsia was defined as new-onset hypertension with new-
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onset of thrombocytopenia, renal insufficiency (serum creatinine greater than 1.1 mg/dL),
impaired liver function (elevated liver transaminases to twice the normal concentration),
pulmonary edema, or cerebral or visual symptoms.2? [IUGR/SGA was defined as fetal
growth deceleration with estimated fetal weight less than 10% for expected gestational age
and/or newborn weight less than 10% for expected newborn weight. Preterm birth was
defined as a liveborn or stillborn infant for any cause between 20-37 weeks of gestation.

MRI Technique

All the experiments were performed on two Siemens 3T MRI scanners (Skyra and Prisma;
Siemens Healthineers, Erlangen, Germany) using a phased-array body coil. All subjects
underwent MRI scans in a feet-first, supine position and were breathing normally. Our
imaging protocol included To-weighted (Tow) half-Fourier single-shot turbo spin-echo
(HASTE) MRI for anatomical references and pCASL for placental blood flow (PBF)
measurements. Three free-breathing Tow HASTE MRI images were acquired to cover the
whole placenta along axial (echo time [TE] / repetition time [TR] = 92/3000 msec, echo
train length [ETL] = 70, field-of-view [FOV] = 500 x 265 mm?2, and resolution = 0.98 x 0.98
x 5 mm3), sagittal (TE/TR = 92/3000 msec, ETL = 86, FOV = 500 x 265 mm?, and
resolution = 0.98 x 0.98 x 5 mm?3) and coronal (TE/TR = 92 /3000 msec, ETL = 114, FOV =
500 x 375 mm?, and resolution = 0.98 x 0.98 x 5 mm3) planes, each lasting about 2 minutes.
The Tow images were used to calculate the placental volume and as a reference in choosing
the labeling position and imaging plane for pCASL.

A free-breathing 3D pCASL sequence with inner-volume excitation was used for the PBF
measurement (TE/TR = 37.12/4000 msec, FOV = 300 x 300 mm?, and resolution = 3.13 x
3.13 x 3 mm3). Eight slices were acquired for the volumetric coverage of placenta (slice
thickness = 3 mm). Background suppression with two inversion pulses was used to minimize
noise from motion.31 A 10-mm thick pCASL labeling plane was positioned right above the
aortic bifurcation to apply a 1.5-sec labeling pulse train, as shown in Fig. 2, and three
postlabeling delays (PLD) were used (1000 msec, 1500 msec, and 2000 msec). For each
PLD, an image without labeling and background suppression (Mg) was first acquired, and 14
pairs of label-control images were acquired (2 min scan time for each PLD).

Image Analysis

All the image analysis was performed using MatLab (MathWorks, Natick, MA), ImageJ
(Rasband, National Institutes of Health, v. 1.51s, URL: https://imagej.nih.gov/ij)32 and the
open-source image analysis software OsiriX MD v. 8.0. Figures were drawn with matplotlib.
33 For PBF maps, radiology research fellows, supervised by MRI scientists, manually
defined ROIs on My, excluding artifacts from fat and amniotic fluid, referencing with Tow
HASTE images. The research fellows were also supervised by both a radiologist who is
specialized in maternal fetal imaging and an obstetrician-gynecologist who is specialized in
maternal and fetal medicine whenever the placenta anatomy is challenging to segment. After
the placenta segmentation was completed, pixelwise PBF (mI/100g/min) was estimated by
fitting the pairwise subtraction of control and label images (AM) into the perfusion model,
24,34 expressed as:
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AM R,

PBF = Rigmins — 0.0~ 3) _ -~ Rig(r + @)’ &)

2aMyle

where A is the blood and placenta tissue water partition coefficient, 7 is the longitudinal
relaxation rate of blood, a is the labeling efficiency, A is the transit time from the labeling to
the placenta, w is PLD (=1000/1500/2000 msec), and < is labeling duration (=1500 msec).
We measured PBF and & with the assumption of a of 0.767, A of 0.9 ml/g, and R, of
1/1650 msec™1.28 The motion between each pCASL acquisition was corrected by the
advanced normalization tools (http://www.picsl.upenn.edu/ANTS). For placental volumes,
3D regions of interest (ROIs) were also manually drawn in each imaging plane (axial,
sagittal, and coronal) to cover the entire placenta, as shown in Fig. 3. The placenta volumes
measured by three orthogonal planes were averaged to minimize potential error due to low
through-plane resolution on To,w HASTE MRI.

As placental blood flow heterogeneity was observed, two new imaging parameters, named
high PBF (hPBF) and relative hPBF, were computed by accounting for regional high
perfusion. We applied the initial thresholding to separate high and low PBF areas by using a
binary segmentation algorithm.3> To minimize any potential bias from noise, a point-by-
point SNR map was computed, as the mean divided by standard error across measurements,
and was applied to the initial hPBF, as described below:

hPBF: = {x € PBF | x > f#andSNR(x) > 1}, @

where 0 is the threshold. Thus, the hPBF ROI was just defined as the intersection of areas of
PBF greater than 6 and SNR greater than 1, as shown in Fig. 4. When no available hPBF
ROI exists (no placenta blood flow greater than 8 shown on the high SNR region), the scan
was excluded from the hPBF calculation (nine out of 69 subjects were excluded, all of
whom delivered normally). The final hPBF was calculated as the mean of PBF values over
the hPBF ROI. We also computed the relative contribution of the regional high blood flow,
relative hPBF, by normalizing hPBF with the global placenta blood flow in percentage,
defined as hPBF/PBF x 100%. Note that the estimation process for both PBF and hPBF does
not include any manual selection except the placenta segmentation, minimizing intra- and
interobserver variability.

Four perfusion-related imaging parameters were derived: placental volume, PBF, hPBF, and
relative hPBF. Each parameter consists of two temporal points on a longitudinal continuum,
corresponding to the first and second MRI scans, and the two points were normalized to the
16th and 20th weeks of gestation based on a linearity assumption. The 16 and 20 weeks
were the average gestational age of all 69 subjects during their first and second scans. The
longitudinal patterns of four imaging parameters were tested with and without temporal
normalization, and associations between imaging parameters and IPD were evaluated. We
also tested the repeatability of the perfusion-related imaging parameters by randomly
selecting seven pairs of the pCASL label/control images in test and retest groups. Linear
correlation was performed between test and retest groups, and Pearson’s correlation
coefficient was used to evaluate the strength of the linear relationship.
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Statistical Analysis

Results

All statistical analyses were performed using MatLab (MathWorks). Mean and standard
deviation (SD) were used to summarize the distributions of the four imaging parameters of
normal and IPD cases. Comparisons between two gestational ages within subjects were
performed using the paired Wilcoxon tests, and comparisons between normal and IPD
groups were performed using the unpaired Wilcoxon tests. ~-values less than 0.05 were
considered statistically significant and less than 0.01 were considered highly significant.

Figure 5 shows two representative examples of PBF maps using pCASL MRI: normal and
preterm birth subjects at first and second MRI scans. Spatial heterogeneities of the placental
blood flow can be clearly observed with scattered high blood flow areas in normal
pregnhancy (PBF = 151.1 ml/100g/min and hPBF = 420.0 ml/100g/min) at 16 weeks and
(PBF = 162.1 ml/100g/min and hPBF = 526.4 ml/100g/min) at 20 weeks, while low spatial
heterogeneities with low blood flow was noted in the preterm birth subject, particularly
(PBF =95.4 m1/100g/min and hPBF = 198.7 m1/100g/min) at 16 weeks.

Table 2 shows a summary of the longitudinal changes of the four imaging parameters
observed in normal and IPD subjects. The imaging parameters at normalized weeks are
shown as means + standard deviations. The difference between first and second MRI scans
was highly significant for the placental volume (156.6 cm? + 53.8 vs. 269.7 cm3 + 80.0, P<
0.001) and statistically significant for PBF (104.9 ml/100g/min + 31.4 vs. 111.3 ml/
100g/min = 25.9, £=0.02) in normal subjects, indicating an overall development of the
placenta along advancing gestational age and its associated increase in blood flow. Note that
the longitudinal trajectory of placental volume generally matches that observed in a previous
MRI study.36

The differences between normal and IPD subjects for the four imaging parameters are
illustrated in Fig. 6 as boxplots. The red color denotes IPD and the blue color denotes
normal pregnancy. Table 3 contains the statistical comparison between normal and IPD
subjects. The difference between the normal and IPD subjects was most pronounced in
hPBF (278.1 m1/100g/min £ 81.8 vs. 180.7 ml/100g/min + 74.0, < 0.001) and relative
hPBF (259.1% + 64.4 vs. 183.2% + 55.1, P <0.001) at 16 weeks. This difference was not
consistent in hPBF (298.2 ml/100g/min £ 90.2 vs. 256.1 ml/100g/min £+ 113.5, £=0.33) and
relative hPBF (270.8% + 73.5 vs. 237.2% + 95.5) at 20 weeks, which may suggest the
recruitment of various compensatory mechanisms during the second trimester.

Figure 7 demonstrates the relationship between hPBF and relative hPBF at 16 weeks (Fig.
7a) and 20 weeks (Fig. 7b). Among all the parameters measured, the combination of hPBF
and relative hPBF demonstrates the most likely potential of being able to differentiate
between normal and IPD subjects, particularly as early as at 16 weeks (see Supplemental Fig
1. for scatterplots between individual conditions of IPD and normal subjects).

Figure 8 shows the repeatability test of PBF, hPBF, and relative PBF between test and retest
groups at 16 weeks and 20 weeks. Strong linear correlations were observed in PBF (Fig. 8a;
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r=0.91 at both 16 and 20 weeks), hPBF (Fig. 8b; r=0.88 at 16 weeks and r=10.92 at 20
weeks), and relative hPBF (Fig. 8c; 7= 0.89 at 16 weeks and 7= 0.86 at 20 weeks).

Discussion

Pseudocontinuous ASL (pCASL) MRI was recently shown to be a promising modality
capable of measuring volumetric blood flow in the placenta, but the potential value in
predicting the subsequent development of IPD is not known. We proposed to derive global
and regional placental blood flow parameters using a longitudinal analysis using pCASL
MRI and assessed associations between perfusion-related imaging parameters and IPD using
a total number of 69 pregnant women. The high perfusion-related imaging parameters, hPBF
and relative hPBF, were significantly different between IPD and normal subjects at 14-18
weeks, while other perfusion-related parameters were not so at both 14-18 weeks and 19-24
weeks.

We investigated the longitudinal changes of PBF during the second trimester. The placental
volume demonstrated a significant difference between the first and second MRI scans for
normal and IPD subjects, indicating an overall development of placenta along the gestational
age and its associated increase of blood flow. Due to the limited number of longitudinal MRI
scans, we normalized the perfusion-related imaging parameters to the 16th and 20th weeks
of gestation based on the linear interpolation and extrapolation. This linearity assumption
may not pose an issue, since intervals between the two scans were relatively short (5.2 + 1.3
weeks for normal subjects and 4.5 + 1.3 weeks for IPD).

Our study prospectively recruited a total of 118 women at established antenatal clinics and
followed their clinical information and neonatal outcomes to evaluate associations of
placental perfusion-related imaging parameters and concomitant primary outcomes. We lost
some study participation due to the nature of the study, which requires participation in two
longitudinal MRI scans with continuation of monitoring until the time of birth. Nonetheless,
we successfully recruited 84 women who completed two MRI exams without preselection,
where the incidence of IPD was ~18% (15 out of 84 subjects). This incidence rate was
consistent with what we estimated based on our prior experience and other studies
(preeclampsia complicates ~2—-8% of pregnancies, preterm birth affects about 10% of
pregnancies, and SGA/IUGR affects an estimated 3-5% of pregnancies).3” We believe this
study cohort is highly valuable, and our observation can contribute to a better understanding
of differentiating between normal and abnormal early placental development.

PBF values were 104.9 £+ 31.4 and 111.3 + 25.9 ml/100g/min, respectively, at 16 weeks and
20 weeks for normal subjects. These are consistent but slightly lower than the reported PBF
values measured by other ASL techniques.2>27:38 This is somewhat understandable, since
our 3D pCASL sequence included the separation of the blood flow contributed from
maternal and fetal sources and the 3D volumetric coverage of the placenta. The classical
placenta perfusion rate was expected to be ~110 m1/100g/min, based on the estimated
maternal blood supply of 600 ml/min and the mass of the placenta mass to be 550 g.2°
However, there may exist a systematic difference between PBF and the classical perfusion
rate since the maternal blood does not travel in capillaries through the placenta, but collects
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in pools or lobes and mixes with the tissue.2> The absolute flow rate includes many
assumptions (modeling, blood T4, blood tissue fraction, labeling efficiency, etc), which may
cause errors among different ASL techniques. However, these errors are generally
systematic, less likely including a significant bias when comparing longitudinal changes and
normal/pathology differences using the same technique.

Similar patterns of the spatial heterogeneity in the placenta have been previously
observed?>:27:38:39 at various weeks of gestation. Although the origin of the heterogeneity is
not entirely understood, many assumed it to be related to the underlying vascular units,
cotyledons of the placenta. We applied the binary segmentation algorithm to separate high
blood flow regions from low blood flow regions based on the assumption that the placenta
blood flow has a bimodal distribution, trying to separate. Further studies may be desirable to
evaluate the origin of the heterogeneity or could include approaches without assuming the
bimodal distribution, such as texture analysis when analyzing the spatial heterogeneity.

Our study contains a few limitations. First, the difference between normal and IPD subjects
may be underpowered by the limited sample size of IPD (7= 15). IPD is defined as a
collection of various conditions of placental insufficiency, where these conditions may be
highly variable clinically. For example, SGA is commonly used as a proxy for IUGR, but a
large proportion of SGA infants are not actually growth restricted but are either
constitutionally small or small for physiologic reasons. Also, there exist differences in the
pathology and clinical manifestations of early- and late-onset IUGR, but only a few studies
have addressed early- and late-onset IUGR as separate conditions.3” Further investigation
with a larger sample size of each condition would be useful to further understand the
associations between perfusion-related imaging parameters and each condition. Second, the
PBF calculation is sometimes limited by imaging artifacts from various sources of error,
such as motion, amniotic fluid, subcutaneous fat, large vessels, and By inhomogeneity. We
manually excluded these cases with such errors (1= 10) and an additional nine cases for
hPBF due to inefficient labeling.*® These sources of error can be further eliminated with
improved background suppression, fat saturation, and more efficient labeling techniques.
Third is the limited volumetric coverage. We used a single-shot inner-volume 3D GRASE
readout for 3D imaging acquisition to be able to achieve a total of eight slices (through-
plane coverage was 2.4 cm). This is generally sufficient, particularly at early gestation, but
may be not enough for special cases when the shape of the placenta is too curved, which
inevitably limits spatial analysis of PBF. An improved volumetric coverage may also be
desirable when late gestation MRI scans are needed. Further improvements may be
necessary for 3D imaging acquisition techniques.

In conclusion, we derived four perfusion-related parameters, including placental volume,
PBF, hPBF, and relative hPBF from the pseudocontinuous ASL measurements. The
longitudinal analyses of the perfusion-related imaging parameters showed that the placental
volume significantly changes between 16 and 20 weeks in normal subjects, indicating an
overall development of the placenta and its associated increase of blood flow with advancing
gestation. The high perfusion-related image parameters, hPBF and relative hPBF, for IPD
were significantly decreased from normal pregnancy during early gestation, supporting the
potential of serving as an imaging biomarker for predicting IPD.
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Refer to Web version on PubMed Central for supplementary material.
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Total recruited women for the study
(n=118)

Completed only one of the MRI
exams (n=13)

Recruited women who completed two
MRI exams (n=105)

Awaiting for birth outcomes or no
outcomes available (n=21)

Recruited women who completed two
MRI exams with birth outcomes (n=84)

Excluded subjects due to severe
artifact (n=10)

Subjects with gestational diabetes
(n=5)

Subjects included for analysis (n=69)

'

Subjects with normal
birth outcome (n=54)

Subjects with ischemic
placenta (n=15)

FIGURE 1

Flowchart for study inclusion describing how the patient cohort was derived.
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Imaging Region

Coronal

FIGURE 2:
Ilustration of the labeling and imaging planes of pPCASL MRI, overlaid with the T,-HASTE

image as anatomical references. The labeling plane was placed right above the aortic
bifurcation, perpendicular to the main blood flow. The volumetric imaging region was
placed to cover the placenta.
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Coronal Sagittal

FIGURE 3:
An example of placenta segmentations on T,-HASTE used for placental volume

quantification. 3D ROIls were drawn on all three directions. The final volume was calculated
as an average of all three.
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FIGURE 4:
A diagram of generating hPBF. The high PBF region was identified by Otsu’s method, and

the high SNR region was segmented by the threshold of one. The final hPBF region was an
intersection of both.
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PBF and hPBF maps of representative examples: a normal case at first (a) and second (b)
scans; a preterm birth case at first (c) and second (d) scans.
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PBF
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Rellative hPBF

--l -

16 Weeks 20 Weeks

Boxplots of placental volume (a), PBF (b), hPBF (c), and relative hPBF (d) at normalized 16
and 20 weeks for both IPD (red) and normal (blue) cases. The maximum difference between
normal and IPD cases was observed in both hPBF (£ < 0.001) and relative hPBF (£ < 0.001)

at 16 weeks.
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FIGURE 8:

The repeatability test of the perfusion-related parameters: PBF (a), hPBF (b), relative hPBF
(c). Linear regressions between test and retest groups are shown for 16 and 20 weeks.
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