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Abstract
Objectives  To evaluate longitudinal placental perfusion using pseudo-continuous arterial spin–labeled (pCASL) MRI in 
normal pregnancies and in pregnancies affected by chronic hypertension (cHTN), who are at the greatest risk for placental-
mediated disease conditions.
Methods  Eighteen normal and 23 pregnant subjects with cHTN requiring antihypertensive therapy were scanned at 3 T 
using free-breathing pCASL-MRI at 16–20 and 24–28 weeks of gestational age.
Results  Mean placental perfusion was 103.1 ± 48.0 and 71.4 ± 18.3 mL/100 g/min at 16–20 and 24–28 weeks respectively in normal 
pregnancies and 79.4 ± 27.4 and 74.9 ± 26.6 mL/100 g/min in cHTN pregnancies. There was a significant decrease in perfusion 
between the first and second scans in normal pregnancies (p = 0.004), which was not observed in cHTN pregnancies (p = 0.36). The 
mean perfusion was not statistically different between normal and cHTN pregnancies at both scans, but the absolute change in perfusion 
per week was statistically different between these groups (p = 0.044). Furthermore, placental perfusion was significantly lower at both 
time points (p = 0.027 and 0.044 respectively) in the four pregnant subjects with cHTN who went on to have infants that were small 
for gestational age (52.7 ± 20.4 and 50.4 ± 20.9 mL/100 g/min) versus those who did not (85 ± 25.6 and 80.0  ± 25.1 mL/100 g/min).
Conclusion  pCASL-MRI enables longitudinal assessment of placental perfusion in pregnant subjects. Placental perfusion 
in the second trimester declined in normal pregnancies whereas it remained unchanged in cHTN pregnancies, consistent 
with alterations due to vascular disease pathology. Perfusion was significantly lower in those with small for gestational age 
infants, indicating that pCASL-MRI-measured perfusion may be an effective imaging biomarker for placental insufficiency.
Clinical relevance statement  pCASL-MRI enables longitudinal assessment of placental perfusion without administering 
exogenous contrast agent and can identify placental insufficiency in pregnant subjects with chronic hypertension that can 
lead to earlier interventions.
Key Points 
• Arterial spin–labeled (ASL) magnetic resonance imaging (MRI) enables longitudinal assessment of placental perfusion  
   without administering exogenous contrast agent.
• ASL-MRI-measured placental perfusion decreased significantly between 16–20 week and 24–28 week gestational age in normal  
   pregnancies, while it remained relatively constant in hypertensive pregnancies, attributed to vascular disease pathology.
• ASL-MRI-measured placental perfusion was significantly lower in subjects with hypertension who had a small for gestational  
   age infant at 16–20-week gestation, indicating perfusion as an effective biomarker of placental insufficiency.
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altered compared to normal placentas, and perhaps even more 
so in the setting of superimposed placental-mediated disease.

Thus, the purpose of our study was to evaluate longitu-
dinal placental perfusion using pseudo-continuous arterial 
spin–labeled (pCASL) MRI in normal pregnancies and in 
pregnancies affected by cHTN, who are at the greatest risk 
for placental-mediated disease conditions of preeclampsia 
and FGR. We hypothesized that the baseline perfusion in 
hypertensive placentas was lower than in normal placentas 
and that this decreased perfusion persisted longitudinally 
over time. Furthermore, we also hypothesized that even 
greater reduction of perfusion would be observed in preg-
nancies with the development of superimposed placental-
mediated diseases such as preeclampsia and FGR.

Materials and methods

Study population

This preliminary experience was based on a prospective study 
approved by the local Institutional Review Board. Study partic-
ipants were recruited from our hospital system which provides 
obstetric care to a major metropolitan area. All subjects pro-
vided written informed consent before participation and under-
went two longitudinal MRI scans at 16–20 and 24–28 weeks 
of gestational age between March 2019 and September 2022. 
Inclusion criteria were as follows: pregnant subjects less than 
20 weeks’ gestational age at recruitment with gestational age 
confirmed by ultrasonography per standard criteria [15], either 
healthy or with cHTN requiring antihypertensive therapy, 

Table 1   Clinical reference standard definitions

Chronic hypertension (cHTN) Blood pressure ≥ 140/90 mmHg, either before pregnancy or at < 20 weeks gestational age
Preeclampsia with severe features (SPE) Blood pressure ≥ 160/110 mmHg after 20 weeks gestational age plus thrombocytopenia, 

renal insufficiency, liver involvement, cerebral symptoms, or pulmonary edema
Small for gestational age (SGA) Birth weight < 10th percentile

Abbreviations
ASL	� Arterial spin labeling
BGS	� Background suppression
cHTN	� Chronic hypertension
FGR	� Fetal growth restriction
NSA	� Number of signal averages
PBF	� Placental blood flow
pCASL	� Pseudo-continuous arterial spin–labeled
SGA	� Small for gestational age
SPE	� Preeclampsia with severe features
SShTSE	� Single-shot turbo spin echo

Introduction

The role of the placenta in the pathology of pregnancy-related 
disease remains incompletely understood [1]. Reduced 
maternal blood flow to the placenta is thought to contribute 
to placental complications and animal models have validated 
this concept with mechanical restriction of blood flow [2, 3]. 
Doppler ultrasound of pregnant subjects has suggested a role 
for hypoperfusion in conditions such as preeclampsia and 
fetal growth restriction (FGR); however, indirect measure-
ments of impedance of the uterine artery correlate poorly 
with outcome and are of limited predictive value [4, 5].

In recent years, in vivo assessment of the placenta has 
enabled the direct measurement of perfusion using noninva-
sive techniques such as arterial spin–labeled (ASL) magnetic 
resonance imaging (MRI). ASL-MRI is appealing as it uses 
endogenous water in the blood as a tracer for perfusion and 
has led to several recent applications in human pregnancy 
[6–10]. The ability of ASL-MRI to measure placental perfu-
sion in pregnant subjects with chronic hypertension (cHTN) 
will be valuable, since these patients are at an increased risk 
for placental-mediated diseases. One in 3 pregnant subjects 
with cHTN deliver preterm from complications of super-
imposed preeclampsia or FGR [11]. Compared to normal 
subjects, the placenta of the hypertensive subjects appears 
to have increased resistance in the uterine artery, suggesting 
decreased perfusion. Additionally, morphologic studies of 
placental histology have indicated that pregnancies compli-
cated with preeclampsia and FGR are characterized by defec-
tive remodeling of the spiral arteries [12–14]. Collectively, 
this argues that perfusion in hypertensive placentas should be 
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singleton gestation, and body mass index < 40 kg/m2. Exclu-
sion criteria were as follows: other major maternal medical 
co-morbidities, known fetal or placental abnormalities, and 
contraindications or inability to tolerate MRI.

We have used the established definitions for cHTN, 
preeclampsia with severe features (SPE), and small for 
gestational age (Table 1) [16–18]. SPE was defined as sys-
tolic blood pressure of 160 mm Hg or higher, or diastolic 
pressure of 110 mm Hg or higher on two occasions at least 
4 h apart after 20 weeks of gestation in an individual with 
a previously normal blood pressure or with new 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 [16]. 
Fetal growth restriction (FGR) was defined as estimated 
fetal weight less than 10th percentile for expected gesta-
tional age. Small for gestational age (SGA) was defined 
as newborn weight less than 10th percentile for expected 
newborn weight [18]. The cHTN cohort was restricted to 
those requiring antihypertensive therapy, as they are at 
the highest risk for preeclampsia and FGR [19, 20]. Clini-
cal information for maternal and neonatal outcomes was 
reviewed from the electronic medical record.

MR imaging

Imaging was performed on a 3-T Ingenia MR scanner 
(Philips Healthcare). Pregnant subjects were placed in the 
supine, feet-first position [21] with the anterior 16-channel 
phased array coil, which was used in combination with the 

12-channel posterior coil embedded in the table. All subjects 
were scanned during free breathing. Pseudo-continuous ASL 
(pCASL) was used for perfusion MRI. We chose pCASL-
MRI since it uses a spatially selective labeling approach 
[22, 23] and reflects the contribution only from the mater-
nal blood supply [8]. Prior to the ASL data acquisition, 
T2-weighted images were acquired at 5-mm slice thickness 
in coronal, axial, and sagittal planes to assist in the posi-
tioning of the labeling plane and imaging slices. Additional 
T2-weighted images with the same slice thickness of 10 mm 
and image coverage as pCASL were also acquired in the 
oblique-coronal plane to the placenta, prescribed perpen-
dicular to the umbilical cord insertion. The pCASL labeling 
plane was positioned perpendicularly to the abdominal aorta, 
right above the level of the aortic bifurcation (Fig. 1).

ASL‑MRI sequence

The ASL-MRI sequence consisted of a multi-slice 2D pCASL 
and a multi-slice proton density–weighted (M0) acquisition [24, 
25]. For pCASL labeling, a train of selective RF pulses (dura-
tion = 480 μs, interval = 1210 μs, B1, average = 1.07 μT) and cor-
responding gradients (Gaverage = 0.36 mT/m, Gmax = 5 mT/m) 
were used. 2D single-shot turbo spin echo (SShTSE) was 
used for data acquisition. The imaging parameters were as 
follows: TR/TE = 7500/38 ms, FOV = 275 × 335 × 54  mm3, 
acquired resolution = 3 × 3 mm2, slice thickness = 10 mm, num-
ber of signal averages (NSA) = 4, number of slices = 5, echo 
spacing = 5.5 ms, shot duration = 340 ms, echo train length 
(ETL) = 62, partial phase-encoding ratio = 0.55 along ky, 
receiver bandwidth = 307 Hz/pixel, label duration = 1.8 s, post-
label delay = 1.8 s, 4 background suppression (BGS) pulses [26], 

Fig. 1   Coronal (a) and sagittal (b) T2-weighted MR images showing 
labeling plane and imaging volume of pCASL-MRI for a subject with 
chronic hypertension at 16-week gestational age (visit 1). The pCASL 

labeling plane was placed right above the aortic bifurcation while the 
image slices covered the entire placenta in an oblique-coronal orientation 
to the placenta, prescribed perpendicular to the umbilical cord insertion
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and total scan time = 5 min. A PLD of 1.8 s was used since it 
provides an optimal balance between T1 recovery of the labeled 
blood (~ 1.6 s T1 at 3 T) and the transit delay from the labeling 
plane, since the arterial transit time using pCASL-MRI was pre-
viously measured to be ~ 1.3 s [8]. M0 images were acquired with 
the same parameters but with single average, without labeling or 
BGS and in a scan time of 40 s.

Data processing

ASL images were reconstructed using an in-house-devel-
oped algorithm implemented on the scanner reconstruction 
platform (Philips Recon2.0). The custom-built reconstruc-
tion performed the complex subtraction between the control 
and label images in the k-space, followed by Fourier trans-
formation including Homodyne reconstruction to generate 
the perfusion difference images (ΔM).

The placental blood flow (PBF) values were quantified 
using the standard model for continuous ASL, given by Eq. 1:

where ∆M is the signal intensity of the perfusion difference 
image; M0 is the signal intensity of the proton density–weighted 
image; λ is the blood partition coefficient (0.9); α is the net labe-
ling efficiency (0.6), which is the product of pCASL inversion 
efficiency (0.9) and an additional inversion efficiency (0.75) 
by BGS; T1 is the longitudinal relaxation time of blood at 3 T 
(1.6 s); PLD is the post-label delay (1.8 s); and τ is the labeling 
duration (1.8 s). For each subject, PBF quantification was per-
formed using mean M0 value averaged from a Polygon region 
of interest (ROI) drawn freehand on the placenta M0 image.

Data analysis

For each subject, the 5-slice T2-weighted images corre-
sponding to pCASL-MRI acquired at the same location 
and 10-mm slice thickness were reviewed. From these 
T2-weighted images, 2 slices that had the most coverage of 
the placenta were selected. Placenta ROIs were manually 
drawn on the 2 selected T2-weighted image sequences by 
YW with 5 years of experience in medical image analysis 
and reviewed by a radiologist (DMT) with 30 years of MR 
placental experience. The ROIs were then transferred from 
the T2-weighted images to the corresponding PBF maps, 
and the mean PBF value and its standard deviation were 
calculated from the 2 ROIs.

Statistical analysis

Demographics data were analyzed using unpaired Wil-
coxon tests for continuous variables and the Fisher exact 
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test for categorical variables. All statistical analyses 
were performed using Prism (GraphPad) and R (R Core 
Team). Mean and standard deviation (SD) were used to 
analyze perfusion. Comparisons of perfusion measure-
ment between two gestational ages within each subject 
were performed using the paired Wilcoxon test, and com-
parisons between normal and cHTN subjects were per-
formed using the unpaired Mann–Whitney U-test. Abso-
lute changes per week in PBF were defined as (V2 − V1) 
/ (T2 − T1) where V = visits 1 and 2, and T = gestational 
age at visits 1 and 2 respectively and compared using the 
Mann–Whitney U-test. p < 0.05 was considered statisti-
cally significant.

Results

A total of 52 pregnant subjects, 31 with cHTN and 21 nor-
mal, were enrolled and underwent the MRI scans. The sec-
ond MR exam from 8 pregnant subjects with cHTN and 3 
normal pregnant subjects was not available due to the fol-
lowing: failure to keep the appointment (normal = 3), fetal 
demise (cHTN = 1), unable to undergo a second scan due 
to the COVID-19 pandemic (cHTN = 2), unable to tolerate 
exam due to pregnancy-induced nausea (cHTN = 1), and 
poor imaging quality due to artifacts (cHTN = 4). Longitudi-
nal data were analyzed from the remaining 23 pregnant sub-
jects with cHTN and 18 normal pregnant subjects (Fig. 2).

As anticipated, subjects with cHTN were multiparous and 
more likely to be obese than their healthier counterparts (all 
p < 0.05) (Table 2). Delivery outcomes were available for 
only 16 of the normal pregnant subjects since 2 deliveries 
were performed at outside facilities; however, on a follow-up 
call, they denied blood pressure issues and reported normal 
fetal weights for their gestational age at delivery. Hence, the 
2 deliveries at outside facilities were considered to be with-
out any pregnancy-related complications for our analysis. 
Subjects with cHTN were more likely to develop SPE (cHTN: 
69.6% [16/ 23] vs normal: 5.6% [1/18], p < 0.001); however, 
rates of SGA were not significantly different (cHTN: 17.4% 
[4/23] vs normal: 5.6% [1/18], p = 0.363).

A representative example of pCASL-MRI-measured pla-
cental perfusion in a normal pregnant subject at 16-week 
and 28-week gestational age is shown in Fig. 3. Overall, 
high perfusion is observed at 16 weeks throughout the pla-
centa, which appeared to decrease at 28 weeks along with 
the enlarging placenta. In contrast, focal hyperintensities 
representing the spiral arteries are observed with scattered 
spatial variation in a representative example of placental 
perfusion in a subject with cHTN (Fig. 4). These focal 
hyperintensities, representing the perfusion blood flow, 
appeared scattered at both the 16-week and the 28-week 
gestational ages.
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Fig. 2   Flow diagram of the study participants. MRI, magnetic resonance imaging; cHTN, chronic hypertension; DNKA, did not keep appoint-
ment; SPE, preeclampsia with severe features; and SGA, small for gestational age

Table 2   Demographics of the 
study participants included in 
the perfusion analysis

cHTN, chronic hypertension; GA, gestational age; SPE, preeclampsia with severe features; SGA, small for 
gestational age. Data reported as N (%), mean ± standard deviation for age, GA, and BMI, and median [1st, 
3rd quartile] for birth weight. p-value using unpaired Wilcoxon tests for continuous and the Fisher exact 
test for categorical variables with p < 0.05 considered statistically significant

Baseline characteristics Normal pregnancy  
(N = 18)

Pregnancy with CHTN 
(N = 23)

p-value

Maternal age (years) 27.6 ± 6.0 30.8 ± 4.8    0.094
   ≥ 35   4 (22.2%) 7 (30.4%)    0.726

Race/ethnicity    1
  Black   4 (22.2%)  5 (21.7%)
  White/Hispanic 14 (77.8%) 18 (78.3%)

Parity    0.035
  0 8 (44.4%) 2 (8.7%)
  1 4 (22.2%) 7 (30.4%)
   ≥ 2 6 (33.3%) 14 (60.9%)

BMI (kg/m2)
  1st scan 28.9 ± 5.4 34.2 ± 6.3    0.012
  2nd scan 30.4 ± 5.0 35.2 ± 6.3    0.016

GA (weeks)
  1st scan 18.0 ± 1.1 18.3 ± 1.4    0.527
  2nd scan 26.4 ± 1.3 26.5 ± 1.1    0.693

Obstetrical outcomes
  Delivery GA (weeks) 39.5 ± 1.3 36.1 ± 2.7  < 0.001
  Birth weight (grams) 3340 [3083, 3810] 2590 [2013, 3198]    0.002
  SPE   1 (5.55%) 14 (60.9%)  < 0.001
  SGA   1 (5.55%)   2 (8.7%)    1
  SPE + SGA   0 (0%)   2 (8.7%)    0.5
  No complications 16 (88.9%)   5 (21.7%)  < 0.001
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Overall, the mean PBF was 103.1 ± 48.0 and 71.4 ± 
18.3 mL/100 g/min at 16–20 and 24–28 weeks respectively 
in the normal pregnant subjects. The corresponding PBF 
values in pregnant subjects with cHTN were 79.4 ± 27.4 and  
74.9 ± 26.6 mL/100 g/min respectively (Fig. 5). There 
was a statistically significant decrease in perfusion in the 
normal pregnant subjects between the two time points 
(p = 0.004); however, this statistically significant decrease 
in perfusion was not observed in the pregnant subjects 
with cHTN (p = 0.360). The difference in perfusion values 
between normal pregnant subjects and pregnant subjects 
with cHTN was not significantly different at 16–20-week  
(p = 0.139) or 24–28-week gestational age (p = 0.687).  
However, the absolute change in perfusion per week between 
normal pregnant subjects (− 3.37 ± 5.03 mL/100 g/min/week) 
and pregnant subjects with cHTN (− 0.57 ± 2.48 mL/100  
g/min/week) was significantly different (p = 0.044).

In the sub-cohort analysis of pregnant subjects with 
cHTN (Fig. 6), there was no observed difference in per-
fusion at either time point among subjects who went on 
to develop SPE versus those who did not in this limited 
cohort (all p > 0.05). However, there was a statistically 
significant difference at both time points in the four 
subjects with cHTN who went on to have infants that 
were SGA. The mean PBF in the 4 subjects with SGA 
compared to subjects without SGA were 52.7 ± 20.4 
and 85.0 ± 25.6 mL/100 g/min respectively at 16–20-
week gestational age (p = 0.027); and 50.4 ± 20.9 and 
80.0 ± 25.1 mL/100 g/min at 24–28-week gestational 
age (p = 0.044) (Fig. 6A). Of note, two of these subjects 

also had SPE leading to delivery at 31w3d and 36w4d 
respectively. The third subject was diagnosed with FGR 
at 28w4d and delivered at 36w0d after the development 
of concurrent oligohydramnios. The fourth subject deliv-
ered at 38w3d in the setting of elevated blood pressure 
but did not meet the criteria for SPE. The mean PBF 
was also low in the one normal subject that had an SGA 
infant at 39w3d and was 57.7 and 46.2 mL/100 g/min 
at 16–20 and 24–28-week gestational ages respectively. 
Importantly, the change in perfusion in pregnant subjects 
with cHTN who had no complications (Fig. 6B, left) was 
similar to change in perfusion in normal pregnant sub-
jects without cHTN (Fig. 5, left).

Discussion

There are distinct temporal differences in perfusion assessed 
by pCASL-MRI, as placental development occurs in the 
normal and chronic hypertension groups. Perfusion in the 
normal pregnant population decreased over time while the 
perfusion in the pregnant subjects with cHTN as a com-
bined group remained relatively constant, demonstrating 
alterations in placental function due to disease pathology. 
Most interestingly, perfusion was lowest in the subjects with 
cHTN who went on to have a SGA infant, indicating early 
second trimester (16–20 weeks of gestational age) placen-
tal perfusion may be an effective biomarker for placental 
insufficiency. Furthermore, the temporal changes in placen-
tal perfusion in pregnant subjects with cHTN who had no 

Fig. 3   T2-weighted images 
(left) and ASL perfusion map 
(right) acquired at the same 
imaging slice in a normal preg-
nant subject shown at 16-week 
(top row) and 28-week (bottom 
row) gestational ages (GA) 
respectively. The white dotted 
line outlines the placenta, drawn 
on the T2-weighted image 
and copied over to perfusion 
map. The arrows represent the 
vascular signal in the femoral 
arteries. The residual signal 
outside the placenta, particu-
larly at 28-week gestational 
age, shows variations in the 
background signal. The placental 
blood flow at visit 1 (top row) 
was 140 ± 152 mL/100 g/min 
and at visit 2 (bottom row) was 
70 ± 45 mL/100 g/min in this 
normal subject
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complications had a similar trend to normal pregnant sub-
jects, possibly providing an imaging biomarker for patient 
management.

Our baseline rates of PBF are in line with previously pub-
lished results. The recent work by Liu et al. found PBF using 
pCASL-MRI in normal subjects at 16 weeks and 20 weeks of 
gestational age as 104.9 ± 31.4 and 111.3 ± 25.9 mL/100 g/min  
respectively [9]. Liu and colleagues also examined subjects 
with ischemic placenta disease represented by gestational 
hypertension, preeclampsia with or without severe features, 
and fetal growth restriction/small for gestational age. In this 
more heterogenous group, PBF was 97.2 ± 25.3 and 106.6 
± 22.3 mL/100 g/min at 16 and 20 weeks of gestational 
age respectively. Our values are perhaps lower than those 
reported by other ASL techniques, though variation may 
be accounted for by variation in ASL techniques, subject 
positioning (supine versus lateral), population characteris-
tics, and gestational age of imaging (Table 3) [6, 9, 27]. In 
addition, the assumptions used in a particular ASL model 
may cause errors among different ASL techniques; however, 
such error is likely to be systematic and should not induce 
significant differences when assessing pathology using the 
same technique [9].

Similar to Zun et al., we observed a decrease in perfu-
sion in normal placentas in the supine position over time 
[6]. Previously, this has been postulated due to an effect that 
may be mediated by the increased weight of the uterus on 
vena caval return; however, a recent study by Hughes et al. 
did not find a difference in IVC flow when the left lateral 
decubitus position was compared to the supine position [21]. 

In fact, the spinal venous plexus acts as a complementary 
venous return system maintaining vascular hemostasis. Fur-
ther investigation is thus needed to determine the etiology of 
this perfusion decrease.

To our knowledge, there are no studies that specifically 
use ASL to address perfusion in the chronic hypertensive 
placenta (MEDLINE search for “ASL” or “arterial spin 

Fig. 4   T2-weighted images 
(left) and ASL perfusion map 
(right) acquired at the same 
imaging slice in a pregnant sub-
ject with chronic hypertension 
(cHTN), shown at 16-week (top 
row) and 28-week (bottom row) 
gestational ages (GA) respec-
tively. The white dotted line out-
lines the placenta, drawn on the 
T2-weighted image and copied 
over to perfusion map. The pla-
cental blood flow at visit 1 (top 
row) was 68 ± 47 mL/100 g/min 
and at visit 2 (bottom row) was 
53 ± 36 mL/100 g/min in this 
cHTN subject

Fig. 5   Box-whisker plots of mean quantitative placental perfusion 
values of 18 normal pregnant subjects (left) and 23 pregnant subjects 
with chronic hypertension requiring antihypertensive therapy (cHTN, 
right). The values at visit 1 (16–20-week gestational age) and visit 2 
(24–28-week gestational age) of the same subject are connected by 
solid lines. *Statistically significant decrease in perfusion between the 
two time points (p = 0.004)
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labeling” and “pregnancy” and “chronic hypertension”). We 
observed that perfusion remained relatively constant over 
time in this cohort. It has been previously suggested through 
pathologic study that placentas with vascular disease have 
defective spiral artery remodeling [28]. We hypothesize that 
the lack of change in perfusion may be indicative of this 
defective remodeling in subjects with cHTN, the severity 

of which can lead to fetal growth restriction/small for ges-
tational age infant as observed with significantly lower per-
fusion in this cohort with the most extreme subtype. The 
remodeling observed has been suggested to typically pre-
serve the placental bed near the cord insertion while com-
promising vessels at the periphery [28, 29]; therefore, future 
study will focus on regional variation and histogram analysis 

Fig. 6   Sub-cohort analysis of 23 pregnant subjects with chronic 
hypertension. A Box-whisker plots of mean quantitative placental 
perfusion stratified by subjects who had small for gestational age 
(SGA) infant (N = 4) compared to subjects without SGA (N = 19). 
*Statistically significant difference in perfusion at visit 1 (p = 0.027) 
and at visit 2 (p = 0.044). B Box-whisker plots of mean quantitative 

placental perfusion stratified by no additional placental-mediated 
complications (N = 5), subjects who developed preeclampsia with 
severe features only (SPE, N = 14), and subjects who had SGA infant 
(N = 2 with SPE and 2 without SPE). The values at visit 1 (16–20-
week gestational age) and visit 2 (24–28-week gestational age) of the 
same subject are connected by solid lines

Table 3   Placenta perfusion measurements reported in literature using ASL

ASL, arterial spin labeling; EPI, echo planar imaging; FAIR, flow-sensitive alternating inversion recovery; VS, velocity-selective; IPD, ischemic 
placental disease (3 gestational hypertension, 5 preeclampsia, 3 fetal growth restriction/small for gestational age, 2 preterm birth, 2 combination 
of these diagnoses); pCASL, pseudo-continuous ASL

Author Technique Gestational age (weeks) Population Subject position Perfusion 
(mL/100 g/min)

Gowland 1998 [27] 0.5 T
EPI

31 ± 6 Normal (N = 15) Unknown    176  ± 24

Morris 2012 [31] 0.5 T
FAIR ASL

3rd trimester Normal (N = 9) Unknown    111 ± 29

Zun 2017 [6] 1.5 T
VS-ASL

32 ± 5 Normal (N = 31) 16 supine
15 lateral

   171 ± 32
   207 ± 39

Shao 2018 [8] 3 T
3D GRASE pCASL

14–16
19–22

Normal (N = 34) Unknown 105.9  ± 26.5
116.9 ± 25.7

Link 2021 [32] 3 T
3D GRASE pCASL

32.4 ± 0.6
35.5 ± 1.8

Normal (N = 12)
FGR (N = 5)

Unknown    147 ± 9.4
142.6 ± 23.5

Liu 2020 [9] 3 T
pCASL

15.6 ± 1.0
20.8 ± 1.3

Normal (N = 54) Supine 104.9 ± 31.4
111.3 ± 25.9

15.7 ± 1.0
20.2 ± 1.2

IPD (N = 15) Supine   97.2 ± 25.3
106.6 ± 22.3

Our study 3 T
pCASL

18.0 ± 1.1
26.4 ± 1.3

Normal (N = 18) Supine 103.1 ± 48.0
  71.4 ± 18.3

18.3 ± 1.4
26.5 ± 1.1

cHTN (N = 23) Supine 7  9.4 ± 27.4
  74.9 ± 26.6
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in placental perfusion given that changes in global perfusion 
were not observed.

This idea of regionalization is also supported by the 
observed spatial variation of perfusion signal with focal 
hyperintensities on placental perfusion maps, which have also 
been previously observed [9]. Spatial variation may well rep-
resent the vascular structure of the placenta, specifically the 
placental cotyledons, that may also enable future assessment 
of placental insufficiency in pathology in a region-specific 
manner. This would explain that while global perfusion is 
preserved, regional perfusion may be more indicative of dis-
ease pathology and will be an area of interest in future study.

We did not observe any perfusion difference with those 
subjects with chronic hypertension who went on to develop 
SPE. However, in this cohort there were only 5 cases of early-
onset SPE (at 30w0d, 31w2d, 31w3d, 32w6d, and 33w5d 
respectively), so it is possible that differences in perfusion 
were not captured based on our early time points of interest.

This study has some limitations. First, given that hyperten-
sion incidence increases with age and obesity, the pregnant 
subjects with cHTN were older, more parous, and more obese 
than the normal pregnant subjects in our cohort, which may 
contribute to bias. However, the perfusion difference between 
normal pregnant subjects and pregnant subjects with cHTN 
seems to arise primarily due to hypertension and not from dif-
ferences in body mass index (BMI). This is because the differ-
ence in placental perfusion between these two groups was not 
statistically significant while the BMI differences were statisti-
cally significant at both visits (Table 2). Future studies will also 
consider the effects of BMI on placental perfusion measure-
ments. Second, our sample size was small in the current study 
with 52 pregnant subjects. This represents the preliminary 
evaluation in our ongoing large-scale study, where we plan 
to enroll 100 normal and 100 cHTN pregnancies for a total 
sample size of 200 subjects. This sample size was calculated 
to provide a minimal detectable effect size of 0.5 with 80% 
power at a significance level of 0.01 (performed with Bon-
ferroni correction due to multiple measurements). This larger 
sample size is warranted to confirm the significant differences 
that we observed by clinical outcome. Third, our pCASL-
MRI were performed during free breathing; however, the use 
of SShTSE acquisition combined with background suppres-
sion minimized the breathing artifacts. Future studies will also 
incorporate motion registration algorithms to further minimize 
breathing artifacts. Next, we used only 4 NSAs for each slice 
and 5 slices to cover the entire placenta. Higher NSAs could 
potentially increase the signal to noise ratio, however at the 
expense of longer scan times. Finally, the manual segmenta-
tion on the T2-weighted images with matching slice thickness 
and orientation to the ASL images also contributes to partial 
volume effects in the PBF maps. Future work using automated 
segmentation methods [30] will try to minimize partial volume 
effects and can also provide objective measurements.

In conclusion, we demonstrated that placental perfusion 
measurements in normal pregnancy and in those affected by 
chronic hypertension can be assessed longitudinally using 
pCASL-MRI. We observed mean placental perfusion was 
not statistically different in subjects with chronic hyperten-
sion compared to normal subjects at 16–20 or 24–28 weeks 
of gestational age, in this limited cohort. Placental perfusion 
in the second trimester declined in normal pregnant subjects 
whereas it remained relatively unchanged in pregnant sub-
jects with chronic hypertension, suggesting a compensatory 
mechanism that preserves function. Perfusion was signifi-
cantly lower in those with small for gestational age infants, 
indicating that pCASL-MRI-measured perfusion may be an 
effective imaging biomarker for placental insufficiency.
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