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Purpose: To provide a new approach to jointly assess microstructural and molecular 
properties of the human placenta in vivo fast and efficiently and to present initial 
evidence in cohorts of healthy pregnancies and those affected by pre-eclampsia.
Methods: Slice and diffusion preparation shuffling, built on the previously proposed 
ZEBRA method, is presented as a robust and fast way to obtain T

1
 and apparent dif-

fusivity coefficient (ADC) values. Joint modeling and evaluation is performed on a 
cohort of healthy and pre-eclamptic participants at 3T.
Results: The datasets show the ability to obtain robust and fast T

1
-ADC measure-

ments. Significant decay over gestation in T
1
 (−11 ms/week, P < . 05) and a trend 

toward significance in ADC (−0.23 mm/s2/week, P = .08) values can be observed in 
a control cohort. Values for the pre-eclamptic pregnancies show a negative trend for 
both ADC and T

1
.

Conclusions: The presented sequence allows the simultaneous acquisition of 2 of the 
most promising quantitative parameters to study placental insufficiency—identified 
individually as relevant in previous studies—in under 2 minutes. This allows dy-
namic assessment of physiological processes, reduced inconsistency in spatial 
comparisons due to reduced motion artefacts and opens novel avenues for analysis. 
Initial results in pre-eclamptic placentas, with depicted changes in both ADC and T

1
 , 

illustrate its potential to identify cases of placental insufficiency. Future work will 
focus on expanding the field-of-view using multi-band acceleration techniques and 
the expansion to larger and more diverse patient groups.
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1  |   INTRODUCTION

The human placenta is of key importance for any success-
ful pregnancy. Major pregnancy complications such as fetal 
growth restriction (FGR) or pre-eclampsia (PE) have been 
linked to placental insufficiency with biological and his-
topathological evidence.1,2 The placenta is an exchange 
organ, composed of 10-40 functional units. The macro- and 
microstructure of the placenta, especially the fetal vascula-
ture organized in so called villous trees, undergoes dramatic 
physiological changes to adapt to the needs of the maturing 
fetus. The feto-placental compartment is well isolated to 
protect the growing fetus from external influences and thus 
difficult to access, noninvasive imaging techniques are there-
fore ideally suited to gain insights. While ultrasound and 
Doppler ultrasound are key screening tools, the opportunities 
to gain functional and structural understanding have led to 
an increase in in utero MRI imaging—especially quantitative 
MRI techniques such as relaxometry and diffusion-weighted 
MRI (dMRI).3,4

T
∗

2
 mapping has been the most frequently used5 relaxome-

try approach in the human placenta in vivo to date, due to both 
the link to the concentration of deoxygenated hemoglobin 
(BOLD effect) as well as a large number of readily available 
acquisition techniques. T

1
 mapping, on the other hand, can 

be used to characterize tissue via its dependency on the mo-
lecular environment. Edema, protein deposition, and fibrosis6 
have all been shown to increase T

1
, whereas deposits of fat 

and iron shorten T
1
.6 T

1
 relaxometry has been previously used 

to study the placenta.7-10 However, T
1
 values over gestation 

have not been consistent in previous studies with the results 
varying from a decrease over gestation7,11 to no significant 
change being identified.8 Furthermore, a negative correlation 
between the difference between R1, with R1 = 1/T

1
, during 

norm- and hyperoxygenation (referred to as ΔR
1
) was illus-

trated. A further reduction in ΔR
1
 for FGR cases was equally 

found.8,9 T
1
 values show, in general, strong quantitative rela-

tionships to blood oxygen saturation12,13 and were shown to 
improve the detection of FGR over T∗

2
 alone8 thus highlight-

ing a complementary role. These studies focused on FGR and 
uncomplicated pregnancies till date and have not included 
participants with PE. However, histological evidence shows 
increased fibrin deposition in PE placentas.1 Fibrin deposi-
tion has been successfully interrogated using T

1
 mapping in 

myocardial fibrosis and therefore constitutes a potential ave-
nue for assessing the placenta.

Look-Locker echo planar imaging (EPI),7 inversion recov-
ery (IR)7-9 using between 4 and 8 inversion times (TI), 3D 
variable flip angle RF-spoiled gradient spin echo using 3 flip 
angles11 and most recently MR fingerprinting10 have all been 
used to acquire T

1
 information in the placenta. However, one 

significant limitation and challenge for the wider use is the 
intrinsic inefficiency. Data, for example, from traditional IR 

sequences are acquired at a range of TIs by changing the time 
between the inversion pulse and the excitation, introducing 
periods of scanner inactivity while waiting for spin relaxation 
to progress at the specified imaging location. This approach 
leads to a major problem for fetal and placental imaging as 
the extended acquisition time allows more time for fetal/pla-
cental motion. This motion produces spatial displacement 
between each TI measurement resulting in errors that reduce 
the accuracy of the obtained quantitative data.

Diffusion weighted MRI (dMRI) has been used success-
fully on the human placenta to study the placental micro-
structure, enabling quantitative tissue measurements such as 
the density of the villous trees.3,14-16 A clinical application 
of this information has been demonstrated where dMRI im-
aging was used to quantify the differences between healthy 
placentas and placentas affected by PE or FGR. Traditionally, 
placental dMRI datasets are acquired using single-shot 
diffusion-weighted spin-echo EPI techniques. The single-
shot approach to imaging acquires a single slice faster than 
the tissue displacement, freezing the motion within individ-
ual slices. Widely used indices such as the apparent diffusion 
coefficient (ADC), fractional anisotropy (FA),17 and complex 
models16 have been employed to produce quantitative values 
for assessment of the placental microstructure.

The need for multiple contrasts to investigate the complex 
pathophysiology of placental disease and the interconnected 
functional and structural changes has been widely acknowl-
edged. However, the studies combining multiple contrasts to 
date have used separate acquisitions for each contrast4—thus 
decreasing spatial data consistency and limiting the ability to 
study changes on a voxel level. Furthermore, separate acqui-
sitions are not well suited for the highly dynamic nature of in 
utero imaging, such as contractions, fetal/maternal motion, 
and vascular/amniotic flow patterns. Our group has previously 
presented joint T∗

2
-diffusion placental imaging3 together with 

new abilities to represent this data to reveal disease-specific 
phenotypes and combined perfusion-T∗

2
 imaging.18 Previous 

attempts to accelerate T
1
 mapping techniques include slice 

shuffling approaches, which enable the acquisition of data at 
multiple TIs in a fast and efficient way.17,19,20 For the adult 
brain, we have expanded upon this with the ZEBRA tech-
nique. ZEBRA has been previously proposed as a framework 
allowing data acquisition in a large parameter space spanned 
by inversion time, echo time, and diffusion preparation. This 
was achieved by combining a diffusion-prepared spin-echo 
sequence with multiple gradient echo read-outs, a global adi-
abetic inversion pulse and both diffusion and slice shuffling 
to increase efficiency. The focus for the ZEBRA development 
so far has been on acquiring comprehensive datasets densely 
sampling the parameter space in a regime where minimal 
motion prevails, where acquisition times >10 minutes are ac-
ceptable and where the exploration of the data was the focus. 
However, the aim of this present study is different: The focus 
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is both to explore fast combined placental dMRI-T
1
 in the 

human placenta and to show first results of this technique 
in a cohort of women with PE. For this aim, the ZEBRA 
technique has been changed specifically to fit these require-
ments and to demonstrate its potential to assess the placenta 
in healthy pregnancies and those affected by PE.

2  |   METHODS

A diffusion-weighted single-shot EPI sequence (ssEPI) 
was modified previously17 to include efficient T

1
 sampling. 

Conventionally, ssEPI dMRI techniques acquire all slices 
consecutively to achieve one volume with the same diffu-
sion weighting in one repetition time (TR). To add T

1
 weight-

ing, a global adiabatic inversion pulse was added before the 
first excitation in each TR assuring that each slice sampled 
in subsequent excitations during the TR are acquired with a 
different TI.19 The sequence also shuffles the applied diffu-
sion weighting on a slice rather then volume level.17,21 This 
results in a sequence where each slice is sampled with each 
b-values at a subset of TIs. This process is shown in Figure 1 
for the 2 b-values and 20 TIs employed for this study both 
schematically Figure 1A and illustrating the interleaving 
required for the efficient acquisition in a sagittal reformatted 
view in Figure 1B.

2.1  |  Data acquisition

Datasets were acquired from 43 fetal scans on a clinical 3T 
Philips Achieva scanner with a 32-channel cardiac coil as 
part of a larger study (www.place​ntaim​aging​proje​ct.org). 
Informed consent was obtained from all participants accord-
ing to local procedures (REC 19-SS-0032, 14/LO/1169 and 
19/LO/0852). After an initial left lateral preparation to reduce 

the potential effects of compression of the vena cava, women 
were slowly moved into supine position. Dedicated padding, 
continuous monitoring of the maternal heart rate, blood pres-
sure and oxygen saturation, regular verbal communication 
and limitation of the scan time to 60 minutes ensured ma-
ternal comfort. The dMRI-T

1
 datasets described here were 

acquired in the second half. This approach was tolerated by 
all participants and life monitoring was uneventful.

The selection of the considered scans is depicted in 
Figure 2. A total of 43 eligible scans consists of participants 
considered either “Normal” controls or diagnosed with PE. 
However, this number was reduced as some of the control 
cases developed FGR, gestational diabetes mellitus, or gesta-
tional hypertension between the time of scan and the delivery 
and/or delivered before 36 weeks with a neonatal birthweight 
lower then the third or larger than the 97th centile. Five ad-
ditional scans were excluded due to visible artifacts from fat 
aliasing or severe motion. One example for such a scan is 
shown in Supporting Information Figure S1. Finally, 3 of the 
control and 2 of the PE scans were removed as these belonged 
to the same pregnancy scanned times. Therefore, 27 partici-
pants with one scan each were finally included into the study, 
split into 23 healthy participants and 4 participants diagnosed 
with PE. The location of the placenta, as diagnosed by stan-
dardized clinical ultrasound between 19+6 and 21+6 weeks 
gestation was classified into mostly anterior and mostly pos-
terior cases to form labels with similar geometry with regard 
to the MRI hardware. In 4 scans, the ZEBRA T

1
-Diffusion 

sequence was repeated twice during the same examination to 
assess robustness.

A main magnetic field (B
0
) map was acquired prior to EPI 

scanning to enable image-based shimming.22 An in-house 
tool connected to the scanner software allows segmentation 
of the placenta using predefined ellipsoids, calculates second-
order shim coefficients and transfers these back to the MRI 
system. The described ZEBRA sequence was performed in 

F I G U R E  1   Schematic depiction of the 
proposed T

1
-diffusion sequence, illustrated 

with a reformatted sagittal view through the 
fetal brain. A, Inversion curve together with 
the interleaving of both b-values is depicted. 
B, Reformatted sagittal views from the first 
6 TRs are shown, thereby, the first image 
corresponds to the previously one shown 
in (A). The green line shows the spatial 
position of the first slice acquired in each 
TR

(A)

(B)

 15222594, 2021, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

rm
.28809 by W

elsh A
ssem

bly G
overnm

ent, W
iley O

nline L
ibrary on [03/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.placentaimagingproject.org


      |  2687HUTTER et al.

the scanner axial plane with the center in the field of view 
aligned roughly with the centre of the placenta. The param-
eters were optimized to ensure acceptable (<100  dB (A)) 
acoustic noise, measured as described previously.23 This ef-
fectively increased the required echo spacing in the EPI echo 
train to reduce the gradient slew rate. Final parameters in-
clude resolution (3 mm)3, matrix size 164 × 164, SENSE = 2, 
TR = 6000  ms, TE = 71.7, TIs between 20 and 5674 ms, 
b-value 0 ms/mm2 and 0.5 ms/mm2.

2.2  |  Processing and evaluation

Manual masks were drawn on the volume with the highest 
contrast (longest TI and b = 0) for all slices, giving a con-
servative segmentation of the placental parenchyma. For 
relaxometry mono-exponential voxelwise fitting was per-
formed using Equation (1) on a subset of the image data 
without diffusion weighting (b = 0). The full dataset was 
then modeled using Equation (2) for joint T

1
/ADC quanti-

fication. To improve the robustness of the model, 10-fold 
random initialization was employed, alternating the T

1
 start 

value from [0-3000] ms and ADC from [0-3] ms/mm2. The 
median value resulting from all initialization parameters was 
obtained and taken as the measured value. Linear regression 
was performed to detect trends with increasing gestational 
age and differences between the healthy and PE groups. 
Two-way ANOVA analysis was performed to assess the sig-
nificance of changes between both cohorts and GA. As stated 

above, one scan was used wherever multiple were available 
for a participant. This has been maintained for the statistical 
evaluation as well.

3  |   RESULTS

Combined dMRI-T
1
 datasets were successfully acquired in all 

participants. Data from 1 participant is illustrated in Figure 3 
depicting 1 slice for all TIs and both b-values. Obtained pla-
cental T

1
 and ADC using the joint analysis (Equation 2) maps 

are shown in Figure 4 the mid-slices for 6 participants are 
overlaid on the volume with the highest signal. These illus-
trate a rim of higher ADC on the chorionic plate—indicated 
with a blue line—as well as cross-placental longitudinal re-
gions of higher ADC. Circular structures with lower ADC 
values of around 1.5 mm2/s in the center can be observed. 
The T

1
 maps show a rim of lower T

1
 on the chorionic plate 

with stripes of higher T
1
—similar to these observed for the 

ADC but not co-localized. Over gestation an increase in het-
erogeneity can be observed with increasing areas depicting 
low signal intensity. Six scans with PE are included (GA 22-
29 weeks) with one participant having had 3 scans. While 
the first acquired at GA 22+6 weeks shows a homogeneous 
appearance, which corresponds to the quantitative result of 
mean T

1
 and ADC within the normal range (see Figure 5), the 

other 2 cases exhibit clear differences: Larger regions with 
reduced ADC and T

1
 and a more heterogeneous appearance 

can be observed overall. Foci with very low ADC (< 1 mm2/s) 
can be observed in both cases in the ADC maps, the T

1
 maps 

depict increased heterogeneity and small areas with increased 
T

1
 values (> 1200 ms) surrounded by large areas with re-

duced T
1
 values.

Figure 5 depicts the obtained mean quantitative values 
over GA for all participants, with the participants with PE 

(1)S
t1

(TI)=S
0

(

1−2

(

exp
−TI

t1

)

+exp
−TR

t1

)

(2)

S
b
(TI, b)=S

0

(

1−2

(

exp
−TI

t1

)

+exp
−TR

t1

)

exp(−bADC)

F I G U R E  2   Overview of the data collection. The flowchart 
illustrated the information on how 43 scans from eligible participants 
reduced to 27 considered scans split into 2 groups of 23 participants in 
the control group and 4 participants in the PE group

F I G U R E  3   Exemplary acquired 
dMRI-T

1
 dataset. The central slice 

containing the fetal brain and the placenta 
is illustrated for all TIs from TI = 100 till 
TI = 5800 and both b-values (b = 0 ms/mm2 
and b = 0.5 ms/mm2)
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colored in red and the healthy control participants in gray. 
In participants with multiple scans, only the first scan was 
retained. The mean results from the healthy cohort for the 
combined ADC-T

1
 fit (Equation 2), displayed in Figure 5A,B 

show a downward trend over gestation for both T
1
 (slope 

−11.3, P < . 05) and ADC (slope −0.024, P < . 1). The mean 

T
1
 in the control cohort thereby equaled 1090 ms at 15 weeks 

GA, 910 ms at 25 weeks GA and 720 ms at 38 weeks GA. 
The regression analysis for the cohort with placental insuffi-
ciency resulted similarly in a downward trend for both T

1
 and 

ADC (TI: slope −44.87, P < . 05, ADC: −0.06, P = .1). The 
correlation between T

1
 and ADC from the combined fit is 

F I G U R E  4   Qualitative illustration of the obtained ADC and T
1
 maps overlaid on the dynamic with the highest signal (b = 0, longest TI) 

for 6 of the included cases. The 3 participants on the left are from control participants and the 3 on the right from participants diagnosed with 
pre- eclampsia. Both are ordered by gestational age and the blue line indicates the location of the chorionic plate

F I G U R E  5   Quantitative results from 
the T

1
-ADC scan. A,B, Mean T

1
 and ADC 

from T
1
-ADC fit over GA, illustrated with 

the mean confidence interval (dotted) and 
the lowest and highest confidence interval 
(striped line). C, Mean T

1
 against mean 

ADC (both from joint T
1
-ADC fit) and D, 

mean T
1
 from T

1
-ADC fit against mean T

1
 

from T
1
 fit. The red squares correspond 

to the PE participants, gray dots mark the 
control participants. The dotted blue line 
in (D) indicates the identity line. Each 
dot/square in these diagrams corresponds 
to one scan, as some participants were 
scanned multiple times as described in the 
methods.The squares filled with the lighter 
red are the 3 data points from the same PE 
participant

(A) (B)

(C) (D)
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      |  2689HUTTER et al.

given in Figure 5C and depicts a linear relationship between 
both values. The correlation between the T

1
 from both fits 

Equations (1) and (2) in Figure 2D shows that the estimated 
T

1
 values tend to be higher using the joint fit. The data from 

the participants with repeat acquisitions resulted in a mean 
deviation of 37.10 ± 14.08 ms in T

1
 values. The results of the 

two-way ANOVA test showed a nonsignificant reduction of 
ADC and T

1
 for the PE cohort.

4  |   DISCUSSION AND 
CONCLUSION

This study explored the use of a technique able to efficiently 
provide quantitative T

1
 and ADC values for the human pla-

centa in vivo in an acquisition time of <2 minutes and dem-
onstrated its ability to discriminate between uncomplicated 
pregnancies and PE pregnancies. Bespoke to this double 
aim, a framework able to acquire joint multidimensional 
data in the diffusion-relaxometry space called ZEBRA, has 
been successfully adapted. The decreasing trend in ADC 
value over GA is consistent with previous findings charac-
terizing healthy pregnancies.14,18 Prior literature on placental 
T

1
 mapping is sparse7-9 and has not been able to establish 

clear trends over GA with experiments performed both under 
norm-oxygenation as in the present study or under hyper-
oxygenation, where the mother inhales 100% oxygen during 
the acquisition. A weak negative correlation between GA and 
T

1
 was seen for healthy volunteers,8 which is in-line with the 

results of this study. This could potentially be a consequence 
of changes in the fraction between maternal and fetal blood 
and the changing properties of the fetal blood. An increase 
in fetal hematocrit, as was reported from 0.3 at 17 weeks to 
0.45 at 40 weeks was shown to result in a decrease in T

1
 simi-

lar to the observed.13,24 In addition, hematocrit values will 
change with pathology, eg with chronic hypoxia.25 Similarly, 
ADC was shown to drop over GA in previous studies—
in- line with our results. This might be a consequence of the 
increase in number of terminal villi and hence in a decrease 
in average vessel diameter, resulting in additional restriction. 
Additionally, the fraction of the maternal blood pool de-
creases, reducing the voxels with significant diffusion to be 
observed. Following this argument and speculating further, 
a reduced fraction of maternal blood in the PE cases, might 
contribute to further pathological decreases in ADC for these 
cases.26

The need for combined acquisitions and the value offered 
by a more comprehensive understanding of placental mi-
crostructure and function has been recently recognized and 
explored with joint diffusion-T2 models4 and Diffusion-T∗

2
 

models.3 The present study is to the best of our knowledge 
one of the first to acquire dMRI and T

1
 simultaneously in a 

combined acquisition. While the proposed ZEBRA technique 

has been applied to the adult brain to also achieve T∗

2
 infor-

mation by using multiple gradient echos and includes multi-
ple b-vectors enabling more complex modeling and analysis 
attempts, the focus of this present study was to allow fast, 
combined quantification of the 2 main parameters, ADC 
and T

1
. Including multiple echo times would extend the shot 

length and thus diminish the ability of the technique to sam-
ple the TIs densely.

Differences between the T
1
 obtained with the 2 considered 

models illustrate a potential avenue to explore: The estimated 
T

1
 is in general lower if estimated using the joint fit. The 

shortened T
1
 with the joint model is spatially localized in 

the lobule centers (Supporting Information Figure S2). The 
presence of a compartment with both high T

1
 and ADC 

would potentially lead to such an effect due to the reduced 
signal when using higher b-values. Datasets from pregnan-
cies complicated by PE were included largely for illustrative 
purposes but revealed initial trends of reduced ADC—inline 
with literature16—and reduced T

1
 when compared to controls 

and thus this combined acquisition demonstrates potential to 
study the microstructural and tissue composition changes in-
volved in these diseases.

This study is a first exploration and presents limitations. 
First, the chosen orientation of axial to the mother results in 
a limited placental coverage. With the majority of placentas 
either dominantly anterior or posterior and thus, this chosen 
scan orientation is orthogonal to the longest dimension. The 
large number of slices required to cover the entire placental 
parenchyma in this orientation while maintaining the present 
resolution would increase time per volume and thus poten-
tially increase motion artifacts. Future work will thus include 
multiband techniques.

The foci of this study were both to deliver a clinically 
feasible fast technique enabling the acquisition of 2 of the 
previously identified key quantitative values in a short time 
and to present initial results in participants with PE to eval-
uate its further use. As a consequence, while the employed 
sequence was presented before, the design choices are very 
different with a clear focus on delivering robust and fast mea-
surement of 2 parameters. One resulting limitation is, that 
only 2 b- values were included. A further extension includ-
ing more b-values might further increase the robustness and 
accuracy of the method. Further improved motion correction 
for example for the maternal respiratory motion is possible 
due to the interleaving.

The number of participants in the PE group is limited, 
and, due to the location and parameters of the scanner used, 
includes mostly late-onset PE cases. This explains the rel-
atively high GA at birth and only slightly reduced mean 
weight at birth. Due to this and the described focus, we did 
therefore not include any further clinical outcome evalua-
tion. Applying this technique on a larger and more diverse 
cohort together with comprehensive clinical outcome and 
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histopathological results is, however, a next important step. 
The performed statistical evaluation also needs to be seen 
with this background in mind and merely constitutes a first 
evaluation.
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SUPPORTING INFORMATION
Additional Supporting Information may be found online in 
the Supporting Information section.

TABLE S1 Brief description of the considered control and 
PE cases. The mean values are given for gestational age at 
scan, maternal age and BMI as well as gestational age and 
weight at birth
TABLE S2 All considered PE data points. Thereby, the 
line written in italic highlights the participant with 3 scans. 
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The GA written in bold corresponds to the scan of this partic-
ipant displayed in the figures
FIGURE S1 Illustration of one case which was excluded due 
to unresolved fat artifacts
FIGURE S2 Illustration of the different T

1
 maps achieved 

with the T
1
 fit using only the data acquired at b = 0 and the 

joint T
1
 ADC fit on the entire data together with the differ-

ence map on the right
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