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Abstract

Background: 3D chemical shift-encoded (CSE)-MRI techniques enable assessment of
ferumoxytol concentration but are unreliable in the presence of motion.

Purpose: To evaluate a motion-robust 2D-sequential CSE-MRI for R2* and BO mapping in
ferumoxytol-enhanced MRI of the placenta.

Study Type: Prospective.
Animal Model: Pregnant rhesus macaques.
Field Strength/Sequence: 3.0T/CSE-MRI.

Assessment: 2D-sequential CSE-MRI was compared with 3D respiratory-gated CSE-MRI in
placental imaging of eleven anesthetized animals at multiple time points before and after
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ferumoxytol administration, and in ferumoxytol phantoms (Oug/mL-440ug/mL). Motion artifacts
of CSE-MRI in ten pregnant women without ferumoxytol administration were assessed
retrospectively by three blinded readers (4-point Likert scale). The repeatability of CSE-MRI in
seven pregnant women was also prospectively studied.

Statistical Tests: Placental R2* and boundary BO field measurements (ABO) were compared
between 2D-sequential and 3D respiratory-gated CSE-MRI using linear regression and Bland-
Altman analysis.

Results: In phantoms, a slope of 0.94 (r?=0.99, concordance correlation coefficient p=0.99) and
bias of —4.8s71 (limit of agreement-LOA, —-41.4s71, +31.8s71) in R2*, and a slope of 1.07
(r=1.00, p=0.99) and bias of 11.4Hz (LOA —12.0Hz, +34.8Hz) in ABO were obtained in 2D CSE-
MRI compared to 3D CSE-MRI for reference R2*<390s™L. In animals, a slope of 0.92 (r2=0.97,
0=0.98) and bias of —2.2s71 (LOA -55.6571, +51.3571) in R2*, and a slope of 1.05 (r2=0.95,
£=0.97) and bias of 0.4Hz (LOA -9.0Hz, +9.7Hz) in ABO were obtained. In humans, motion
impaired R2* maps in 3D CSE-MRI (Reader-1: 1.8+0.6, Reader-2: 1.3+0.7, Redaer-3: 1.9+0.6),
while 2D CSE-MRI was motion-free (Reader-1: 2.9+0.3, Reader-2: 3.0£0, Reader-3: 3.0£0). A
mean difference of 0.66s™1 and coefficient of repeatability of 9.48s1 for placental R2* were
observed in the repeated 2D CSE-MRI.

Data Conclusion: 2D-sequential CSE-MRI provides accurate R2* and BO measurements in
ferumoxytol-enhanced placental MRI of animals in the presence of respiratory motion, and
motion-robustness in human placental imaging.
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Introduction

In the pathologies of preeclampsia, an inflammatory condition of pregnancy that can lead to
edema, hypertension, seizures and even death, altered immune cell (e.g. macrophage)
activation and distribution at the implantation site may play an important role (1). The FDA-
approved iron supplement ferumoxytol is an ultra-small superparamagnetic iron oxide
nanoparticle (SPION) which is transported in blood after intravenous infusion (2),
accumulates in organs like the liver and spleen, and is phagocytosed by activated
macrophages over a period of days. Ferumoxytol leads to increases in R1 and R2* relaxation
rates, and its magnetic susceptibility effects can also be quantified through BO field
measurement-based techniques.

A previously proposed 3D chemical shift-encoded (CSE) MRI method has been
demonstrated to enable R2* mapping-based and BO mapping-based assessment of different
iron concentrations in SPION phantoms (3), ferumoxytol-enhanced brain MRI (4, 5) and
body iron deposition (3, 6, 7). Therefore, ferumoxytol-enhanced CSE-MRI may enable non-
invasive and sensitive detection of increased macrophage density in inflammation at the
maternal-fetal interface, similar to what has been shown in other investigations including
inflammation of the central nervous system, aortic walls, kidneys, pancreas and others (8, 9).
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Maternal respiratory and fetal motion in the uterus are challenges for imaging the placenta
with MRI (10) and their effects should be addressed in order to minimize bias and maximize
precision in CSE-MRI. Imaging acquisition in a breath-hold has been shown to reduce
respiratory motion artifacts in 3D CSE-MRI (11). However, breath-hold requirements may
reduce the comfort of pregnant patients and the corresponding scan time constraints may
limit the achievable spatial resolution and image signal-to-noise ratio (SNR). Respiratory-
gated (12, 13) and free-breathing non-Cartesian acquisition techniques (14, 15) have been
applied in body 3D CSE-MRI during free-breathing and shown to be motion robust.

Compared to 3D CSE-MRI which has a long temporal footprint, e.g., a typical scan time of
~5 minutes in respiratory-gated imaging and ~3 minutes in free-breathing imaging (15), 2D
CSE-MRI with sequential phase encoding has a short temporal footprint. It enables
acquisition of images in a single slice in ~3 seconds (16). This strategy is expected to freeze
motion or contain the motion effects to a limited number of slices (17, 18). 2D MRI-based
R2* mapping has been applied in the placenta using breath-hold acquisitions (19, 20). Free-
breathing 2D CSE-MRI in the liver has been demonstrated to enable accurate measurements
on proton density fat fraction (PDFF), an imaging biomarker of fat content that can be
quantified simultaneously with R2* and BO field in CSE-MRI techniques (16). Therefore,
free-breathing 2D CSE-MRI may also enable reliable R2* and BO field measurements in the
presence of both maternal respiratory motion and fetal motion. Furthermore, motion-robust
R2* mapping using 2D CSE-MRI, as evaluated in this work, may also enable reliable
assessment of placental health with endogenous contrast, including blood oxygenation level
dependent (BOLD)-based placental functional imaging (21).

However, the accuracy of the free-breathing 2D CSE-MRI technique for quantification of
R2* and BO field in ferumoxytol-enhanced MRI of the placenta has not yet been validated
and compared to the standard 3D CSE-MRI. Maternal respiratory motion and fetal motion
need to be minimized in 3D CSE-MRI in order to provide a reliable reference of R2* and B0
field measurements. Ferumoxytol-enhanced MRI of the nonhuman primate, who has the
most similar placentation and immunology with the human reproductive system (22, 23),
would be an important step towards evaluating the feasibility of ferumoxytol-enhanced MRI
in human pregnancy. Furthermore, the primate mother is anesthetized during the scan, which
also anesthetizes the fetus, thereby minimizing fetal motion. This enables reliable imaging
with the standard 3D CSE-MRI using respiratory gating, which further minimizes the effect
of maternal respiratory motion. Thus, ferumoxytol-enhanced MRI of the animals under
general anesthesia enables in vivo evaluation of the accuracy of 2D CSE-MRI in the
presence of maternal respiratory motion, by comparing to the reference 3D respiratory-gated
CSE-MRI.

In summary, the purpose of this study was to evaluate the accuracy of 2D CSE-MRI
technique for quantification of R2* and BO field in ferumoxytol-enhanced MRI of the
placenta in pregnant rhesus macaques as well as in ferumoxytol phantoms. The secondary
purpose was to preliminarily evaluate the motion artifacts and repeatability for placental R2*
mapping enabled by 2D CSE-MRI in pregnant women without ferumoxytol administration.
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Materials and Methods

Phantoms

Animals

Humans

A phantom with varying R2* and magnetic susceptibilities was constructed using
ferumoxytol (Feraheme, AMAG Pharmaceuticals Inc., Cambridge, MA). Eight cylindrical
40 mL vials (diameter=20 mm) with varying concentrations of ferumoxytol ranging from 0
ug/mL-440 pg/mL, prepared in an agar gel (2% agar weight/volume, 3 mM sodium
benzoate, 43 mM NaCl) were built and were separated into two batches, which were
scanned sequentially. Four vials in each batch were placed in a holder within a cylindrical
plastic container filled with distilled water. Phantoms were placed in the scanner with the
long axis of the vials parallel to the main magnetic field. A hemisphere photopolymer resin
phantom with the same radius as the cylindrical plastic container was attached to the bottom
wall of the cylindrical container to reduce magnetic susceptibility effects at the interface.

All procedures were approved by our institution’s animal care and use committee (IACUC).
In this study, 2D CSE-MRI and 3D CSE-MRI acquisitions were obtained and compared in
ferumoxytol-enhanced MRI of pregnant rhesus macaques, who normally have two placental
discs, one primary large disc and one secondary smaller disc (24). The two discs are
attached to the anterior and posterior uterus walls (25), separately, which were named as
anterior placental disc and posterior placental disc in this study.

Eleven pregnant rhesus macaque monkeys at their late second trimester based on an average
165 days pregnancy length (gestation age=98.7+5.9, maternal weight=8.8+1.1kg, normal
singleton) in a study of inflammation at the maternal-fetal interface?® were scanned. Each
animal was imaged at multiple time points before and after administration of ferumoxytol by
intravenous infusion. In each scan session, the animal was anesthetized by administration of
up to 10 mg/kg ketamine. Oxygen with 1.5% isoflurane was delivered through inhalation
during the scan for prolonged sedation. Ferumoxytol was administered at a dose of 4 mg/kg
diluted 5:1 with sterile saline solution. Animals were monitored during and after imaging
until fully recovered from anesthesia. Detailed animal information, and details on drug dose
and ferumoxytol administration are shown in Supporting Information Table S1.

Additionally, two preliminary human placental studies, including a motion assessment study
and a repeatability study, were performed.

The motion artifacts of 2D CSE-MRI compared to 3D CSE-MRI were preliminarily
evaluated in human scans by retrospectively analyzing images in a HIPAA compliant human
placental study, approved by the local Institutional Review Board (IRB). Pregnant women
with singleton in normal pregnancy were recruited. Exclusion criteria included subjects with
any previous pregnancy conditions, including hypertension, preeclampsia, or diabetes. In
this study, pregnant women at 20-22 weeks of gestation were scanned after obtaining
informed written consent. MR images of ten human subjects were evaluated. Details on the
subject information are shown in Supporting Information Table S2.

J Magn Reson Imaging. Author manuscript; available in PMC 2021 January 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhu et al.

Page 5

Further, the repeatability of 2D and 3D CSE-MRI for placental R2* mapping was also
preliminarily evaluated in seven pregnant women scans at either 14-15 or 20-22 weeks of
gestation in the human placental study above. Details on the subject information are shown
in Supporting Information Table S3.

Imaging Protocol

Phantom and animals were imaged using a clinical 3.0T MRI system (GE Healthcare
Discovery MR 750, Waukesha, WI) with a 32-channel phased array torso coil (Neocoil,
Pewaukee, WI). Pregnant women were imaged using a clinical 1.5T MRI system (GE
Healthcare Optima MR450w, Waukesha, WI) without contrast agent administration.

Phantoms—In the phantom study, a multi-echo spoiled gradient-echo (SGRE) 2D
acquisition (“2D CSE-MRI™) and a multi-echo SGRE 3D acquisition (“3D CSE-MRI”) were
used. The scan parameters for these 2D and 3D CSE-MRI acquisitions were chosen such
that SNR (SNR=35 in 2D CSE-MRI, SNR=60 in 3D CS-MRI) approximately matched that
observed in the 2D and 3D CSE-MRI acquisitions, respectively, in the animal study
(described below). In addition, a 3D CSE-MRI acquisition with high SNR (“3D CSE-MRI
high SNR”, SNR=235), obtained by increasing slice thickness, was used as reference for
both R2* and BO field measurements. A second 2D CSE-MRI acquisition with relatively
high SNR (“2D CSE-MRI high SNR”, SNR=90), obtained by increasing the number of
averages, was also performed to assess 2D CSE-MRI while diminishing SNR-related effects
on measurements. Details on the acquisition parameters of the four CSE-MRI acquisitions
are listed in Table 1.

Animals—In the rhesus study, the animal was placed in the left lateral decubitus position in
the MRI scanner. Scans at each time point included an axial 2D CSE-MRI acquisition
without respiratory gating, designed for motion-robust ferumoxytol-enhanced CSE-MRI and
performed in each animal covering the maternal uterus cavity. An axial 3D CSE-MRI
acquisition with respiratory gating using maternal respiratory bellow signals was also
acquired as the reference for CSE-MRI in the placenta. Details on the acquisition parameters
of the two CSE-MRI acquisitions are listed in Table 1.

Humans—Each subject was scanned in supine position and the field of view was
prescribed to cover the maternal uterus cavity. In the motion assessment study, R2* and BO
field mapping were performed from two different acquisitions: an axial 3D CSE-MRI with
respiratory gating using maternal respiratory bellow signals, and a free-breathing axial 2D
CSE-MRI which was acquired approximately 20 minutes after the 3D CSE-MRI scan. In
addition, a 2D multi-slice T2-weighted single-shot fast spin-echo (SSFSE) was acquired for
anatomic imaging. Details on the scan parameters are shown in Table 1. In the repeatability
study, the 3D respiratory-gated CSE-MRI and the free-breathing 2D CSE-MRI were
performed sequentially at the beginning of the exam. The two sequences were repeated 20
minutes afterwards. A 2D multi-slice T2-weighted SSFSE was also acquired.
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Imaging Reconstruction, Assessment and Measurements

In all CSE-MRI acquisitions, water-only and fat-only images, R2* and BO field maps were
reconstructed through complex fitting of the multi-echo data using a multi-component signal
model (27). In phantom and animals, R2* and boundary BO measurements were obtained.
The boundary BO field measurement, which measures the difference in the BO field at both
sides of the boundary of two neighboring regions, is directly proportional to the magnetic
susceptibility difference between the two regions and has been used as a measure of tissue
magnetic susceptibility in previous works (3, 28). A reference for boundary BO
measurements, i.e., a region with approximately constant magnetic susceptibility, was thus
used in both phantom and animal studies as described below. In humans, placental R2*
measurements were obtained, as described in detail below.

Phantoms—In each of the phantom datasets, co-localized R2* measurements from the 2D
and 3D CSE-MRI acquisitions were obtained by placing regions-of-interest (ROISs) over
each of the eight vials. Water in the plastic container was used as a reference for boundary
B0 measurements. ROIs were drawn in one slice of each vial and the adjacent water, the
boundary of which was parallel to the main magnetic field. Measured BO field values were
subtracted to obtain the boundary BO field difference ABO=BO0\/jq-BOwatergath- All ROIs
were drawn in regions of a homogeneous field to reduce apparent BO inhomogeneity related
bias on measurements.

Animals—In each of the animal datasets, R2* measurements were obtained by drawing six
ROIs in the anterior placental disc and six in the posterior placental disc, co-localized in the
reconstructed R2* and BO maps from both 2D and 3D CSE-MRI acquisitions. Three slices
with relatively large continuous area of placental tissues in the superior, middle and inferior
regions of each placental disc were chosen. Two ~0.6 cm? oval ROIs were drawn in two
separate areas with relatively large continuous area of placental tissues in each slice. Image
quality was assessed independently by three radiologists with 19, 21 and 18 years of
experience in radiology (Redear-1: S.R., Reader-2: M.M., Reader-3: C.F., respectively) to
either accept R2* map with no significant artifacts and further confirm ROI locations in the
placenta, or reject R2* map with severe artifacts. The datasets with both 3D and 2D images
accepted by at least two radiologists were used for comparison on R2* and BO
measurements. R2* measurements in 2D versus 3D CSE-MRI were compared in anterior
placental disc, posterior placental disc, and in both placental discs together. Amniotic fluid
in the uterus was used as a reference for boundary BO measurements. BO field values in a
~0.1 cm? oval ROI drawn in the placenta and adjacent amniotic fluid, the boundary of which
was approximately parallel to the main magnetic field, were measured and subtracted to
obtain ABO=BO0p|acenta-BOamnioticFiuig- ABO measurements in 2D versus 3D CSE-MRI were
compared in all animals.

Humans—In the motion assessment study, de-identified R2* maps were evaluated
independently by the three radiologists (S.R., M.M., C.F.). Readers were blinded to image
acquisition techniques (2D versus 3D) and the reading order of R2* maps in all subjects was
randomized. A motion-related artifact score using the following scale was used: 0, non-
diagnostic; 1, severe artifacts, but evaluation of some relevant anatomy is possible; 2, modest
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artifacts, with only mild impairment of evaluation of relevant anatomy; 3, no significant
artifacts. Placental R2* measurements were obtained by drawing three ~2.4 cm? oval ROls
in the superior, middle and inferior regions of the placenta, separately, using T2-weighted
SSFSE as anatomic references. ROIs were co-localized in 2D and 3D CSE-MRI and
adjusted if required. The radiologist (M.M.) confirmed all ROI locations in the placenta.

In the repeatability study, placental R2* measurements were obtained by drawing three ~2.4
cm? oval ROIs in the superior, middle and inferior regions of the placenta, separately, using
T2-weighted SSFSE as anatomic reference. ROIs were co-localized in all imaging series.
The radiologist (M.M.) confirmed all ROI locations in the placenta. The within-technique
mean difference (MDyyithin), Within-technique standard deviation (SDyithin), and coefficient
of repeatability (CR) were calculated between the two repeated scans.

Data Analysis

Results

Phantoms

Phantoms—Linear regression analysis (Pearson’s correlation /Zand Lin’s concordance
correlation coefficient p) and Bland-Altman analysis were used to assess the correlation and
bias of both R2* and ABO estimated in 2D CSE-MRI compared to the measurements in 3D
CSE-MRI.

Animals—Linear regression analysis (Pearson’s correlation /Zand Lin’s concordance
correlation coefficient p) and Bland-Altman analysis were used to assess the correlation of
R2*, log(R2*) and ABO estimated in 2D versus 3D CSE-MRI. Moreover, a linear mixed-
effects model was used to analyze the inter-animal variability of placental R2* and ABO
measurements. R2* measurements in 2D were modeled as a linear function of R2*
measurements in 3D and the model included random effects on the slope and intercept for
animal and random effects on the slope and intercept for ROI locations (i.e., in anterior or
posterior placental disc). ABO measurements in 2D were modeled as a linear function of
ABO measurements in 3D and the model included random effects on the slope and intercept
for animal. Statistical significance was defined as A<0.05.

Humans—In the motion assessment study, the readers’ score in 2D CSE-MRI and 3D
CSE-MRI were compared by using Student’s t-test. Mean placental R2* of the three ROIs
measured in 2D and 3D CSE-MRI were compared by using Student’s t-test.

All statistical analysis was performed using Matlab (MathWorks, Natick, MA).

Figure 1 shows the T1-weighted structural reference image (a), R2* map (b) and BO field
map (c) of a single slice in 3D CSE-MRI high SNR acquisition of four vials in one batch of
the phantom. Boundary BO measurements ABO of one vial and the adjacent water are
illustrated in yellow dashed oval ROIs in the zoomed-in BO field map (d). The measurements
of the other seven vials were performed analogously. Figures 1e and 1f show R2* and ABO
of all eight vials with varying ferumoxytol concentrations measured in the four CSE-MRI
acquisitions. Both R2* and ABO increase approximately linearly with increased ferumoxytol
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concentrations in 2D CSE-MRI high SNR and 3D CSE-MRI high SNR, throughout the
entire range of ferumoxytol concentrations. In 2D CSE-MRI and 3D CSE-MRI, R2* and
ABQO also increase at moderate ferumoxytol concentrations (i.e., <176 pg/mL). Relative to
the reference measurements from 3D CSE-MRI high SNR, bias in both R2* and ABO
measurements was observed in 3D CSE-MRI at high ferumoxytol concentrations (i.e., = 220
pg/mL). Similarly, bias in R2* and ABO measurements was observed in 2D CSE-MRI at
high ferumoxytol concentrations (i.e., = 176 ug/mL).

Figure 2 shows the linear regression (al-f1) and Bland-Altman analysis (a2-f2) of R2* and
ABO measured in 2D CSE-MRI (a, d), 2D CSE-MRI high SNR (b, €) and 3D CSE-MRI (c,
f) in comparison with the reference measured in 3D CSE-MRI high SNR in the phantom.
R2* and ABO measurements in all three protocols at low R2* and ABO values are highly
correlated with the reference, indicated by the distribution of measurements close to y=x in
linear regression analysis (dashed line in al-f1), and show low bias as indicated by the
Bland-Altman analysis (a2-f2). In 2D CSE-MRI, particularly for reference R2* values below
390.0 571 (bold markers, fonts, and lines in al, a2, d1, d2), a slope of 0.94 (r2=0.99, p=0.99)
in linear regression and a bias of —4.8 s~ with limits of agreement of (-41.4, 31.8) s™L are
observed in R2* measurements, and a slope of 1.07 (r=1.00, p=0.99) and a bias of 11.4 Hz
with limits of agreement of (-12.0, 34.8) Hz are observed in ABO measurements. However,
both R2* and ABO are underestimated at high R2* and ABO values, i.e.: R2*>400.0 s™1 and
a AB0>300.0 Hz in 2D CSE-MRI (a, d) and a reference R2*>500.0 s~1 and a AB0>400.0 Hz
in 3D CSE-MRI (c, f). Bias in both R2* and ABO measurements is reduced at high R2* and
ABO values by increasing SNR, i.e., in 2D CSE-MRI high SNR (b, e).

One 3D CSE-MRI of an animal (Rhesus #1) at a scan time point was considered as having
severe artifacts and rejected for R2* and BO measurements by two readers (Reader-1 and
Reader-3). Two additional 3D CSE-MRI acquisitions were considered as having severe
artifacts by one reader (Reader-1 and Reader-3, respectively), but were accepted by the two
remaining two readers, and therefore were included in the analysis. All remaining 3D CSE-
MRI acquisitions, as well as all 2D CSE-MRI acquisitions in animals were confirmed as
without significant artifacts by all three readers. Figure 3 shows the anatomic water images,
R2* maps and BO field maps in a pregnant rhesus macaque (Rhesus #4) acquired using 2D
CSE-MRI and 3D CSE-MRI, both before (upper two rows) and immediately after
ferumoxytol administration (bottom two rows). The uterine cavity and two separate
placental discs are delineated by orange lines and blue lines, respectively, and the amniotic
fluid is indicated by the green arrow in the anatomic images. Amniotic fluid was found to be
a reliable reference tissue for boundary BO measurements as no ferumoxytol uptake is
observed, indicated by stable R2* measurements throughout multiple days. R2* and BO field
of both placental discs are elevated after ferumoxytol administration.

Example ROIs for R2* measurements and BO measurements are shown in Supporting
Information Figure S1. The linear regression analysis and Bland-Altman analysis of R2* and
ABO measured in 2D CSE-MRI and 3D CSE-MRI are shown in Figure 4. R2*
measurements from all animals at all scan time points are consistent in 2D and 3D CSE-MRI
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with a slope of 0.92 (r=0.97, p=0.98) in the linear regression on R2* (4a) and a slope of
0.90 (r2=0.95, p=0.97) in the linear regression on log(R2*) (4c). The slope of the linear fit of
ABO between 2D and 3D CSE-MRI (4e) is close to 1 (1.05 with r2=0.95, p=0.97). Al
correlations were statistically significant with £<0.001. The bias observed in R2* and ABO is
small in all animals, while variations are relatively large at high R2* and ABO values,
indicated by the relatively broad limits of agreement (4b, 4d, 4f).

The mixed-effects model analysis shows that the variability of both R2* (Table 2) and ABO
(Table 3) measured in 2D versus 3D CSE-MRI across animals, shown as the standard
deviation, is large. This analysis indicates relatively large impact of measurements from
individual animals, more specifically Rhesus #1, Rhesus #4 and Rhesus #11 on R2*
measurements and Rhesus #5 and Rhesus #11 on ABO measurements. The variability of R2*
measured across placental discs (anterior and posterior placental) is small.

Preliminary Motion Assessment—Figure 5 shows the anatomic image, R2* map and
BO field map from 2D CSE-MRI and 3D CSE-MRI, respectively, acquired in two adult
pregnant women (Subject #1, 20 weeks and 5 days of gestation; Subject #10, 21 weeks and 1
days of gestation). In Subject #1 (upper rows), motion artifacts are observed in both R2* and
BO field maps in 3D CSE-MRI (score of 1, 1 and 2 by Reader-1, Reader-2 and Reader-3,
respectively), while there are no obvious artifacts in the co-localized slice from 2D CSE-
MRI (score of 3 by all three readers). In Subject #10 (lower rows), there are no obvious
motion artifacts in R2* maps and BO field maps from both 3D CSE-MRI (score of 2, 2 and 3
by Reader-1, Reader-2 and Reader-3, respectively) and 2D CSE-MRI (score of 2, 3 and 3 by
Reader-1, Reader 2 and Reader-3, respectively).

A score of 2.9+0.3, 3.0+0 and 3.0£0 for motion assessment in 2D CSE-MRI is significantly
higher than a score of 1.8+0.6, 1.3+£0.7, 1.9+0.6 in 3D CSE-MRI in Reader-1 (P=0.001),
Reader-2 (£<0.001) and Reader-3 (/<0.001). Mean placental R2* of all ten subjects is 10.2 s
~1 with a range of 6.7 s™1 to 15.9 s~ measured in 2D CSE-MRI. It is not significantly
(P=0.174) different from the mean placental R2* of 11.3 s™1 with a range of 8.3s™1t0 13.2 s
~1 measured in 3D CSE-MRI.

Preliminary Repeatability Study—In the ROIs of the seven human subjects, a MDyithin
of 0.7 571, SDyjithin Of 3.4 572, and CR of 9.5 s~ were observed in the repeated 2D CSE-
MRI, as shown in Table 4. A MDyithin of 0.2 s, SDyitnin 0f 3.8 571, and CR of 10.6 s71
were observed in the repeated 3D CSE-MRI.

Discussion

In this study, we have evaluated the accuracy of R2* and BO field measurements obtained
from 2D CSE-MRI acquisitions without respiratory gating by comparing the correlation and
bias to the reference 3D CSE-MRI acquisition in phantoms and pregnant rhesus macaques.
High correlation and low bias of both R2* and boundary BO field measurements in 2D CSE-
MRI compared to 3D CSE-MRI were observed in a phantom over a wide range of R2*
values. Additionally, high correlation and low bias were also observed in ferumoxytol-
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enhanced MRI of the pregnant rhesus macaques, demonstrating the accuracy of 2D CSE-
MRI in the presence of maternal respiratory motion. Further, we preliminarily evaluated
motion artifacts and repeatability of 2D CSE-MRI for placental R2* mapping in pregnant
women without ferumoxytol administration. The high score for motion assessment in 2D
CSE-MRI showed no significant artifacts, demonstrating its motion-robustness due to the
short temporal footprint for each acquired slice. Preliminary assessment indicated repeatable
R2* mapping in pregnant subjects.

The study with animals under general anesthesia enables reliable imaging with 3D CSE-
MRI in the absence of fetal motion, which provides reference R2* and BO measurements.
This experiment design provides a unique opportunity to perform in vivo evaluation of the
accuracy of 2D CSE-MRI by comparing to the reference 3D CSE-MRI, as this reference
will likely not be reliable in the presence of fetal motion.

Joint analysis of the MRI measurements for iron concentration and cell and tissue
localization experiments on the animal model in this study of inflammation at the maternal-
fetal interface are under separate investigation. This joint analysis will assess the feasibility
of ferumoxytol-enhanced placental MRI in an inflammation model, which may potentially
enable assessment of macrophage activation and localization at the maternal-fetal interface.
Upon assessment of safety and regulatory approval, ferumoxytol-enhanced CSE-MRI may
be applied in pregnant women to validate its potential as a non-invasive approach for
identifying immune cell homing, which may enable early assessment of the developing
preeclampsia.

Sixteen echo times up to 18 ms in 2D CSE-MRI in this inflammation study were optimized
to capture potentially modest changes in R2* values. TR was thus relatively long, leading to
~3 seconds scan time for each slice. The temporal footprint for each slice can be further
shortened by reducing the number of echo times, leading to a reduced TR. In 3D CSE-MRI,
however, fewer echoes (i.e., eight echo times) were acquired in order to reduce the scan
time, which was already lengthy due to the need for respiratory gating.

CSE-MRI acquisitions were performed at different field strengths for animals (at 3.0T) and
humans (1.5T) in this work. The high SNR at 3.0T benefits the MRI quantification in animal
studies, which also required higher spatial resolution. When the human study started, a
wide-bore 1.5T scanner in our institute was preferred based on subject comfort and research
availability considerations. In addition, this was our first research MRI study in pregnant
humans at our institute. Therefore 1.5T was chosen for the human studies, in consideration
of potential issues like specific absorption rate (SAR) for some MRI techniques applied in
this human placenta study.

The SNR in 2D sequential SGRE acquisition is generally lower than SNR in 3D SGRE (12).
The range of R2* and BO field that can be measured without bias is affected by SNR, as
shown in the phantom study. Thus, high SNR may need to be achieved to provide accurate
R2* and BO field estimations at high ferumoxytol concentrations especially in macrophages
of the reticuloendothelial system (e.g., liver, spleen, bone marrow) where iron deposition can
remain high after ferumoxytol injection (29). In macrophages outside the reticuloendothelial
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system in inflammation response, however, moderate iron concentrations have been
observed which can be detectable with current CSE-MRI techniques (9, 30, 31). Thus, the
dynamic range of the iron concentration at macrophage homing sites of inflammation at the
maternal-fetal interface is expected to be moderate, although the exact range is still unknown
(and is under current investigation in our ongoing projects). Therefore, the proposed 2D
CSE-MRI technique is expected to be effective for potential ferumoxytol-enhanced MRI
studies of inflammation at the maternal-fetal interface.

Although the proposed boundary BO measurements provide a measurement of magnetic
susceptibility, reconstruction of magnetic susceptibility maps may be desirable.
Unfortunately, quantitative susceptibility mapping requires a 3D BO field map, which is not
readily available in 2D CSE-MRI due to potential mis-registration between slices.
Nevertheless, the boundary BO measurements are feasible in 2D CSE-MRI and thus enable a
magnetic susceptibility measure to assess iron concentration as demonstrated in previous
works (3, 28).

This study has several limitations. First, the evaluation of 2D CSE-MRI in the presence of
fetal motion is limited in animals under general anesthesia. Comprehensive repeatability
studies in ferumoxytol phantoms with aperiodic motion, animals and human subjects at
different gestation states are needed to further evaluate 2D CSE-MRI for R2* and BO field
mapping in placental imaging. In the presence of fetal motion, however, we expect 2D CSE-
MRI to provide good image quality within slices acquired during quiescent periods without
fetal motion (and possibly also with moderate motion). In addition, motion assessment needs
to be performed in a large number of human subjects. Further, R2* of the whole placental
discs in both animals and human subjects needs to be assessed in future studies to evaluate
the spatial distribution of the iron concentration in the placenta and the placental
oxygenation.

In conclusion, this study demonstrated 2D CSE-MRI as a promising technique for accurate
evaluation of R2* and BO field in the placenta without the need for respiratory bellows or
navigators. Further evaluation of 2D CSE-MRI for the detection and quantification of
ferumoxytol in the setting of motion is warranted. Upon successful validation, the motion-
robust technique may provide a reliable approach for R2*- and BO mapping-based
evaluation of placental health in ferumoxytol-enhanced placental MRI, and BOLD-based
placental functional imaging (21).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
T1-weighted Structural reference image (a), R2* map (b) and BO field map (c) of a single

slice in 3D CSE-MRI acquisition of four vials in one batch of the phantom scans, R2* (e)
and ABO (f) of all eight vials with varying ferumoxytol concentrations measured in the four
CSE-MRI acquisition. An example of boundary BO field measurement is indicated by two
yellow dashed oval ROIs in the zoomed BO field map (d).
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Figure 2.
Results from phantom scans: linear regression analysis (al, f1) and Bland-Altman analysis

(a2-f2) of R2* and ABO measured in 2D CSE-MRI (a, d), 2D CSE-MRI high SNR (b, e),
and 3D CSE-MRI (c, f) in comparison with the reference measured in 3D CSE-MRI high
SNR. Small bias on both R2* and ABO measurements at relatively low R2* and ABO values
indicates good correlation of measurements in the three CSE-MRI acquisitions and the
reference CSE-MRI acquisition, while the large bias at high R2* and ABO values indicated
limited measurable range of each CSE-MRI acquisition. Particularly in 2D CSE-MRI, high
linear correlation and small bias on both R2* and ABO were observed for reference R2*
values below 390.0 s™1 (bold markers, fonts, and lines in a1, a2, d1, d2).
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Figure 3.
Representative anatomic images, R2* maps, and BO field maps from 2D and 3D CSE-MRI

acquisitions in a pregnant rhesus macaque (Rhesus #4) at scans before (Pre) and
immediately after (Post) ferumoxytol administration. Two placental discs and the uterus
cavity are delineated by blue lines and orange lines, respectively. The amniotic fluid is
indicated with a green arrow on the anatomic image.
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Linear regression analysis (a, ¢, €) and Bland-Altman analysis (b, d, f) of R2*, log(R2*) and
ABO measured in 2D CSE-MRI in comparison with the measurements in 3D CSE-MRI of
anterior placental disc, posterior placental disc and both together in animals. R2* and ABO
measurements are consistent in 2D and 3D CSE-MRI acquisitions.
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Figure 5.
Anatomic images, R2* maps, and BO field maps of 2D and 3D CSE-MRI in two pregnant

women. Motion artifacts are observed in the R2* map and BO field map in 3D CSE-MRI of

Subject #1, while no obvious artifacts are observed by the radiologist in 2D CSE-MRI. The

placental disc of this subject (delineated by blue lines) was located in a different location of

the maternal pelvic for 2D vs 3D CSE-MRI (see yellow arrows), suggesting the presence of
fetal motion during this exam. No obvious artifacts or obvious movement of the placenta are
observed by the radiologist in 3D or 2D CSE-MRI in Subject #10.
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Table 2.

Linear mixed-effects model analysis of R2* measurements in different animals and imaging protocols.

Fixed Effects Estimated Change in R2* (s™%) P value
Imaging Protocols
R2* from CSE 3D reference

R2* from CSE 2D  Intercept: 5.70 (3.35, 8.05); Slope: 0.92 (0.88,0.97)  <.001; <.001

Random Effects Standard Deviation of R2* (s71)
Individual Animal Intercept: 2.57 (2.01, 3.29); Slope: 0.07 (0.06, 0.10)
ROI Location Intercept: <0.0001; Slope: <0.0001

Note — Data in parentheses are 95% confidence intervals. CSE: chemical shift-encoded
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Table 3.

Linear mixed-effects model analysis of ABO measurements in different animals and imaging protocols.

Fixed Effects Estimated Change in ABO (Hz) P value
Imaging Protocols
ABO from CSE 3D reference
ABO from CSE 2D Intercept: —1.14 (-2.33, 0.05); Slope: 1.09 (0.97, 1.20)  .060; <.001
Random Effects Standard Deviation of ABO (Hz)
Individual Animal Intercept: 0.89 (0.25, 3.17); Slope: 0.17 (0.10, 0.28)

Note — Data in parentheses are 95% confidence intervals. CSE: chemical shift-encoded
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Page 22

Repeatability analysis for placental R2* measured in 2D and 3D CSE-MRI acquisitions in human subjects at

1.5T.
MDyiithin (5™ SDuitnin 6™ CR (s7%)
2D CSE-MRI  All (N=21) 0.7 3.4 9.5
Superior (N=7) 1.0 2.7 7.6
Middle (N=7) 1.6 34 9.4
Inferior (N=7) -0.7 4.1 11.3
3D CSE-MRI  All (N=21) -0.2 3.8 10.6
Superior (N=7) 0.5 5.1 14.1
Middle (N=7) -0.4 24 6.6
Inferior (N=7) -0.6 4.1 11.3

Note — CSE: chemical shift-encoded. MDyyjthin=within-technique mean difference. SDwijthin=within-technique standard deviation.

CR=coefficient of repeatability

J Magn Reson Imaging. Author manuscript; available in PMC 2021 January 27.



	Abstract
	Introduction
	Materials and Methods
	Phantoms
	Animals
	Humans
	Imaging Protocol
	Phantoms
	Animals
	Humans

	Imaging Reconstruction, Assessment and Measurements
	Phantoms
	Animals
	Humans

	Data Analysis
	Phantoms
	Animals
	Humans


	Results
	Phantoms
	Animals
	Humans
	Preliminary Motion Assessment
	Preliminary Repeatability Study


	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Table 1.
	Table 2.
	Table 3.
	Table 4.

