MIT
Libraries | D>pace@MIT

MIT Open Access Articles

Placental MRI: Effect of maternal position and uterine
contractions on placental BOLD MRI measurements

The MIT Faculty has made this article openly available. Please share
how this access benefits you. Your story matters.

As Published: 10.1016/J.PLACENTA.2020.04.008
Publisher: Elsevier BV
Persistent URL: https://hdl.handle.net/1721.1/135911

Version: Author’s final manuscript: final author’'s manuscript post peer review, without
publisher's formatting or copy editing

Terms of use: Creative Commons Attribution-NonCommercial-NoDerivs License

I I I .
I I Massachusetts Institute of Technology


https://libraries.mit.edu/forms/dspace-oa-articles.html
https://hdl.handle.net/1721.1/135911
http://creativecommons.org/licenses/by-nc-nd/4.0/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Placenta. Author manuscript; available in PMC 2021 June 01.

-, HHS Public Access
«

Published in final edited form as:
Placenta. 2020 June ; 95: 69-77. doi:10.1016/j.placenta.2020.04.008.

Placental MRI: Effect of maternal position and uterine
contractions on placental BOLD MRI measurements

Esra Abaci Turk!, S. Mazdak Abulnaga?, Jie Luo-3, Jeffrey N Stout!, Henry A. Feldman?,
Ata Turk®, Borjan Gagoskil, Lawrence L. Wald® 78, Elfar Adalsteinsson®2:10, Drucilla J.
Roberts11, Carolina Bibbol2, Julian N. Robinson12, Polina Golland?5, P. Ellen Grantl ",
William H. Barth Jr12.13

1Fetal-Neonatal Neuroimaging & Developmental Science Center, Boston Children’s Hospital,
Harvard Medical School, Boston, MA, USA

2Computer Science and Artificial Intelligence Laboratory (CSAIL), Massachusetts Institute of
Technology, Cambridge, MA, USA

3School of Biomedical Engineering, Shanghai Jiao Tong University, Shanghai, China

4Institutional Centers for Clinical and Translational Research, Boston Children’s Hospital, Harvard

Medical School, Boston, MA, USA
SElectrical Computer Engineering Department, Boston University, Boston, MA, USA

6Department of Electrical Engineering and Computer Science, Massachusetts Institute of
Technology, Cambridge, MA, USA

"Radiology, Harvard Medical School, Boston, MA, United States

8Athinoula A. Martinos Center for Biomedical Imaging, Massachusetts General Hospital,
Charlestown, MA, United States

9Harvard-MIT Health Sciences and Technology; Massachusetts Institute of Technology,
Cambridge, MA, USA

19nstitute for Medical Engineering and Science, Massachusetts Institute of Technology,
Cambridge, MA, USA

pathology, Massachusetts General Hospital, Boston, MA, USA.

2Maternal Fetal Medicine, Brigham and Women'’s Hospital, Boston, MA, USA

I3Maternal-Fetal Medicine, Obstetrics and Gynecology, Massachusetts General Hospital, Boston,

MA, USA

Corresponding author: Esra Abaci Turk, PhD, Boston Children’s Hospital, Fetal-Neonatal Neuroimaging & Developmental Science,

Center, 300 Longwood Ave., Boston, MA 02215 US, esra.abaciturk@childrens.harvard.edu.
P. Ellen Grant and William H. Barth Jr are co-senior authors.

The authors have no conflict of interests to declare.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our

customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of

the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Turk et al. Page 2

Abstract

Introduction—Before using blood-oxygen-level-dependent magnetic resonance imaging (BOLD
MRI) during maternal hyperoxia as a method to detect individual placental dysfunction, it is
necessary to understand spatiotemporal variations that represent normal placental function. We
investigated the effect of maternal position and Braxton-Hicks contractions on estimates obtained
from BOLD MRI of the placenta during maternal hyperoxia.

Methods—TFor 24 uncomplicated singleton pregnancies (gestational age 27-36 weeks), two
separate BOLD MRI datasets were acquired, one in the supine and one in the left lateral maternal
position. The maternal oxygenation was adjusted as 5 minutes of room air (21% O5), followed by
5 minutes of 100% FiO,. After datasets were corrected for signal non-uniformities and motion,
global and regional BOLD signal changes in R2* and voxel-wise Time-To-Plateau (TTP) in the
placenta were measured. The overall placental and uterine volume changes were determined
across time to detect contractions.

Results—In mothers without contractions, increases in global placental R2* in the supine
position were larger compared to the left lateral position with maternal hyperoxia. Maternal
position did not alter global TTP but did result in regional changes in TTP. 57% of the subjects
had Braxton-Hicks contractions and 58% of these had global placental R2* decreases during the
contraction.

Conclusion—Both maternal position and Braxton-Hicks contractions significantly affect global
and regional changes in placental R2* and regional TTP. This suggests that both factors must be
taken into account in analyses when comparing placental BOLD signals over time within and
between individuals.

Keywords
Placental MRI; BOLD MRI; Maternal position; Maternal hyperoxia; Braxton-Hicks contraction

Introduction

Accurate and clinically meaningful non-invasive assessment of utero-placental function
remains an elusive goal in perinatal medicine. Most clinical tests intended to detect utero-
placental insufficiency depend on indirect measures such as the non-stress test, fetal
biophysical profile and a variety of ultrasound Doppler indices from the maternal and fetal
circulation. Blood-oxygen-level-dependent magnetic resonance imaging (BOLD-MRI)
during maternal hyperoxia has been proposed as one of several plausible MRI-based
methods to characterize placental function by monitoring oxygen transport from mother to
fetus utilizing oxygen as a tracer [1-9].

BOLD MRI relies on the observation that the MRI signal intensity in T2* weighted images
depends on the relative quantity of deoxyhemoglobin in the blood and therefore reflects
blood oxygenation. Manipulation of maternal blood oxygen content by the administration of
exogenous oxygen then offers the possibility of characterizing oxygen transport from the
maternal to the fetal bloodstream qualitatively and semi-quantitatively with analysis of
signal intensity relationships over time. Early studies in animal models and human subjects
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suggest that such analysis of placental oxygen transport is feasible [1-9]. We have
previously demonstrated in a well-controlled experiment (monochorionic diamniotic twins)
that numeric parameters such as time to plateau (TTP) obtained with BOLD MRI of the
placenta during maternal hyperoxia correlate with placental histologic abnormalities and are
longer among fetuses destined to be small for gestational age [6]. Although this new
methodology for analysis of placental function is promising, there is significant inter- and
intra- subject variation in these BOLD MRI measurements. Therefore, before we can use
BOLD MRI with maternal hyperoxia to detect individual placental dysfunction, it is
necessary to understand the physiological mechanisms underlying the BOLD MRI changes
as well as the spatiotemporal variations that represent normal placental function. Once
understood, we can then develop strategies to control for these normal variations and better
detect individual placental dysfunction. It is well established that BOLD MRI signals with
matern hyperoxia in any organ are affected by hemoglobin concentration, blood volume and
blood flow within the tissue [10,11]. Germane to the placenta, intervillous blood flow can
vary in space and time [12]. Two factors plausibly affecting intervillous blood flow and
therefore BOLD MRI measurements with maternal hyperoxia are maternal position and the
presence of pre-labor, or Braxton-Hicks contractions.

One major determinant of intervillous blood flow is maternal mean arterial pressure.
Postural hypotension related to aorto-caval compression by the pregnant uterus, resulting in
decreased venous return in the inferior vena cava and in some, a resulting vagal reaction, has
been recognized clinically for decades [13,14]. Indeed, avoidance of the supine position in
late pregnancy is a fundamental principle to prevent the aorto-caval compression syndrome
[15,16]. Pregnant women in the third trimester are not uniformly susceptible to aorta-caval
compression. Symptoms vary from mother to mother depending on differences in the
distribution of cardiac output, circulating blood volume and the effectiveness of the return
collateral circulation [16]. Thus, it is plausible that even in the absence of overt aorto-caval
compression syndrome, variable aorto-caval compression from variable maternal position
and variable maternal physique could lead to variations in placental perfusion pressure,
intervillous blood flow and therefore BOLD MRI signal with maternal hyperoxia.

Another major determinant of intervillous blood flow is uterine activity. Classic primate
studies by Ramsey and colleagues relying on cineradiography and concurrent manometry of
intrauterine and intervillous pressure demonstrated that uterine contractions across all points
of gestation significantly reduce intervillous blood flow [12]. Consistent with these findings,
more contemporary reports relying on uterine artery Doppler velocimetry in human
pregnhancy demonstrate changes in resistive indices consistent with decreased uterine artery
blood flow during Braxton-Hicks contractions [17,18]. More recently, Sinding and
colleagues described spontaneous 4 to 5 minute decreases in placental BOLD MRI signals in
8 of 56 pregnant women (with gestational age 23-40 weeks, placed in left lateral position
during the MRI scan) and found that all 8 had concurrent changes in uterine shape consistent
with Braxton-Hicks contractions [19]. A more detailed assessment of the effect of Braxton-
Hicks contractions on BOLD signal time courses during maternal hyperoxia is needed to
determine if and how contractions should be accounted for in future studies.
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Before BOLD MRI with maternal hyperoxygenation can be deployed as a reliable research
or clinical tool meant to characterize individual placental function, phase 1 studies [20] are
needed to characterize the range of results obtained in typical pregnancies and to explore the
physiological factors influencing typical spatiotemporal placental function. With this in
mind, we conducted a phase 1 human study designed to characterize the relationship
between two factors, maternal position and Braxton-Hicks contractions, and numeric
parameters obtained with placental BOLD MRI in the third trimester during maternal
hyperoxia while monitoring for changes in maternal vital signs and fetal motion.

We screened and recruited pregnant women with uncomplicated singleton pregnancy
between 27 and 36 weeks of gestation in the prenatal clinic at Massachusetts General
Hospital and Brigham and Women’s Hospital in Boston between April of 2017 and May of
2018. Subjects with multiple gestations, preeclampsia, chronic hypertension, diabetes of any
kind, a BMI greater than 30 or fetal malformations were excluded. All subjects were imaged
at Boston Children’s Hospital.

The study was reviewed and approved by the institutional review board at all three hospitals.
All patients gave informed consent. The study was registered with ClinicalTrials.gov in
advance of any recruitment (NCT02297724).

Data Acquisitions

MRI studies were performed on a 3T Skyra scanner (Siemens Healthineers, Erlangen,
Germany). For each subject two separate datasets were acquired, one in the supine and one
in the left lateral position. The order of the maternal position was randomized, in a manner
similar to flipping a coin, into blocks of two subgroups (i.e. 1. first left lateral and second
supine; 2. first supine second left lateral). BOLD imaging of the whole uterus was performed
using single-shot gradient echo (GE) echo planar imaging (EPI) sequence with TR=5.8-8s,
TE= 30- 38ms, in-plane resolution of 3x3mm?2 with 3mm thick slices acquired in an
interleaved order. The maternal oxygenation was adjusted to provide 5 minutes of room air
(21% O5), followed by 5 minutes of 100% FiO, via a non-rebreathing facial mask. Before
each 10-minute BOLD acquisition, half-Fourier acquisition single-shot turbo spin echo
(HASTE) images (with 2x2x5 mm resolution) of the whole uterus were acquired for
anatomical reference. The first BOLD dataset was acquired at least 15 minutes after
maternal positioning. After the first BOLD acquisition, the mother was brought out of the
scanner by moving the table and her position changed. Mothers did not stand or sit at any
point while changing positions. Maternal repositioning and structural data acquisition for
anatomical reference in the second position ensured at least 20 minutes between the BOLD
datasets with oxygen exposure after the first position. For each acquisition, maternal blood
pressure (diastolic, systolic), arterial oxygen saturation (S;05), and heart rate (HR) were
monitored every 5 minutes.
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Data Processing

Before measuring BOLD signal intensity changes in the placenta with maternal hyperoxia,
signal inhomogeneities, caused primarily by receive coil positioning, and motion caused
primarily by maternal breathing and fetal motion were corrected. The acquired 4
dimensional (4D) images (i.e. the BOLD time series images) were first corrected for signal
non-uniformities and then registered to mitigate motion using previous demonstrated method
for uterine BOLD MRI [21]. The bias field accounting for signal non-uniformities was
estimated using 3D-N4 bias correction implementation in Advanced Normalization Tools
(ANTS) registration suite [22,23]. A single bias field was estimated from the average of
volumes collected in the first 5 minutes in order to incorporate small variations between the
time frames resulting primarily from coil movement. This bias field correction was then
applied to each frame. To minimize artifacts from large movements in the average, we
compared each volume with the entire series using mean square error (MSE) and excluded
the volumes with high MSE from averaging. Note that the volumes collected in the last 5
minutes during maternal hyperoxia were excluded from the average to prevent any effect of
the intensity changes due to the maternal oxygenation on the bias correction as the algorithm
does not have the prior constraints on this signal change as previously discussed in [21]. All
motion correction steps were carried out in Elastix, open source image processing software
[24]. For intra-volume motion correction, each volume was separated into two sub-volumes,
even and odd slices given the interleaved design, and then registered to the other using the
group-wise registration approach [25]. For inter-volume motion correction within the uterus,
a reference volume with the least sum of mean square error difference compared to the rest
of the volumes in the series was selected as the reference volume. Then, a pairwise non-rigid
body transformation was employed between the reference volume and the other volumes
following an initial six degrees of freedom rigid transformation. Regions of interest (ROISs)
for the placenta and the uterus in the reference frame were manually delineated using ITK-
SNAP [26]. Voxel-wise deformation was quantified by computing the determinant of the
Jacobian of the transformation generated during inter-volume motion correction within the
uterus.

The corrected 4D BOLD data were spatially smoothed with a Gaussian kernel with a width
of 5 pixels to improve the signal to noise ratio, and linear interpolation was applied in the
temporal domain after outlier rejection. Outlier rejection was performed based on 1)
volumes with over-deformation during intra-volume motion correction; and 2) volumes with
unexpected average signal intensity change of nearby time frames within the placenta region
as explained in [21].

The BOLD signal was converted to normalized Ry* (i.e., normalized 1/T,* ) as the indicator
of oxygen saturation level changes as follows:

S()

normalized R2¥(1) = — (R2* = R2} ;¢ i) = l0g(
baseline Shaseline

)JITE
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where tis time, Sis signal intensity and 7E£is echo time. For each subject in two different
maternal positions, placenta-specific time-intensity curves (i.e., normalized Ry* vs. time)
were generated after averaging the BOLD signal in the whole placenta at each time point.

Voxel-wise Time-To-Plateau (TTP) in the placenta (i.e., the time required for the signal
change due to maternal hyperoxia to reach a plateau) was estimated by fitting normalized
R2* time series in placental voxels to a gamma variate function convolved with the oxygen
paradigm as described in Luo et al.[6]:

t—A
normalized R2*(a, B, 4, cl,c2) = cl + c2(t — A)a - 1e B ® Poxy(t» A)

Poxy(t,A)= 0, t<4l, t>4

t=af-1
TTP=A4A+7

where a and B are gamma function parameters, 4 is the delay time of oxygen arrival, ¢ is
baseline Ry* signal, ¢2is the amplitude of normalized R,* or change in Ry* from baseline, ¢
is time and Py, is a step function that describes oxygen paradigm. Summation of 4 and the
mode, <, of the gamma function across voxels give TTP. For better visualization of the TTP
maps and BOLD images in two maternal positions we used a placental flattening approach
as described in Abulnaga et al. [27] and then for better comparison we performed non-rigid
body transformation between flattened images. The average TTP was then calculated by
averaging the voxel-wise TTP estimates in the whole placenta.

The overall placental and uterine volume changes were estimated by averaging the log
determinant of the Jacobian of the transformation within each region across time. The
determinant of the Jacobian of the transformation was generated during inter-volume motion
correction, which is a quantitative measure of change in volume such that it provides a ratio
of voxel-wise expansion or compression relative to the reference space [28]. Datasets with
simultaneous drops in uterine volume (i.e., more than 4% of the overall uterine volume) and
placenta volume (i.e., more than 10% of the overall placental volume) were marked as
uterine contractions. The threshold values were assigned based on the minimum placental
and uterine volume changes estimated in a group of subjects with imaging data having
visually detectable local or global signal intensity drop in the placenta. TTP analysis relying
on gamma variate function fitting could not be applied to the datasets with uterine
contractions due to the unpredictable fluctuation in the BOLD signal during contractions.
Datasets with image artifacts were excluded.

Statistical Analysis

Statistical analyses were performed in SAS (version 9.4). Analysis of covariance
(ANCOVA) models were used for across subject analysis to examine the relation of
maximum change in R2* from baseline to maternal position while checking for influences
of placental position, and the experimental order of maternal positions with subject’s ID
included as a random effect one at a time. Similarly we examine the relation of maximum
change in Ry* from baseline to GA after adjusting for maternal position, placental position,
and the experimental order of maternal positions. We also checked for the effect of maternal
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BMI, and maternal vital signs (maternal blood pressure, oxygen saturation, and heart rate)
by adding them as fixed variables one at a time while controlling for maternal position,
placental position, and the experimental order of maternal positions simultaneously and
discarded if non-significant. We performed the analysis for the subjects with and without
contraction separately. Similar analyses were performed for average TTP values. The effect
of each factor is reported with effect sizes, precision estimates, and associated p-values.
Note that group means are expressed as mean + SD (standard deviation) and mean
differences are expressed as mean difference + SE (standard error).

24 subjects with uncomplicated singleton pregnancy were involved (GA: 31.7w+3d). The
order of the maternal position for 16 of 24 subjects was first supine and second left lateral.
11 of 24 subjects (46%) had posterior placenta. 8 of 24 subjects (33%) had no evidence of
Braxton-Hicks uterine contractions in either position and were included in the construction
of BOLD time- intensity curves and TTP analysis from the placenta in the two maternal
positions. Twelve subjects had contraction-related BOLD signal decreases. Three terminated
the MRI protocol when they were in the supine position, two due to dizziness and one due to
increased contractions and pain. One subject was excluded due to imaging artifacts (i.e.
signal loss due to bowel gas susceptibility). Even though we aimed for an equal number of
datasets with the two different positioning orders, we collected more data in first supine
second left lateral position group as there were more uterine contractions in this cohort,
resulting in fewer analyzable BOLD time-intensity curves. Placental position in the uterus
was determined using HASTE MR images. Fetal gestational age, maternal position during
MRI and placental position in the uterus are listed in Supplementary Table 1.

Figure 1 shows the change in Ry* from baseline or change in normalized R,* for the entire
placenta separately for both positions over time for the eight subjects without evidence of
contractions in either supine or left lateral positions. As shown in the figure, the increase in
Ro* during maternal hyperoxia was higher in the supine position than in the left lateral
position for each subject. In fact, the maximum change in Ry* (i.e. average change in Ry*
measured during the last 2 minutes of hyperoxia) estimated in the supine position (4.96 +
0.91) was significantly higher than in the left lateral position (2.36 + 1.09) with the
difference 2.60 + 0.36, p<0.0001. There was trend for maximum change in R2* to increase
with gestational age but did not reach statistical significance (0.16 units per week of GA
with a standard error of 0.11). Other factors including the order of maternal position,
placental position in uterus, maternal BMI, and maternal vital signs (i.e. maternal blood
pressure, oxygen saturation, and heart rate) had no significant effect on the maximum
change in Ry*.

Figure 2 shows the spatial variation in Ro* change in the central coronal slice and
histograms for whole placenta during baseline and maternal hyperoxia in supine and left
lateral positions for the same eight subjects as in Figure 1.

Average TTP values, which can be thought as a dynamic global placental measure, did not
show significant differences with maternal position (0.06 + 0.11, p=0.6). Additionally, in
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contrast to our previous study of monochorionic-diamniotic twins [6], we did not observe
any significant correlation between GA and average TTP (R2=0.05, p=0.43). On the other
hand, for each individual, different spatial patterns in TTP maps in the supine versus left
lateral position shown in Figure 3 indicate a change in spatiotemporal dynamics of oxygen
driven signal change with changes in maternal position. Histogram plots in the same figure
show the change in distribution of TTP values over the placenta in two positions, further
supporting that position changes spatiotemporal dynamics of oxygen transport.

Figure 4 shows the change in Ry* relative to baseline and also placental and uterus volume
changes over time for the twelve subjects with Braxton-Hicks contractions. The period of
contractions were indicated with a blue box. The duration that the effect of a contraction on
the volume and signal changes was observed varied between 2 to 4 minutes. Note that even
though there is always a random fluctuation in placental and uterus volume curves, at the
time of contraction there is a consistent drop in both volumes. The effect of contractions on
R2* obscured any effect of maternal positioning. For seven subjects (S4, S9, S11, S12, S18,
S19, S23) we observed a global placental BOLD signal drop during the contraction. The
maximum drop in normalized R, during a contraction increased with the amount of
placental volume change (0.28 units per % of placental volume change with a standard error
of 0.19). For S11, we observed two contractions 5 minutes apart in both positions. As this
patient was near term (i.e. she delivered 2 weeks and 6 days later), more frequent
contractions were not unexpected. For the remaining five subjects (S5, S10, S13, S20, S21)
the contraction was localized and while not large enough to alter the global placental signal,
clearly affected the spatial distribution of the signal intensity as seen for Subject 5 (Figure
5).

There was no clinically significant difference in heart rate or arterial oxygen saturation
(Sa0y) for the different maternal positions (1.9 + 2.3, p=0.4; 0.2 £ 0.2, p=0.3, respectively)
and the minor differences in blood pressure were due to the change in position of the cuff in
relation to the heart in the supine position. Supplementary Table 2 shows the average values
of maternal blood pressure (diastolic, systolic), S;02, and heart rate (HR) collected in supine
and left lateral positions. Other than the three subjects who withdrew secondary to
symptoms consistent with supine hypotensive syndrome, none of the remaining subjects
experienced symptoms or showed evidence of the syndrome.

Discussion

In this study we investigated the effect of maternal position and Braxton-Hicks contractions
on global and regional placental R,* change and TTP using BOLD MRI time intensity
curves with maternal oxygen administration in the third trimester. In mothers without
contractions, we demonstrated a consistently greater increase in global placental R,* in the
supine position compared to the left lateral position with maternal oxygen administration.
Maternal position did not alter global TTP but did result in regional changes in TTP. Finally,
Braxton-Hicks contractions can dominate signal Ry* change even during maternal
hyperoxia. Thus both maternal position and contractions affect the spatiotemporal
characteristics of the placental BOLD time course with maternal oxygen administration.
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While we have demonstrated a significant effect of maternal positioning on placental BOLD
MRI signals obtained with maternal hyper-oxygenation, the exact cause of these changes is
unknown. Although changes in maternal arterial and venous hemodynamics may contribute,
we believe our results are most consistent with changes in baseline placental oxygenation
induced by the supine position. First, maternal administration of oxygen raises the partial
pressure of oxygen (pO,) in maternal blood. Relying on the oxygen-hemoglobin saturation
curve, changes in oxygen saturation of hemoglobin for a given change in the pO5 are greater
at near lower physiologic pO, levels [29]. Therefore, one would expect greater absolute
changes in percent saturation, as we observed in the supine position, when starting at lower
hemoglobin oxygen saturation levels. Next, investigators studying the effect of maternal
positioning on maternal arterial oxygenation consistently show lower values in the supine
position. Relying on arterial blood gas analyses, Awe and colleagues demonstrated that
while maternal arterial oxygenation in the third trimester is typically normal in the sitting
position, most women will have an abnormal lung alveolar-arterial O, (A-aO,) gradient in
the supine position and more than 50% of these will have an A-aO2 gradient > 20 mmHg
[30]. With similar methods, but studying patients in all three trimesters, Spiropoulos and
colleagues also reported a significant decrease in maternal arterial oxygen tension in supine
position compared to the sitting position in the second and third trimesters [31]. This well
recognized change in maternal arterial oxygen saturation is complex, but largely due to a
decrease in maternal functional residual capacity of the lungs in the third trimester [32].

Another contributor to the greater change in the placental BOLD MRI signal seen in the
supine position may be due to changes in intervillous blood flow induced by changes in
maternal position. Radionuclide studies performed with 9°™Tc and 133Xe demonstrate a
decrease in intervillous blood flow associated with the maternal supine position especially in
the late gestational ages [33,34]. Studies exploring the effect of maternal position on uterine
artery Doppler flow velocity waveforms generally suggest decreased flow with supine
compared to sitting or left lateral positions [35]. Finally, if maternal venous return is
impaired by extrinsic caval compression, maternal venous effluent from the intervillous
space may be impaired causing pooling of a larger volume of lower oxygenated ‘venous’
blood in the placenta when supine.

In addition to a positional effect on the placental BOLD MRI signal, we also noted clear
changes in the regional distribution of the TTP of the BOLD signal between the two
positions as depicted in Figure 3. This suggests that regional heterogeneities in the
spatiotemporal measures of placental oxygen transport are induced by changes in maternal
position. This is consistent with the classic studies from Ramsey and colleagues with
cineradiography demonstrating that not all of the maternal spiral arteries perfuse the
intervillous space at the same time in the hemochorial placenta, emphasizing the changing
spatiotemporal nature of placental perfusion [12].

Finally, fifty seven percent of our subjects had Braxton-Hicks contractions and a majority of
these (58%) had profound global placental BOLD MRI signal drops during the contraction
whether the mother was receiving oxygen or not. We found that the corresponding signal
decreases were so great as to obscure any possible changes induced from maternal oxygen
administration or change in position. These findings are consistent with the report of Sinding
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and colleagues [19], who noted similar findings in 8 of 56 women undergoing BOLD MRI
in the 3" trimester. In our study Braxton-Hicks contractions profoundly affected both the
baseline BOLD images and dynamic R,* time course signals from the placenta. This is also
consistent with the primate cineradiographic studies of Ramsey and Donner demonstrating
that even non-labor contractions in the mid trimester (analogous to Braxton-Hicks
contractions) can curtail maternal blood flow from the spiral arteries [12]. With such
contractions, even within-subject comparisons, such as we attempted while studying the
effect of position, were impossible. These findings emphasize the importance of accounting
for contractions for accurate analysis of the entire placenta as well as for spatiotemporal
analysis.

A recognized limitation of placental BOLD MRI is that it does not directly provide a
quantitative measurement of oxygen saturation. To better explain placental hemodynamic
changes with maternal positioning, a method to assess baseline oxygenation and blood flow
quantitatively would be extremely helpful. Another limitation could be residual effects of the
period of oxygen breathing in the first BOLD-MRI study persisting in the placenta into the
second study. However, we expect that acquiring the BOLD datasets with oxygen exposure
for the two positions 20 minutes apart should allow the BOLD image signal to decrease to
baseline after maternal hyperoxygenation in the first position before image acquisition
during hyperoxygenation in the second position. We also believe that randomizing the initial
position helped to minimize this effect.

A limitation of our study is the inability to distinguish between the effects of changing fetal
versus maternal blood oxygenation on the placental BOLD MRI signal. Some of the change
in signal is certainly due to the change in oxygen saturation of fetal blood as oxygen is
transferred from mother to fetus. Sorensen and colleagues [4] demonstrated visually greater
changes from dark to light in areas closer to the fetal surface than the maternal surface with
oxygen administration. Because we examined the BOLD MRI time course of the whole
placenta since fetal and maternal components are challenging to separate, we are unable to
distinguish the relative contributions of changes in normalized Ro* imparted by changes in
maternal blood oxygen saturation from changes in fetal blood oxygen saturation.

In conclusion, we have demonstrated that for /n vivo human placental imaging both maternal
position and Braxton-Hicks contractions significantly affect regional changes in Ry* and
regional TTP obtained with BOLD MRI during maternal oxygen exposure. This suggests
that maternal position must be standardized or otherwise addressed in analyses when
comparing placental BOLD signals over time both within and between individuals.
Similarly, because Braxton-Hicks contractions profoundly affect placental BOLD MRI
signals, future investigations must also exclude or account for their presence during any
study. Finally, we have demonstrated that in addition to significant changes in the global
placental BOLD signals, maternal position also affects the spatial and temporal distribution
or regional heterogeneity of BOLD signals obtained from the placenta. This suggests that in
addition to uterine contractions, even maternal position may induce regional changes in
oxygenation within the placenta that vary over time. The results of our investigation suggest
that future placental BOLD MRI investigations relying on baseline R,* or changes in Ry*
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with maternal oxygenation should account for maternal position in the scanner and that
changes in Ry* with maternal oxygenation will be higher when mothers are supine.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

Placental R2* increase with maternal hyperoxia is influenced by maternal
position.

Maternal position affects the spatiotemporal distribution of placental BOLD
signals.

Maternal position does not alter global TTP but results in regional changes in
TTP.

Braxton-Hicks contractions can dominate R2* change even during maternal
hyperoxia.

Braxton-Hicks contractions significantly affect regional changes in R2*.

Placenta. Author manuscript; available in PMC 2021 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Turk et al.

Normalized R,"s™

Normalized R,"s™
k‘

Left first supine second

S$15 GA: 27.6w
10-
) i
* o~ 5
o |
= :
_&" o.M
= 5 10
E -5 time {min)
S ;
z FiO0,=0.21 | FiO,=1.0
-10- ’
S17 GA: 27.6w
104

(3.}
1

Normalized R,"s™
%

5 10
-5 time (min)
FiO,=0.21 FiO,=1.0
-10-
S6 GA: 27.7Tw
10+

5 10
5 time;(min)
FiO,=0.21 FiO,=1.0
-10+
S3 GA:35.8w
104
54
" .
5 10
5 time(m!n)
Fi0,=0.21 |  Fi0,=1.0
10- i
Figure 1.

Page 15
Supine first left second
S$24 GA:29.4w
— Left
‘-(n L — Supine
5 P
-] i
[ b
B i a4 :
£ ) 10
S .54 time (min)
z ;
Fi0,=0.21 |  Fi0,=1.0
-10- !
S22 GA: 32w
10-
Z"’ 54
mN
2 o0
N
= : 10
1S time (min)
5 5 1
z Fi0,=0.21 |  Fi0,=1.0
-104 1
S$16 GA:32.3w
104

o
1

Normalized R, s
o
-y

5 10
5 time ;(min)
Fi0,=0.21 FiO,=1.0
-10-
$1 GA:33.3w
10-
Jo
o' 51 i
5 i
@ :
£ s g
é 5 time (:min)
Fi0,=0.21 |  Fi0,=1.0
-10- i

Change of normalized R,* with time in the supine (black) and the left lateral (red) positions
for each subject. The vertical dotted line represented the time 100% FiO, was initiated. Left
column: left lateral position first. Right column: supine position first. S = subject, GA =
gestational age, w = weeks. Plots were ordered according to the gestational age increasing

from top to bottom.

Placenta. Author manuscript; available in PMC 2021 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Turk et al.

Left first supine second

S15 GA:27.6w
Left lateral Supine

Normoxia

1000
Msupine
Lot latera)
500
[
‘0 0 0 2

\:,?

Hlieroxia

S17 GA:27.6w
m Left lateral Supine
%
]
£
S
z
.8
x
]
@
Q.
>
T

S6 GA:27.7w
« Left lateral Supine
3 i e
E 500
]
Z ‘
o = s
] 2 koo
ld-j > oo
Q
> bo
T

S3 GA: 35.8
Left lateral

A .
Supine
00
0
0
100
0 5 -
= o -

*‘:@ =
o 100

H‘ieroxia Normoxia

Figure 2.

Page 16

Supine first left second

S24 GA:29.4w
Left lateral Supine

Normoxia

H‘ieroxia

S22 GA: 32w
Left lateral Supine

1000
.g o
o 500
E ‘
<)
Z 910 o 10 20
it Wsupne
o© 600 Wi el
§ 400
8 200
f ?V.l ] 10 20
S16 GA:32.3w
Left lateral Supine
© 2000
X 5 Bt e
E 1000
—
[e] 500 ‘
Z [
-10 o 10 20
800
= i ey
9 400
g 200
> 0
T o 10 20
S1 GA: 33.3w
Left lateral Supine
-g Wsupt
< BLen iatersl
g 2000
S
o 1000 ‘
z 0
4] 10 20
r 3000
[\ g p WSupine
-g 5 ‘ 43 o Bl lgers
,g). A f{t 1000
>
I L o 10 20

Coronal views selected as the center slice for placental normalized R2* image after placenta
flattening for each subject and histograms in both maternal positions for whole placenta
during normoxia and hyperoxia. Left column: left lateral position first. Right column: supine
position first. Images were ordered according to the gestational age increasing from top to

bottom.

Placenta. Author manuscript; available in PMC 2021 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Turk et al.

Page 17

Left first supine second Supine first left second
S15 GA:27.6w S24 GA:29.4w
Left lateral Suiine | Leftlateral Suiine
Left lateral Suiine ‘ Nlﬁ
S6 GA:27.7w S16 GA:32.3w
Left lateral Supine 5 Left lateral Supine

S3 GA: 35.8 S1 GA: 33.3w
L eft later

al Suiine { Left lateral Suiine

Figure 3:
Coronal views showing the center slice for TTP maps after placenta flattening for each

subject and histograms of TTP values in both maternal positions for whole placenta. Left
column: left lateral position first. Right column: supine position first. Images were ordered
according to the gestational age increasing from top to bottom.

] |

Placenta. Author manuscript; available in PMC 2021 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Turk et al.

Page 18

- =Normatzed R,
£ 7= Pracental volumo change
o Uterus volume change
o S$12 GA: 31.4w S4 GA: 32.8w S10 GA: 34.7w
) left supine left supine left supine
£ s T g - 5 kL 3
S el Jaileg Y R g 2 appEd e §° N6 25 oo s 2
& i, 2 "! A Nocon\racﬁdn "i: . :‘5 i \ 4 :z i, :! H "'!
% . Fi0;=021 FO=10 ol FO021 FO10. | | Fio=021 Fio=10 . FO=021 Fio=10 FI0;2021 Fio=1.0 £i0,20.21 Fi0,;21,0 I
A ] » ' (7 . " 0 ' S . " ' 1 (] . " 0 1 o e . B 2 T . " . H e s s rp
S18 GA: 27.1w S13 GA: 28.6w S21 GA: 30.1w
left supine left supine left supine
) P ™ - - v
- ! 73 N ) e Y . e 2
< S y PTA 'y < T ey ; < ; i g « N ' §
3 "wi o AT vl ¢ 4 A ANALS e e ; e wl } x‘,.-\vm\,\r‘n 5
=§ 1 3 =} : =} et | R
i L, No.contadionle" .5 %+ Nocontraction _* #+  Nocontraction = .
. Fi0;=021 FIO=10 . FO=021 Fiom10 , Fioz=opt Im 10 no,;:ozt. FOR10. L, o, FOS021  FOmI0. uy FO=021 ‘r»o,.a:o 1o
'§ T o o bt T s o
° S19 GA: 31.6w S20 GA: 32.7w S5 GA: 34.3w
é left supine left supine left supine
S » n n » " »
- - " - n
s i 9 % o, 23 " N % A ooty 2
E ¢ 2l e g iR - T
ﬁ I v F e i :w«, S i 2 jo— 1}
£ =3 ! =3t = ! i - -
g i ‘3 # + No contraction }‘ ‘ _i * e & i No contraction =
v=) Fi0,#0.21 FO=10 . FiO=021 FO~10 .. Fi0;2021 FO=10 . FO021 FIO#10 . Fi0,;021 Fi0=10
S11 GA: 35w S$23 GA: 35.3w S9 GA: 36w
left > supine - left supine left _ 4 supine ‘
" /’—“ " - Af . "
; L85 A\ 23 LB 5 ARl s e B oy W PN
i It E i ite i s e s
2 -i1. ' -§1 . -f | -1 1, -} 1. -
., Fi0,;5021 Fi0,#10 : ., Fo=021 Fi0#1.0 : .. Foz021 FiO*1.0 : R0 Fi0*1.0 ‘ .. Fioz021 = 0 : .. Fo;m021 FiO;=1.0 :
Figure 4:

Effect of Braxton-Hicks Contractions on change of normalized R2*, placental and uterine
volume with time in Supine and Left Lateral Positions. The vertical dotted line represented
the time 100% FiO, was initiated. Top row: left lateral position first. Other three rows:
supine position first. S = subject, GA = gestational age, w = weeks. Images were ordered
according to the gestational age increasing from left to right. The regions in which
simultaneous drops in uterine volume and placenta volume were observed were indicated as
a marker of uterine contractions with a blue box.
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Figure 5:
BOLD images acquired at t1 and t2 demonstrating the change in the signal during

contraction and time activity curves generated for whole placenta (red) compared to the
region with a dominant BOLD signal decrease during the contraction (blue).
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