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Abstract

Obijectives: The objective of this work was to investigate the application of 2D Time-of-Flight
(TOF) magnetic resonance angiography (MRA) to observe the placental vasculature at both 1.5T
and 3T.

Methods: Fifteen appropriate for gestational age (AGA) (GA: 29.7 + 3.4 weeks; GA range: 23
and 6/7 weeks to 36 and 2/7 weeks) and eleven patients with an abnormal singleton pregnancy
(GA: 31.4 + 4.4 weeks; GA range: 24 weeks to 35 and 2/7 weeks) were recruited in the study.
Three AGA patients were scanned twice at different gestational ages. Patients were scanned either
at 3T or 1.5T using both To-HASTE and 2D TOF to image the entire placental vasculature.

Results: The umbilical vessels, chorionic vessels, stem vessels, arcuate arteries, radial arteries,
and spiral arteries were shown in most of the subjects. Hyrtl’s anastomosis was found in two
subjects in the 1.5 T data. The uterine arteries were observed in more than half of the subjects. For
those patients scanned twice, the same spiral arteries were identified in both scans.

Conclusions: 2D TOF is a technique that can be applied in studying the fetal-placental
vasculature at both 1.5T and 3T.
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Introduction

The placenta is a fundamental organ that plays an important role in the nutrition supply

and respiration of the fetus, supporting normal fetal development throughout the pregnancy
[1]. Placental flow and oxygen supply to the tissue increases across gestational age as does
blood flow in the arteries and intervillous space [2-4]. The endometrial blood supply of
non-pregnant women changes from a few millimeters per minute to 500 millimeters per
minute in pregnant women at term [5]. The continuous distension of the uteroplacental
arteries during the 2" and 3" trimester causes an increase of blood supply favorable to the
growth of the placenta and the fetus [6]. To date, 3D/4D ultrasound (US) and spatiotemporal
image correlation have been used clinically to evaluate the fetal vasculature [7-9]. However,
US is limited by the small field of view (FOV), cross sectional resolution, the presence of
bony structures, abnormal fetal position, and maternal obesity.

Magnetic resonance angiography (MRA) is a powerful tool to evaluate tissue vasculature
and, in the case of imaging the placental vasculature, could be a valuable accessory to US
imaging. Some studies have evaluated the use of MR imaging in ex-vivo studies of the
placenta using a contrast agent [10-12]. Our previous study showed that in vivo imaging
of the placenta without a contrast agent can be accomplished using a conventional MRA
approach based on 2D time-of-flight (TOF) imaging to generate both placental and fetal
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vasculature [13]. That study was done using a 3T scanner (Verio, Siemens, Erlangen,
Germany), and all the experiments were performed in the late 3™ trimester. Although
currently more centers are trying to use 3T for imaging the fetus, the majority of studies
still take place at 1.5 T during both the 2" and 37 trimesters. Therefore, our goal was to
investigate the feasibility of using 2D TOF MRA in the placenta and the fetus at both 1.5T
and 3T in the 2" and the 3" trimesters.

Materials and Methods

This cross-sectional study was conducted at two facilities. Fifteen of the patients were
recruited from the Center for Advanced Obstetric Care and Research Perinatology Research
Branch of the Eunice Kennedy Shriver National Institute of Child Health and Human
Development (NICHD), National Institutes of Health, Wayne State University School of
Medicine, Hutzel Women’s Hospital in conjunction with the Magnetic Resonance Research
Facility, Wayne State University, and the Detroit Medical Center, Detroit, Michigan U.S.A.
The other eleven patients were recruited from the Department of Radiology, International
Peace Maternity and Child Health Hospital (IPMCH), School of Medicine, Shanghai Jiao
Tong University, Shanghai, China. All patients recruited in the U.S.A. provided written
informed consent for both ultrasound and MRI examinations and were enrolled in research
protocols approved by the Human Investigation Committee of Wayne State University and
the Institutional Review Board of the NICHD. All patients recruited in China provided
written informed consent for both ultrasound and MRI examinations and were enrolled in
research protocols approved by the IPCMH Human Investigation Committee compliant with
HIPAA regulations.

2.1 Patient Population

A total of 15 patients with appropriate for gestation age (AGA) pregnancy with estimated
fetal weight between the 10t and 90t percentile (GA: 29.7 + 3.4 weeks; GA range: 23

and 6/7 weeks to 36 and 2/7 weeks) and 11 patients with an abnormal singleton pregnancy
(GA: 31.4 + 4.4 weeks; GA range: 24 weeks to 35 and 2/7 weeks) had MR imaging and
were included in the study. Six AGA subjects (GA: 29.0 + 3.0 weeks; GA range: 23 and
6/7 weeks to 32 and 3/7 weeks) and five abnormal cases (GA: 28.9 * 4.8 weeks; GA range:
24 weeks to 33 and 5/7 weeks) were performed at 1.5 T, and nine AGA subjects (GA:

30.0 + 3.7 weeks; GA range: 23 and 6/7 weeks to 36 and 2/7 weeks) and six abnormal
cases (GA: GA: 33.4 £+ 3.1 weeks; GA range: 27 and 1/7 weeks to 35 and 2/7 weeks) were
performed at 3T. Three AGA subjects were scanned twice with the first scan in the 2nd
trimester and the second one in the 3" trimester six to nine weeks apart at 3T. The clinical
conditions diagnosed by the last MRI/US before the study and the MRI scanner used in the
study for all the subjects are listed in Table 1. Gestational age was confirmed with an early
ultrasound scan in all patients. It is worth noting that the pathology tests of subject No. 19
and subject No. 21 after delivery were both normal, and the abnormalities of subject No. 2
and subject No. 6 were unlikely to be affected by placental development. Therefore, all these
four subjects were classified as AGA.
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2.2 Data Acquisition

MRI studies were performed on a 3T Siemens Verio system (Erlangen, Germany) with a
6-channel flex coil and a 4-channel spine coil, or on a 1.5T Siemens Aera MRI system
(Erlangen, Germany) with an 18-channel body coil and a 12-channel spine coil. The patients
were placed in a supine or lateral decubitus position based on their preference during the
scan. The first part of the imaging protocol consisted of an initial scout sequence followed
by a multi-slice T,-Half-Fourier Single Shot Turbo Spin Echo (HASTE) sequence both
with a FOV covering the entire organ. The To-HASTE images were used as a reference

for the 2D TOF angiography sequences. The parameters of the 2D TOF sequence are given
in Table 2. The sequence was performed twice under the following two circumstances:

(1) the images contained significant motion artifact or (2) the image SNR was too low
because of the patients’ large body size. This situation only occurred for patients recruited
in the 3 T study. In the latter case, a lower resolution image would be collected if the

high resolution scan generated low SNR image. The 3D reconstruction was performed
using SPIN software (SpinTech MRI, Bingham Farms, USA), and the vascular network
visualization was processed in 3D using VolView [14].

2.3 Image quality evaluation

All images were reviewed by two radiologists (TS and LJ) both with more than 5 years

of clinical experience in fetal MR imaging. The TOF image quality was evaluated using a 5-
point scale and a 2-point scale, with higher scores indicating better image quality (Table 4).
Cohen’s Kappa coefficient was calculated to estimate the inter-observer agreement between
two readers.

3. Results

Several example MR angiograms are shown in Fig. 1 for five subjects. The fetal-placental
vasculature, including chorionic vessels and stem vessels, is clearly demonstrated (Fig. 1-d).
Hyrtl’s anastomosis was seen in two subjects (Fig. 1e). To better demonstrate the connection
between the two umbilical arteries (UAS), the umbilical vein (UV) in the first case shown

in Fig. 1e was manually cropped and removed. The UAs and UVs were easily visualized

in all subjects. The maternal-placental vasculature, including the ascending uterine arteries,
the arcuate arteries in the placenta basal plate, and the connected radial arteries, can also be
observed (Fig. 1f—g). The entire vascular system is clearly shown in one of the IUGR cases
collected at 3 T (Fig. 2) [15]. The uterine arteries were only found in 14 cases by the first
reader and 21 cases by the second reader (Table 3). Both readers agreed that for the rest of
the cases, more slices would be needed to distinguish the uterine artery from the iliac artery.
This is because only the placental region was fully covered during the scanning to reduce
the scan time. Radial arteries and the connected spiral arteries were identified in most of

the cases, and one subject with hydrocephalus is shown in Fig. 3. Five spiral arteries were
observed from this subject (Fig. 3b—f). The UVs and UAs are labeled to serve as a reference
to localize the spiral arteries. The different vessels that could be identified for all subjects
and the image quality score results are given in Table 3. Three AGA subjects were recruited
twice at 3 T, once in the 2nd trimester and once in the 3rd trimester. From the various spiral
arteries observed in the first scan for these three cases, eight were successfully identified in
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both scans (Fig. 4 and Fig. 5). The inter-observer agreement of the image quality is listed in
Table 4. The 5-point score generated moderate agreement while the 2-point score generated
substantial agreement.

4. Discussion

In this work, we showed that for the majority of subjects scanned, whetherat 1.5 Tor 3 T,
most of the major maternal-placental vessels can be visualized. The umbilical and arcuate
arteries were observed in the MRA data for all patients while the chorionic and some stem,
spiral, and radial arteries could be seen in most of the subjects. For those subjects with
repeated scans at different trimesters, the same radial and spiral arteries could be identified
from scan to scan. In two cases, Hyrtl’s anastomosis could be seen. Many of these vessels
could be viewed in their entirety on 3D rendering. Both normal subjects and patients with
different types of abnormality were recruited in the study; the ability of the 2D TOF MRA to
display the placental vascular network was not affected by the patients’ clinical conditions.

The image quality of most subjects was diagnostically acceptable. The reason for the poor
image quality in three of the subjects was twofold: either severe motion artifact (even after
repeat scanning) or poor SNR due to the subject’s large body size and insufficient coil
coverage. Therefore, motion artifacts and SNR were the two main culprits leading to poor
image quality. Generally, by limiting the slice coverage to just the placenta, the scan time
was kept to a reasonable level and less than 10% of the slices, if any, showed motion artifact.
In this study, there were 6 subjects with a BMI of more than 30 recruited, and all of them
were performed at 3 T. In most cases, the image quality was improved by using the faster
low resolution scan (change from 0.5 x 0.5 mm? to 1.0 x 1.0 mmZ2). Only one of them
generated low SNR images. Finally, a better set of coils could improve the image quality and
solve this SNR problem.

Since the placenta supplies the nutrients to the fetus, it is critical that the vasculature and
blood flow to and from the fetus at normal levels for both the placenta and fetus develop
properly. The chorionic plate provides the flow to the fetus while the basal plate contains
the maternal vessels [16]. Each placental lobe is formed by several cotyledons in close
contact with each other, and there are 10 to 40 cotyledons in a normal placenta [16]. The
cotyledons represent the terminal segment of the fetal circulation [17]. The presence and
general location of the different maternal and fetal side vessels is well known [4]. The
chorionic plate vessels form around 60 to 70 primary villous stem vessels which later divide
into secondary and tertiary vessels [18]. Each primary stem vessel ends in a fetal cotyledon
[19]. Anomalies of the placental vasculature have been associated with different maternal
and fetal conditions such as preeclampsia, fetal growth restriction, diabetes mellitus, and
congenital heart disease [11, 20]. In normal subjects, Rasmussen et al. reported that the
fetal size correlated to the placental vascular density [10]. In another study on fetal growth
restriction (FGR), Link et al showed a strong correlation between placental volume, vascular
volume, and gestational age [11].

Placental vasculature in FGR cases demonstrated differences in size and structure of the
vessels (such as tortuosity of the terminal villi and branching angle) when compared
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with normal placentas [21]. Also, ex-vivo studies demonstrated differences in the vascular
volume and length of fetal vessels in cases of FGR [21-23]. Janaid et al reported that the
median vessel length was shorter in arterial placental vessels in cases of FGR in comparison
with normal placentas by using micro CT [23]. These ex-vivo studies required the use of
contrast agents or exposure to radiation during imaging. With faster imaging and better
resolution, 2D TOF MRA could well become a practical clinical tool to investigate the
vascular distribution in the placenta during pregnancy. Higher resolution will benefit the
study of smaller vessels affecting placental development, such as the radial, spiral and stem
vessels. Hyrtl’s anastomosis could also be seen by 2D TOF MRA. In a previous study, it was
found that the width of Hyrtl’s anastomosis was related to the degree of placental symmetry
with respect to the size of the supplying areas of the umbilical arteries [24].

Another potential application of mapping the major vessels in the placenta relates to the
blood circulation in each cotyledon including the vasculature in the basal plate and the
cotyledon itself. From the basal plate, the oxygenated blood from the maternal side passes
through the arcuate arteries and is delivered to the intervillous space via the radial arteries
which transform into the spiral arteries. Oxygen and nutrients from the intervillous space
are extracted at the level of vasculosyncytial membranes (VSM) in the terminal villi. The
oxygen and nutrient rich blood traverses out from the terminal villous capillary network
into the postcapillary venule of the terminal villous, which is in turn connected with the
postcapillary type venule in the mature intermediate villous and stem villous. The stem
villous venule ascends into the chorionic plate. These chorionic plate veins coalesce and
form the UV (Supplemental material Fig. 1).

There are several limitations to this work. First, only vessels with sufficiently rapid through
plane flow will be seen. To overcome this limitation, a second and potentially third scan
could be run orthogonal to the first to capture in-plane vessels from the first scan. Second,
it is worth noting that image resolution, contrast and SNR are key to visualize small vessels
such as the radial and spiral arteries. A higher resolution of 0.5 mm x 0.5 mm x 2.0 mm
could help resolve smaller vessels and better utilize vessel tracking algorithms. This will
require excellent SNR and rapid imaging methods. Rapid imaging methods such as radial
imaging [25, 26] and Controlled Aliasing in Parallel Imaging Results in Higher Acceleration
(CAIPRIHAINA) could lead to further speed improvements of 2 to 4 opening the door to
practical higher resolution imaging [27]. The third limitation comes from motion induced
breathing artifacts. Along these lines, even without motion artifacts per slice, motion of the
placenta between slices (that is motion on the order of a 5 to 10 second time period) could
cause some shifting of the vessels from slice to slice. However, this was generally not a
major problem for the placenta. If this were to remain a problem, it could potentially be
resolved using vessel tracking techniques to re-register the vessels [28].

5. Conclusions

In conclusion, 2D TOF is a technique that can be used to study the placental vasculature at
both 1.5T and 3T. It can reveal all major placental vessels throughout the placenta, making
it possible, in principle, to study local deficits of blood flow. Future improvements in speed

Magn Reson Imaging. Author manuscript; available in PMC 2024 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Quetal.

Page 7

and image quality and in enhancing the small vessels could lead to an even better delineation
of the radial, spiral, and stem vessels.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key points:
The placental vasculature can be visualized using 2D TOF MRA at both 1.5T and 3T.
The spiral artery could be reproducibly identified at different gestational ages by MRA.

Hyrtl’s Anastomosis can be identified in MRA.
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Placental vasculature. Normal subject No. 1, data collected at 3T with high resolution. a)
Sagittal view of the placenta MRA,; b) Arcuate vessels can be identified at the surface of
the placenta; c) and d) Chorionic vessels and the connected stem vessels inside the placenta
can be clearly identified. Abnormal subjects No. 2 and No. 3, data collected at 1.5 T. e) UV,
UAs, and the Hyrtl’s anastomoses were displayed. Normal subject No. 4, data collected at

1.5 T. f) Ascending uterine artery, arcuate artery and radial artery can be visualized. Normal
subject No. 5, data collected at 3T with low resolution. g) The right ascending uterine artery

and the left ascending uterine artery are visible.
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Fig 2.

Maternal-placental vasculature and the arcuate system. IUGR subject No. 26, data collected
at 3T with high resolution. a) Sagittal 3D view of the placenta; b) The ascending uterine
artery branching out into the arcuate system and further into the radial and spiral arteries.
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Fig 3.

Spgiral arteries inside the placenta. Subject No. 6: A subject with hydrocephalus collected at
1.5T. a) A single 2D slice from the TOF images with the 3D MIP; b-f) MRA of a single
spiral artery in part of the placental vasculature at different orientations. The UV and UAs
are marked by the white arrows. The spiral arteries are marked by the colored arrows. The
arrows with the same color mark the same spiral artery in the different images.
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Fig 4.

Spgiral arteries identified in two scans. Subject 5: A normal subject collected at 3 T with low
resolution. The first scan was performed at 23 + 6/7 weeks: a) A single 2D slice from the
TOF image for the axial view; b) TOF image with the 3D MIP for the axial view; ¢) and

d) TOF images with the 3D MIP for the sagittal view. The second scan was performed at
33 + 3/7 weeks: €) TOF image with the 3D MIP for the axial view. The same stem vessel

is marked by an arrowhead, and two different spiral arteries found in both scans are marked
with a solid and dashed arrow, respectively.
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Fig 5.

Tr?e spiral arteries identified in two scans from two subjects. Subject No.7: A normal subject
collected at 3 T with low resolution. A single 2D slice from the TOF image with the 3D

MIP for the axial view collected in the first scan a) and the second scan b). Subject No.8: A
normal subject collected at 3 T with low resolution. A single 2D slice from the TOF image
with the 3D MIP for the axial view collected in the first scan c) and the second scan d). The
same stem vessel is marked by an arrowhead. Spiral arteries are marked with arrows. The
same spiral arteries see in both scans are marked by the same numbers.
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Clinical condition and the MRI scanner for all subjects
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Subject No. 1 2 3 4 5 6
Clinical Widening of lateral
Condition Normal ventricles IUGR Normal Normal Hydrocephalus
15t 23 + 6/7,
GA (weeks) 36 +2/7 29 33 +5/7 23 +6/7 ond- 33 4 37 28 +2/7
MRI scanner 3T 15T 15T 15T 3T 15T
Placenta
Position A A P P P A
1%t 20.12

BMI 50.19 23.80 24.68 25.39 ond: 30,54 22.66
Reader No.1 No.2 No.1 No.2 No.1 No.2 No.1 | No.2 | No.1 | No.2 No.1 No.2
Radial

Avrteries
Spiral Arteries
Ascending
Uterine
arteries
Image Quality 4 4 5 5 5 5 4 4 5 5 5 4
Subject No. 7 8 9 10 11
C((z)lr:gli?oln Normal Normal Normal Normal IUGR
15t 27 + 477, 15t 25 + 6/7,
GA (weeks) ond: 33 4 6/7 ond- 39 4 377 32 +3/7 30 +5/7 33+3/7
MRI scanner 3T 3T 15T 3T 15T
Placenta
Position A A P A A
1st: 31.55, 1st: 20.66,

BMI ond: 37 37 ond: 91 31 24.69 24.94 27.4
Reader No.1 No.2 No.1 No.2 No.1 No.2 No.1 No.2 No.1 No.2
Radial

Avrteries
Spiral Arteries
Ascending
Uterine
arteries
Image Quality 4 3 4 4 4 3 2 2 3 5
Subject No. 12 13 14 15 16
Clinical Placental
Condition chorioangioma IUGR Normal Normal Normal
GA (weeks) 29 +2/7 35+ 1/7 30+ 3/7 28 +1/7 33+1/7
MRI scanner 15T 3T 3T 3T 3T
Placenta
Position A A A A A

BMI 24.39 24.8 28.53 35.11 26.04

Reader No.1 No.2 No.1 No.2 No.1 No.2 No.1 No.2 No.1 No.2
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Subject No.

Radial
Avrteries

Spiral Arteries

Ascending
Uterine
arteries

Image Quality

Subject No.

17

18

19

20

21

Clinical
Condition

Marginal umbilical
cord insertion

Normal

Low-lying
placenta

Thickening of placenta in US

Low-lying placenta

GA (weeks)

24 +1/7

26+ 1/7

31+ 4/7

24

28 +6/7

MRI scanner

15T

3T

15T

15T

15T

Placenta
Position

A

BMI

23.64

28.51

24.61

25.08

24.58

Reader

No.1 No.2

No.1

No.2

No.1 No.2

No.1

No.2

No.1 No.2

Radial
Avrteries

Spiral Arteries

Ascending
Uterine
arteries

Image Quality

Subject No.

22

23

24

25

26

Clinical
Condition

IUGR

IUGR

IUGR

IUGR

IUGR

GA (weeks)

35+2/7

33+3/7

27+ 17

34 + 417

34 +5/7

MRI scanner

3T

3T

3T

3T

3T

Placenta
Position

A

A

A

BMI

32.9

43.4

29.2

22

Reader

No.1

No.2

No.1 No.2

No.1

No.2

No.1 No.2

Radial
Arteries

Spiral Arteries

Ascending
Uterine
arteries

Image Quality

*
Image quality (5-point score/2-point score): 5-point score: 1, non-diagnostic; 2, poor; 3, acceptable; 4, good; 5, excellent. 2-point score: 0,
diagnostically not acceptable; 1, diagnostically acceptable.
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Table 2.
MR parameters of MRA at 1.5 Tand 3 T
15T
ATE (ms)/no of o BW : :
Sequence TR (ms) | TE (ms) (TE) FA () (HzIpx) Resolution (mm x mmx mm) | Slice Number
T2-HASTE 1400 152 x/1 180 355 1.17x1.17x5.0 22-36
MRA 23 5.6 x/1 50 245 0.56 x 0.56 x 3.0 22-36
3T
ATE (ms)/no of o BW Resolution (mm x mm x .
Sequence TR (ms) | TE (ms) TE FA (°) (Hz/px) mm) Slice Number
T2-HASTE 1310 95 x/1 180 488 1.0x1.0x3.0 15-50
MRA 22 4.92 x/1 50 241 1.0x1.0x3.0 15-50
MRA (High .
Resolution) 22 4.92 x/1 50 241 0.5%x0.5x%x3.0 15-50
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Table 4.

Image quality score

Reader No.1 No.2

Image Quality Score (5 points) | 3.8+0.9 (2-5) | 3.8+1.0 (2-5)

x 0.514

Image Quality Score (2 Points) | 1.9+0.3(1-2) | 1.9+0.3(1-2)

x 0.78

5-point score: 1, nondiagnostic; 2, poor; 3, acceptable; 4, good; 5, excellent.

2-point score: 1, diagnostically not acceptable; 2, diagnostically acceptable.
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