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Abstract

Quantitative magnetic resonance imaging (QMRI) techniques have the potential to enable
accurate and reproducible characterization of tissue biophysical properties, with broad research
and clinical applications. The development of quantitative imaging biomarkers enables
reproducible exams across sites, reduces the subjectivity and variability of qualitative evaluation,
leading to standardized, evidence-based clinical diagnosis and treatment decisions. In quantitative
body MRI, R2" relaxometry and tissue magnetic susceptibility have become important biomarkers
in assessing diseases including fibrosis, liver iron overload, inflammation, and hyperoxia-related
organ dysfunction. In the liver, however, additional factors have recently emerged that limit the
accuracy of Rz" relaxometry and quantitative susceptibility mapping (QSM) based techniques,
including the presence of short T," (=1/R2") signals in the liver, and the presence of resolution
dependent bias in QSM. In this thesis, an advanced relaxometry technique is developed to
characterize the short T." component in the liver and assess its correlation with liver fibrosis.
Furthermore, the effect of resolution dependent bias on body QSM is characterized in order to
develop accurate and reproducible QSM for the assessment of liver iron overload. Additionally,
R." relaxometry and susceptibility based gMRI techniques are highly promising for evaluating the
health of the placenta, the organ that mediates the maternal-fetal exchange of nutrients, metabolites,
oxygen, and waste. In this thesis, the feasibility and safety of volumetric tracking of super-
paramagnetic iron oxide (SP10) deposition using R>" mapping and QSM in ferumoxytol-enhanced
MRI for detection of placental inflammation are evaluated in a pregnant rhesus macaque model.
Finally, the feasibility of R, -based placental oxygenation mapping is evaluated in both animal

and human studies.
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Chapter

1. Introduction

1.1 Specific Aims

Quantitative MRI (gMRI) techniques have the potential to enable accurate and reproducible
characterization of tissue biophysical properties. The development of quantitative imaging
biomarkers enables reproducible exams across sites, reduces the subjectivity and variability of
qualitative evaluation, leading to standardized, evidence-based clinical diagnosis and treatment
decisions. In body imaging applications, commonly used and emerging qMRI biomarkers include
quantification of contrast agent pharmacokinetics (perfusion), diffusion, elastography, proton
density fat fraction (PDFF), relaxometry, and susceptibility, among others.

Quantitative R2" relaxometry and susceptibility mapping have become important
biomarkers in gMRI, due to their ability to quantify iron, oxygen and macromolecular content of
the tissue. By acquiring gradient-echo images at multiple echoes, R;" relaxation and susceptibility-
induced Bo field heterogeneities can be encoded and quantified by post-processing. With
correction for all relevant confounding factors, these techniques can lead to accurate and
reproducible biomarkers. In the body, quantification of short T2 signals (ST2) has been
investigated to evaluate myocardial fibrosis and skeletal muscle fibrosis (T2"=1/R;", using T2" here
as short T2" is the main property of this signal component, compared to signal components with

relatively long T2 like water). In recent years, R;" mapping and quantitative susceptibility



mapping (QSM) have been shown to enable assessment of liver iron overload, and iron-based
agent deposition in various body organs. Furthermore, R," measurements of blood oxygenation
level dependent (BOLD) effects have been shown to enable detection of hyperoxia-related organ
dysfunction.

However, additional factors have recently emerged that limit the accuracy of R;"
relaxometry and QSM based techniques in the liver, including the presence of short T, signals in
the liver, and the presence of resolution dependent bias in QSM. Short T signals, which have not
been adequately characterized, may introduce bias and variability in the liver signal modeling at
short echo times (TEs). Importantly, these short T>"components might be related to fibrosis due
to increased collagen contents. Therefore, in this work, we develop an advanced relaxometry
technique to characterize the short T." component in the liver and assess its correlation with liver
fibrosis, and to determine its impact on liver fat quantification. Further, we will characterize the
effect of resolution dependent bias on body QSM in order to develop accurate and reproducible
QSM for the assessment of liver iron overload.

In addition, R," relaxometry and susceptibility based gMRI techniques are highly
promising for evaluating the health of the placenta, the organ that mediates the maternal-fetal
exchange of nutrients, metabolites, oxygen, and waste. In this work, we will evaluate the feasibility
and safety of volumetric tracking of super-paramagnetic iron oxide (SPI10) deposition using Rz
mapping and QSM in ferumoxytol-enhanced MRI for detection of placental inflammation.
Additionally, maternal respiratory motion and fetal motion lead to image artifacts and confound
R." and By field measurements. We will develop a motion-robust R,” and Bo mapping technique
and evaluate the accuracy and reproducibility in placental MRI. Furthermore, previous studies

have demonstrated the feasibility of assessing placental oxygenation and placental health using



BOLD R;" measurements in pregnant rhesus macaques and pregnant women. In this work, we will
evaluate the feasibility of R,™-based placental oxygenation mapping.

In this work, we will address the challenges and opportunities with the following aims:

Aim 1. To characterize the short T>" signal components of the liver signal, to determine its
impact on liver fat quantification and to improve the accuracy of signal modeling in the liver.

Aim 2. To assess the effect of spatial resolution on the accuracy of QSM in the assessment
of liver iron overload.

Aim 3. To assess the longitudinal variation of placental R,™ and susceptibility in
ferumoxytol-enhanced MRI for characterizing placental inflammation.

Aim 4. To evaluate the accuracy and repeatability of a motion-robust 2D R." and By field
mapping technique in placental MRI.

Aim 5. To investigate the feasibility of quantifying regional placental oxygenation and

assessing longitudinal changes in placental oxygenation using R2" mapping.

1.2 Background and Significance

Quantitative MRI (qMRI) biomarkers enable non-invasive and objective measurement of
tissue properties in health and disease. Although various gMRI techniques rely on different
specific acquisition methods and reconstruction algorithms, many gMRI techniques share on a
common overall structure: 1) By acquiring images with appropriate MRI imaging parameters, the
desired tissue properties are encoded into the data. 2) Parametric maps reflecting these desired
tissue properties are then reconstructed by post-processing the acquired images using an
appropriate signal model*. Due to the enormous flexibility in achievable imaging parameters, MRI

enables quantification of multiple biophysical and biochemical parameters?. For instance, two



important parameters, R," relaxation time and magnetic susceptibility, which are sensitive to the
paramagnetic effects of iron and deoxyhemoglobin, and the macromolecular content of the tissue,
are broadly used in gMRI. With correction for all relevant confounding factors, R;" and
susceptibility have the potential to provide biomarkers that are accurate’ and reproducible across
sites, vendors, and platforms. In the body, R," mapping and quantitative susceptibility mapping
(QSM) have been developed with multiple applications, including the assessment of hepatic iron
overload, hyperoxia-related organ dysfunction, and fibrosis®*®. The significance of the proposed

gMRI technical developments with several specific applications is summarized below.

1.2.1 Characterization of a short T»" signal component in the liver

Non-alcoholic fatty liver disease (NAFLD) is the most common cause of diffuse liver
disease, afflicting an estimated 100 million people in the US alone, and an estimated 1 billion
people world-wide®. NAFLD can progress from steatosis, the hallmark of NAFLD with abnormal
triglycerides accumulation, to nonalcoholic steatohepatitis (NASH), fibrosis (i.e., formation of
excessive scar tissue), and even cirrhosis, liver failure and hepatocellular carcinoma. Thus,
accurate quantifications of the liver fat content and liver fibrosis are of great interest for early

detection of NAFLD and staging the liver disease.

tWe clarify several terms used in this thesis. The accuracy of a measurement is the degree of
closeness of the measurement to the true value. The precision of a measurement is the degree of
variability of the measurement in repeated experiments. The precision is measured by
reproducibility and repeatability. The reproducibility measures the variation of measurements
under different conditions. The repeatability measures the variation of measurements under same
conditions'#*,



In the liver, the signal acquired for T relaxometry has been conventionally modeled as
arising from two components with relatively long T,", i.e., mobile water and mobile triglycerides,
and can be measured using chemical shift-encoded (CSE) multi-echo gradient-echo MRI’. Using
prior knowledge on the frequency shifts, water and fat can be separated and proton density fat
fraction (PDFF), a well-validated biomarker of tissue triglyceride concentration, can be quantified®.
However, short T" signals, may degrade the accuracy of the conventional liver signal model at
short echo times (TEs), potentially confounding CSE-based liver gMRI. Indeed, a recent study by
our group performing CSE-based quantification of PDFF at 1.5T demonstrated that the measured
liver signal at TEs less than 1 ms was elevated relative to the expected liver signal, resulting in
bias on PDFF measurements acquired using short TEs®. Although short T, signals have been
described in tissues like skeletal muscles and heart'®!!, short T," signals in the liver (ST2) have
not been adequately characterized. Importantly, ST2 might be related to fibrosis due to increased
collagen contents!®!2, Thus, characterizing ST2 is necessary for a comprehensive study of its
influence on PDFF estimation and its potential correlation with liver fibrosis.

In this work, we will establish a multi-component signal model in the presence of ST2,
assess its influence on PDFF estimation in short-TE CSE, preliminarily quantify ST2 in vivo, and
assess its correlation with tissue fibrosis. This work will guide future studies on accurate liver
signal modeling at short TEs and may enable improved accuracy of PDFF estimations for the

detection of NAFLD. This work will also provide an initial characterization on the origin of ST2.

1.2.2 Quantitative susceptibility mapping of liver iron overload

Excess iron accumulation in the body is toxic and can damage organs where iron deposits.

Accurate detection and staging of iron overload are needed to inform clinical iron-reducing



treatments based on therapeutic phlebotomy or chelation therapy. Liver iron concentration (LIC,
units = mg Fe/g dry liver) is widely considered as the best available measurement for the evaluation
of body iron stores'®. Thus, accurate and reproducible quantification of LIC is highly desirable for
longitudinal treatment monitoring of iron overload.

MRI-measured QSM has enormous promise to provide accurate and reproducible
measurements of LIC, based on a fundamental property of tissue (i.e., magnetic susceptibility).
Susceptibility results in well-characterized Bo field heterogeneities. These susceptibility-induced
Bo field heterogeneities are encoded in the phase of gradient-echo images in CSE acquisitions and
tissue susceptibility can be demodulated from the reconstructed phase maps by post-processing.
The accuracy of the image phase, however, has been found to be resolution dependent by different
groups***®. Gibbs phenomenon introduces truncation artifacts in phase images with low
resolutions, especially in tissue boundaries. Unlike R," and PDFF estimated from signals pixel-by-
pixel, the susceptibility estimation is obtained through the deconvolution of the entire phase
map*4. Unfortunately, the Gibbs ringing artifacts are disseminated to the entire susceptibility map,
while that only affect the tissue boundaries in R," and PDFF maps. Therefore, the spatial resolution
may result in confounded estimation of tissue susceptibility. In abdominal QSM, image resolution
is often limited due to restricted scan times (e.g., 20-second breath-hold) used to avoid respiratory
motion artifacts and the need for a short initial echo time to measure broad range of LIC. Thus, the
effect of resolution on the accuracy of liver QSM in assessment of liver iron overload needs to be
characterized.

In this work, we will characterize the effect of spatial resolution on the accuracy of QSM
in the assessment of liver iron overload. This assessment will guide subsequent optimization of

the imaging protocols and reconstruction algorithms for body QSM. Development of an improved



accurate biomarker of LIC, as enabled by this work, may result in improved clinical management
including detection, staging, and treatment monitoring of iron overload, and may also result in

improved biomarkers needed for clinical trials used in drug development.

1.2.3 Ferumoxytol-enhanced R2" mapping and QSM in placental inflammation

Preeclampsia is an inflammatory condition of pregnancy, that can lead to edema,
hypertension, seizures and even death. In the pathologies of preeclampsia, altered immune cell
(e.g. macrophage) activation and distribution within the placenta may play an important role?®.
Therefore, detection of macrophage densities in the placenta and connected tissues like decidua is
needed for studying the pathogenesis and clinical significance of placental inflammation.

Ferumoxytol is a super-paramagnetic iron oxide (SPIO) nanoparticles. It is used as an
FDA-approved intravenous iron-based agent for treatment of anemia and can be phagocytosed by
macrophages. Importantly, the concentration of ferumoxytol can be assessed by using either Rz
based or susceptibility-based MRI techniques'”8. A recent study demonstrated the detection of
inflammation in the type-1 diabetic pancreas based on ferumoxytol-enhanced MRI*®, indicating
the potential for detecting inflammation in multiple organs including the placenta. Therefore,
ferumoxytol-enhanced R, mapping and QSM may enable safe and sensitive detection of increased
macrophage density in inflammation.

In this study, we will assess the feasibility and safety of ferumoxytol-enhanced R
mapping and QSM of the placenta in rhesus macaques with a placental inflammation model. The
proposed ferumoxytol-enhanced gMRI in the placenta may provide a safe, non-invasive method
for detection of inflammatory cells in the placenta and connected tissues, enabling assessment of

placental inflammation in clinic.



1.2.4 Motion-robust R;" and By field mapping

R." and By mapping-based MRI techniques, obtained in a previously proposed 3D CSE-
MRI, have been demonstrated to quantify different iron concentrations in SPION phantoms?,
ferumoxytol-enhanced brain MRI?%?2 and body iron deposition*?%23, Ferumoxytol-enhanced R,"
and Bo mapping 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 studies
including inflammation of the central nervous system, aortic walls, kidneys and pancreas!®2*,

Maternal respiratory and fetal motion in the uterus are challenges for imaging the placenta
with MRI% and their effects should be addressed in order to minimize bias and maximize precision
in CSE-MRI. Compared to 3D CSE-MRI which has a long temporal footprint?® (e.g., 3~5 minutes),
2D CSE-MRI with sequential phase encoding has a short temporal footprint?’ (e.g., ~3 seconds
per slice). This strategy is expected to freeze motion or contain the motion effects to a limited
number of slices?2°. Therefore, free-breathing 2D CSE-MRI may enable reliable R2" and By field
measurements in the presence of both maternal respiratory motion and fetal motion. However, the
accuracy of the free-breathing 2D CSE-MRI technique for quantification of R,™ and By field in

ferumoxytol-enhanced MRI of the placenta has not yet been validated.

In this study, we will evaluate the accuracy and repeatability of 2D CSE-MRI technique
for quantification of R,” and By field in ferumoxytol-enhanced MRI of the placenta in sedated
pregnant rhesus macaques, ferumoxytol phantoms and pregnant women without ferumoxytol
administration. Upon successful validation, the motion-robust technique may provide a reliable
approach for Rz"- and Bo mapping-based evaluation of placental health in ferumoxytol-enhanced

placental MRI and BOLD-based placental functional imaging®’.



1.2.5 R2" mapping-based placental oxygenation imaging

The placenta, which interfaces with the uterine wall and supports the growth of the fetus,
regulates the maternal-fetal exchange of nutrients, oxygen, and waste. Importantly, the placenta is
anatomically organized into cotyledons®®3, Each cotyledon is supported by its own functional unit
(or functional domain) via regional perfusion and oxygenation. Regional placental oxygenation
within each domain is product of the maternal blood delivery from the spiral artery and transport
in the intervillous space, and oxygen consumption by the fetus and placenta. Deficiencies in
placental oxygenation within a domain may impair its function and consequently impede fetal
growth. Maternal obesity is associated with increased risk for hypertension and preeclampsia with
resulting vascular malformation and reduced placental blood flow, leading to fetal growth
restriction®2. Therefore, assessment of regional differences in blood delivery and oxygenation is

needed in order to enable the assessment of different states of placental disease.

Two MRI techniques have shown promise to quantify blood flow and oxygenation in
functional perfusion domains of the nonhuman primate placenta: dynamic contrast enhanced
(DCE) MRI® and R," mapping-based measurement of blood oxygen level-dependent (BOLD)
effects®. In contrast to the exogenous contrast required for DCE-MRI, R,"-based BOLD relies on
endogenous contrast. The deoxygenated hemoglobin is paramagnetic whereas oxygenated
hemoglobin is not, such that the former causes signal dephasing and thus leads to increased R;" of
the tissues. Therefore, R, -based BOLD potentially enables the quantification of placental function
without the use of contrast agent. In animals, the functional domains identified in R,” maps have
been found to be spatially correlated to the functional perfusion domains identified in DCE-MRI®!,

the imaging standard for quantitative perfusion measurements. In pregnant women, placental Rz
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mapping has shown promise for longitudinally assessing placental health and predicting pregnancy

outcomes®3:34:35.36

In this work, we will assess regional placental oxygenation using R."-based BOLD
measurements in both animal and human studies. This approach will enable quantitative
assessment of regional placental function with endogenous contrast, providing a comprehensive

assessment of hyperoxia-related placental dysfunction.

1.3 Innovation

This work will develop and optimize novel quantitative MRI techniques and perform
characterization and validation of recently proposed techniques. The innovation of this work is
five-fold, summarized next:

Characterization of a short T>" signal component in the liver. This is the first characterization
of liver signals at short TEs using a proposed ultra-short TE CSE (UTE-CSE) acquisitions with
radial trajectory, which are capable of capturing the fast decaying signals from ST2 and being
motion robust. The application and optimization of radial UTE-CSE in the liver have not been
performed before despite the enormous interest and development of liver CSE methods.
Quantitative susceptibility mapping of liver iron overload. This is the first characterization on
the effect of anisotropic spatial resolution in liver QSM. The assessment will guide subsequent
optimization of the imaging protocols and reconstruction algorithms for body QSM.
Ferumoxytol-enhanced R;" mapping and QSM in placental inflammation. This is the first
application of ferumoxytol-enhanced MRI for the assessment of placental inflammation.
Ferumoxytol-enhanced MRI has been applied in assessment of inflammation in other organs like

pancreas but not in the placenta.
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Motion-robust R;" and Bo field mapping. This work is the first in vivo assessment of the
accuracy of 2D CSE-MRI by comparing to the reference 3D CSE-MRI in the absence of fetal

motion, enabled by the unique experiment design which sedates animals.

R2" mapping-based placental oxygenation imaging. This work is the first to apply a 3D multi-
echo CSE acquisition along with an image registration of R2" map to reduce motion-induced image
mis-registration in BOLD placental oxygenation imaging. Additionally, this work is the first
assessment of longitudinal placental R, and its correlation with pregnancy outcome in obese

pregnant women.

1.4 Thesis Outline

In accordance with the aforementioned aims of this work, the thesis is organized as follows:

e Chapter 2: A multi-component liver signal model and a UTE-CSE acquisition with
optimized echo times are introduced for characterizing the short T2" signal in the liver. In
vivo experiments are described to demonstrate the consistent existence of ST2 in the liver
as well as the confounding effects of ST2 on PDFF quantification using CSE acquisition
with short echo times.

e Chapter 3: A numerical abdominal phantom is developed to analyze the anisotropic
imaging resolution effects on liver QSM. QSM-based liver susceptibility measurements of
subjects with suspected liver iron overload using different imaging resolutions are
compared. Reduced image resolution is demonstrated to introduce bias on susceptibility
estimates in both phantom and in vivo.

e Chapter 4: Two hypotheses, 1) maternal ferumoxytol exposure will not lead to increased

iron deposition in fetal tissues and 2) ferumoxytol will be taken up by macrophages at
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maternal-fetal interface in inflammation with macrophage homing and will be detectable
by MRI, are introduced. The preliminary experiments of ferumoxytol-enhanced R;" and
QSM mapping in a pregnant rhesus macaque model are described to demonstrate the
feasibility of longitudinal tracking of iron content in ferumoxytol-enhanced placental MRI.
Chapter 5: A 2D free-breathing CSE-MRI technique which enables motion-robust R2" and
Bo field mapping in placental imaging is introduced. Evaluation of the accuracy of R,™ and
Bo measurements in MRI scans of pregnant animals under general anesthesia and
preliminary reader studies on motion artifacts in MRI scans of pregnant women are
described. 2D free-breathing CSE-MRI is demonstrated to provide 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.

Chapter 6: R,"-mapping based segmentation of functional domain and quantification of
placental oxygenation in individual domains of rhesus macaques, and longitudinal analysis
of placental R." over gestational ages in pregnant women are described. Results of
oxygenation quantification in different animals and placental R;" changes over gestational
ages in human subjects are described and compared with previous studies.

Chapter 7: A final summary of this work and discusses on potential future works are

described.
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Chapter

2. Characterizing a Short T2 Signal
Component in the Liver Using Ultrashort TE
Chemical Shift-Encoded MRI™

2.1 Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most common cause of diffuse liver
disease, afflicting an estimated 100 million people in the US alone®, and an estimated 1 billion
people world-wide®. Abnormal intracellular accumulation of triglycerides in hepatocytes,
steatosis, is the hallmark and the earliest histological feature of NAFLD. In some patients, steatosis
can progress to nonalcoholic steatohepatitis (NASH), fibrosis, and even cirrhosis, liver failure and
hepatocellular carcinoma®. Thus, accurate quantification of liver fat content is of great interest for
early detection and treatment monitoring of NAFLD. MR-based chemical shift encoded (CSE-
MRI) techniques enable non-invasive measurement of the proton density fat fraction (PDFF), an

established non-invasive biomarker of tissue triglyceride concentration®.

~ This work has been published in: Zhu A, Hernando D, Johnson KM, Reeder SB. Characterizing
a short T," signal component in the liver using ultrashort TE chemical shift-encoded MRI at 1.5T
and 3.0T. Magn Reson Med. 2019;82:2032-2045.
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CSE-MRI methods have recently emerged as an accurate and reproducible approach for
quantification of PDFF in the liver’%4% The liver signal in gradient-echo images is generally
modeled as arising from protons in mobile water and mobile triglycerides. Using prior knowledge
of the frequency shifts in the signal model, water and fat can be separated and the signal fraction
of each component can be quantified. CSE-MRI methods enable rapid three-dimensional (3D) fat
fraction mapping of the whole liver within a single breath-hold, and thus enable a quantitative
evaluation of the distribution of liver fat. Advanced CSE-MRI methods correct for multiple
confounding factors in the quantification of PDFF, including T: bias, noise bias, spectral
complexity of fat, T," decay, noise related bias*' 243, and phase errors resulting from eddy currents
and concomitant gradients*4°.

The majority of multi-echo CSE-MRI acquisition methods are based on Cartesian k-space
sampling patterns and are typically utilized with first echo times exceeding 1 ms. There has,
however, been increased interest in acquisitions with shorter first echo time achieved using
standard Cartesian CSE-MRI acquisitions with lower spatial resolution®® or using non-Cartesian
ultra-short TE (UTE) acquisitions*’#84°_ These techniques may enable improved signal-to-noise
ratio (SNR) and precision of PDFF estimation, as well as reduce artifacts by using motion-robust
radial acquisitions.

However, it is unknown whether the liver signal models typically used with standard CSE
acquisitions remain valid for acquisitions with short echo times. Indeed, a recent study using
Cartesian CSE-MRI at 1.5T demonstrated that the measured liver signal at echo times less than 1
ms was elevated relative to the expected liver signal, resulting in confounded estimates of PDFF
using the short-TE CSE-MRI acquisition®®. The presence of short-T2" signal components in the

liver that are only detectable at short echo times would lead to the elevated signal and the
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confounded estimation of PDFF in short-TE CSE. Liver signals at short echo times have been
measured using UTE imaging®®, however, the quantitative MR properties of the signal components
have not been characterized. Therefore, characterization of short T," signal components in the liver
IS necessary in order to determine their confounding effects on liver PDFF quantification.

In addition, short T." signal components have been reported to provide potential
biomarkers of disease in vivo®°15253 In tissues such as skeletal muscles and heart, short T" signal
components have been suggested to correlate with collagen fibers in diseased models!®t,
Therefore, characterization of short T, signal components in the liver for disease detection and
staging is also of great interest.

The purpose of this study is to characterize the short T," signal components of the liver
signal, to determine its impact on liver fat quantification and to improve the accuracy of signal

modeling in the liver at short echo times at both 1.5T and 3.0T.

2.2 Theory

2.2.1 Liver signal model for PDFF quantification

Multiple gradient-echo CSE-MRI is commonly used for confounder-corrected PDFF and
T, quantification in the liver®. The complex liver signal S(TE,), without considering the signal

noise, is generally considered as arising from water and fat, and is expressed as
P
S(TE,) = | w + FZ e 7y TE | . o=TE/TS . i2mAf5TEn . o100 1)
p=1
where TE, is the n™" echo time, W is the signal amplitude of water, F is the sum of the signal

amplitudes of P fat peaks with amplitude op and chemical shift frequencies Afp, ¢o is the initial
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phase, which are assumed to be the same for water and fat, T," is the relaxation rate of water and
fat, and Afg is the off-resonance frequency due to inhomogeneities of the main magnetic field. The

magnitude of the signal S(TEp) can be expressed as

P
|S(TEn)| =|\W+F Z apeizﬂ'Afp-TEn . e_TEn/Tz* (2)
p=1

by taking the amplitude of the complex signal.
Post-processing these multi-echo signals with correcting confounding factors enables
measurement of PDFF 7, which is defined as

_F
T W+F

n 3)

i.e., the ratio of unconfounded proton signal from mobile triglycerides to the unconfounded proton

signal from mobile triglycerides and mobile water.

2.2.2  Multi-component liver signal model

At short echo times, short T," signals in the liver (ST2) are detectable. Signal components
with multiple exponentially decaying rates, with different off-resonance frequencies relative to
water, or with different T1 relaxation rates may exist, as shown in previous studies in other
tissues'®®1°253 To simplify the model in this preliminary study, we hypothesized that ST2 is: 1)
mono-exponential signal decay; 2) on resonance with water. T relaxation is also not considered.

The liver signal S(TEp) is then modified to a multi-component signal model, described as,

P
STE) = | w+ Fz 2Ty TEn | o=TER/T 4 e TEn/Tig | . gi2mAfaTEn . ifo (4)
p=1
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where ¢ and T,/ are the signal amplitudes and the relaxation rate of ST2, separately. The

magnitude of the signal can be expressed as

IS(TER)| = ()

P
(W +F Z a,peiZn-Afp-TEn> e~ TEn/T; 4 {e—TEn/TZ*_(

p=1

by taking the amplitude of the complex signal.

2.2.3 Estimation of the Signal Fraction and T2" of ST2

In this study, we seek to characterize the MRI properties of ST2, including T2,/ and the

ST2 fraction, which is defined as,

3 4
(+W+F

(6)

u

i.e., the signal fraction of ST2 to all observable signals in the liver. The unknown parameters in
the proposed multi-component liver signal model can be estimated by least-squares fitting the

complex signals,

N
0 = arg rrbmz 1(S(TE7’U 0) — Smeasured (TEn))Z (7)
n:
where 8 = (4, Afp, W, F,{,T;,T; ] is the vector of unknown parameters in Equation 4, or by

fitting the complex signals,

N
0 = arg mein Z 1(|S(TEn' 9)' — |Smeasured (TEn)DZ (8)
n=

where § = [W, F, ¢, T3, T, ] is the vector of unknown parameters in Equation 5.
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2.3 Method

Five sub-studies were performed to characterize ST2 and assess its impact on PDFF, as
summarized in the flow diagram in Figure 1. In order to initially characterize ST2, the liver signals
at short echo times using a proposed UTE-CSE MRI acquisition were obtained in healthy
volunteers at 1.5T and 3.0T (Section 2.3.1). The feasibility of the proposed multi-component liver
signal model and the approximate MRI properties of ST2 were inspected using the in vivo liver
signals. In order to assess the effects of ST2 on the accuracy of PDFF estimation at short echo
times, we performed in vivo CSE acquisitions for PDFF estimation at 1.5T and 3.0T (Section
2.3.2). In order to further validate the impact of ST2 on PDFF estimation, a simulation was
performed at 1.5T and 3.0T based on the proposed signal model (Sections 2.3.3) and jointly
analyzed with in vivo results in Section 2.3.2. In order to provide preliminary quantification of the
ST2 signals, we optimized echo times used in the proposed UTE-CSE using simulations (Section
2.3.4) and performed in vivo validation studies at 3.0T (Section 2.3.5).

All in vivo studies were HIPAA compliant and were approved by the local Institutional
Review Board (IRB). Healthy subjects and patients were recruited and imaging was performed
after obtaining informed written consent. Exclusion criteria included subjects with iron overload,
subjects injected with gadolinium-based contrast agent within the past two weeks, or subjects ever
injected with ferumoxytol-based contrast agent, in order to avoid any potential confounding effects
on measurements of ST2. MR images were obtained on clinical 1.5T MRI systems (Signa HDxt
and Optima MR450w, GE Healthcare, Waukesha, WI) and a clinical 3.0T MRI system (Discovery
MR 750, GE Healthcare, Waukesha, WI).

Given that the PDFF estimation using CSE-MRI is sensitive to phase errors especially at

short echo times®®, the magnitude of signals was used in estimation of in vivo PDFF and



Purpose Purpose
To determine the impact of ST2 on PDFF Section 2.3.1 To characterize ST2

estimation i | Initial characterization of ST2 in vivo |
Section 2.3.2 £ (3D Radial UTE-CSE) Section 2.3.4

Effects of ST2 on in vivo PDFF estimation Echo Optimization to Maximize Noise
(Standard CSE, Short-TE CSE, UTE-CSE) \ Performance of ST2 estimation at 3.0T

I Conventional liver
signal model

A

Section 2.3.5

f In vivo quantification of ST2 at 3.0T

Effect of ST2 on PDFF estimation based \ : - -
on the proposed signal model Multi-component liver signal model (Optimized 3D Radial UTE-CSE)

-------------------------------------------------------------------------------

|:| Invivostudy [ | Simulation [ ] Signal model < Basedon < Jointly analyzed () pulse sequence

Section 2.3.3

Figure 1. Flow chart of the liver short T," studies. The flow diagram of the five experiments in this work, including three sets of in vivo
studies (yellow boxes) and two sets of simulations (blue boxes) under the two purposes of this work. A multi-component liver signal model (red
box), which was based on the observed in vivo results in Section 2.3.1, was proposed and used as the signal model in Sections 2.3.3, 2.3.4 and 2.3.5.
The conventional liver signal model was used in Sections 2.3.2. MRI pulse sequence used in each of the three in vivo studies were listed in the

parentheses.

67
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quantification of ST2 signals. However, using the complex signals has gained increased attention
due to better noise performance. Therefore, we also analyzed the PDFF estimation in simulations

(Section 2.3.3) with the liver complex signal model.

2.3.1 Initial characterization of ST2 in vivo

In order to perform initial characterization of ST2, healthy subjects were recruited and
imaged at 1.5T and 3.0T using 3D radial UTE-CSE*®*° with a multi-echo acquisition. Raw data
were acquired during end expiration using a previously described adaptive respiratory
compensation method, with a 50% acceptance window*®. A minimum phase Shinnar-Le Roux
radiofrequency pulse*® with a duration of 112 ps and bandwidth of 50 kHz was used for selective
excitation. A single echo was acquired after each radiofrequency excitation for each TR, using real
time randomization of the echo times to reduce the effects of eddy currents®3. The same radial k-
space trajectory was sampled at multiple echo times in a randomized order to minimize motion
related artifacts*®. 10,000 radial projections were sampled for each echo. Other imaging parameters
are listed in Table 1. In addition, a MnCl>-doped water phantom with a known PDFF of 0% was
imaged at 1.5T and 3.0T, using the same in vivo UTE-CSE acquisitions, to assess the signal
fluctuation in UTE acquisitions®?.

UTE-CSE images were reconstructed offline using an adaptive coil combination
technique®®. The liver signals were measured in a ~3.5 cm? circular region-of-interest (ROI) in the
right lobe of the liver placed to avoid large blood vessels and bile ducts. The magnitude signal was
averaged first and then fit to the proposed multi-component liver signal model (Equation 5) to

estimate the ST2 fraction and T,



Table 1. Imaging parameters and subjects of short T, studies.

Cohorts # TE TR FA . 3 Scan
TE (ms) ms) () ACQ resolution(mm ) Time
Section 2.3.1 Healthy 15T &3.0T
Initial characterization | (N=6 at 1.5T, . 0.1,0.2,0.4, 0.6, 0.8, ~30 mins
of ST2 in vivo N=6 at 3.0T) Radial UTE-CSE 11 1.0, 2.0, 3.0, 4.0, 5.0, 6.0 87 4 1.2x1.2x1.2 (FB)
1.5T
Healthy (N=14%) Standard CSE 6 TE, JATE=12/20 145 5 1.6%x2.3x8o0r2.1x2.8x8 21s (BH)
Steatosis (N=5) | Short-TE CSE 6 TE, JATE=0.713 86 5 1.3x1.9x8o0r3.7x2.7x10 19's (BH)
X . ) 0.1,0.2,0.4, 0.6, 0.8, ~30 mins
Healthy (N=6*) | Radial UTE-CSE 11 10.2.0 3.0, 40 5.0, 6.0 8.7 4 1.2x1.2x1.2 (FB)
Section 2.3.2 3.0T
Effect of ST2 on in vivo Standard CSE 6  TE _JATE=12/10 80 3 1.6x2.2x8 18 s (BH)
PDFF estimation i
y Short-TE CSE 8 TE, /JATE=0.6/1.0 80 3 2.8x2.5x8 17 s (BH)
Healthy (N=6") 25 i
Steatosis (N=5) 0.10, 0.15, 0.20, 0.25, 1.0, 2o MinS
Cirrhosis (N=5) 11 503040506070 %6 4 1.6x1.6x1.6 (FB)
Radial UTE-CSE or 30 mins
0.1,0.2,0.4, 0.6, 0.8,
11 1072030405060 & 4 1.6x1.6x1.6 (FB)
Section 2.3.5 Healthy (N=6") | 3.0T
In vivo quantification | Steatosis (N=5) . 0.10, 0.15, 0.20, 0.25, 1.0, ~35 mins
of ST2 at 3.0T Cirrhosis (N=5") Optimized UTE-CSE 11 2.0.3.0,40 50,60 7.0 96 4 1.6x1.6x1.6 (FB)

*Data from the same 6 healthy subjects imaged at 1.5T in Section 2.3.1; "Data from the same 5 patients with steatosis imaged at 3.0T in Section 2.3.2;

*Data form the same 5 patients with cirrhosis in Section 2.3.2; UTE: ultrashort TE; CSE: chemical shift-encoded; FA: flip angle; ACQ: acquisition; BW:
bandwidth; FB: free-breathing; BH: breath-held

T¢
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2.3.2 Effect of ST2 on in vivo PDFF estimation

In order to assess the effect of ST2 on the accuracy of PDFF estimation at short echo times,
healthy subjects and patients with hepatic steatosis (but no cirrhosis) were recruited and imaged at
1.5T and 3.0T using three CSE-MRI acquisitions with different echo time combinations. Two
single-breath-hold 3D CSE-MRI Cartesian acquisitions with relatively long echo times (Standard
CSE) and with a short initial echo time (Short-TE CSE), and a free-breathing radial UTE-CSE
acquisition were obtained. The acquisition trajectory and respiratory gating were the same as in
the UTE-CSE in Section 2.3.1. Imaging parameters of the three CSE-MRI acquisitions are listed
in Table 1. A single-voxel multi-TE stimulated echo acquisition mode (STEAM) MR
spectroscopy®’ (MRS) acquisition was also obtained as the reference for a T.-corrected Ti-
independent PDFF estimate. Imaging parameters of STEAM-MRS included: prescribed within the
right lobe of the liver to avoid large vessels or bile ducts and the dome of the liver, five echoes
with TEini/ ATE = 10/5 ms, 3500 ms TR, 20x20x20 mm® or 24x24x24 mm® voxel size, 1 average,
+2.5 kHz spectral width, 2048 readout points, and 5 ms mixing time.

PDFF was calculated twice in each CSE acquisition using a CSE reconstruction®, either
with all echoes or excluding short echoes (<1 ms). PDFF was quantified by measuring the average
PDFF in the ROI co-localized with the MRS voxel. Measurements of PDFF made with CSE-MRI
and MRS were compared using Bland-Altman analysis. In addition, PDFF was also estimated in
the UTE-CSE acquisition of the MnCl,-doped water phantom in Section 2.3.1 to assess bias on

PDFF estimation due to signal fluctuations in UTE acquisitions®3.
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2.3.3 Effect of ST2 on PDFF estimation based on the proposed signal model

The effects of ST2 on PDFF estimation depend on the signal fraction of ST2, the relaxation
time T2, the chemical shift frequency of the fat at different field strengths, and also the choice of
echo times. We performed simulation to jointly analyze the bias on PDFF introduced by the
presence of ST2 at 1.5T and 3.0T, along with the in vivo study in Section 2.3.2. We estimated
PDFF and compared with the true PDFF, using signals including ST2 (Equations 5 and 6). The
simulation parameters include: six-peak fat spectrum®® with frequency shift = [0.6, -0.5, -1.95, -
2.6, -3.4, -3.8] ppm and relative amplitude = [4.7, 3.9, 0.6, 12, 70, 8.8]%, T2 = 25 ms for both
water and fat, PDFF = [0%, 10%], T2 = 0.01~1.00 ms, ST2 fraction = 10% retrospectively used
based on the preliminary in vivo estimation in Section 2.3.1, and no noise. Echo times of three
combinations from in vivo acquisitions in Section 2.3.2 were used: 1) Standard CSE: six echoes,
TEin/ ATE = 1.2/2.0 ms; 2) Short-TE CSE: six echoes, TEin/ATE = 0.7/1.3 ms; 3) UTE-CSE:
eleven echoes, TE =[0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0] ms. The signal at each echo
was generated using Equations 5 and 6. PDFF was then estimated using Equations 2 and 3 and

compared with the true PDFF.

2.3.4 Echo Time Optimization to Maximize Noise Performance of ST2

estimation

Optimization of echo times has been shown to improve the noise performance of
quantitative estimates in CSE-MRI techniques®. In this work, echo times were optimized to reduce
minimize the maximum bias and the maximum root-mean-square error (RMSE) of the estimated

ST2 fraction and Rz (R2. =1/ T2) over the combinations within a range of ST2 fraction and



24

T... A Monte-Carlo simulation with 1000 trials was used with parameters including: T2, = 0.20-
0.33ms, ST2 fraction = [5.0, 10.0, 15.0]%, PDFF = [0, 10.0, 20.0, 30.0, 40.0]%, T>" =50 ms. The
ranges of T2/ and the ST2 fraction were retrospectively chosen based on our preliminary in vivo
estimation at 3.0T described in Section 2.3.1 above. A SNR of 200 was used, which was similar
to the SNR measured using the ROI-based approach (i.e., signal average first and then fit) with the
in vivo data as stated in Section 2.3.1. An upper bound of 1.25 ms and a lower bound of 0.07 ms
were applied on T2 estimation to stabilize the estimation process.

Eleven echo images were acquired to restrict acquisition time within 40 minutes. The
potential choices of echo time combinations were narrowed down in this work with the following
constraints: 1) eleven echoes were divided into two groups, one with short echo times (<1 ms) for
capturing ST2 signals, one with relative long echo times (>1 ms) for quantifying water and fat, 2)
echo spacing was kept the same in individual echo time groups, 3) the first echo time in short echo
time group was fixed to be the minimum echo time achievable with the pulse sequence (TEo = 100
us), 4) the first echo time in the long echo time group was fixed to be 1 ms, which is a standard
first echo time used for liver CSE imaging at 3.0T. The four terms lead to an echo time

combination,

TE, + ATE, - n, 0<n<N,

TE:{1m5+ATEl-(n—N), n<N<1L 9)

where ATEs (0.02 ms < ATEs <0.23 ms) and ATE; (0.5 ms < ATE; < 1.5 ms) are the echo spacing

in short and long echo time groups, respectively, N (3 <N < 7) is the number of short echo times.
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2.3.5 Invivo quantification of ST2 at 3.0T

In order to investigate whether ST2 might correlate with the presence of liver disease,
especially collagen fibers as has been found in diseased models of other tissues!®®, we
preliminarily quantified the signal fraction and T." of ST2 and compared the quantification
between healthy and cirrhotic livers. Three cohorts consisting of healthy subjects, patients with
liver cirrhosis, and patients with hepatic steatosis (but no cirrhosis) were recruited and imaged at
3.0T using a 3D UTE-CSE acquisition with the optimized echo times in simulation (Section 2.3.4).
The acquisition trajectory and respiratory gating were the same as in the UTE-CSE in Section
2.3.1. Imaging parameters are listed in 21. The liver signals were measured and the ST2 fraction
and T2/ were estimated in the same way as that in Section 2.3.1. The average values of the ST2
fraction and T in three cohorts were compared. The P value was calculated by using a two-

tailed Mann-Whitney U test, and P<0.05 was considered significant.

2.4 Results

2.4.1 Initial characterization of ST2 in vivo

Six healthy subjects were recruited and imaged at 1.5T and 3.0T. 30 shows the UTE-CSE
images and plots of the liver signal intensity of two different healthy subjects at 1.5T (top) and
3.0T (bottom). No obvious motion artifacts are shown in the UTE multi-echo images. The
measured liver signals at echo times less than 1 ms (hollow circles) are elevated and show faster
decay rate than the signals at echo times larger than 1 ms, compared with the extrapolated signals

of water and fat from Equation 3 using echo times larger than 1 ms (solid circles). In the MnCl.-
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doped water phantom, the measured signals at short echo times less than 1ms are not elevated in
the UTE-CSE acquisition (Figure 3), demonstrating that the elevated liver signal at short echoes
originate from the tissue itself and not from acquisition artifacts.

In the six volunteers as shown in Table 2, a ST2 fraction of 9.6+1.8% with a T2,/ of
0.21+0.08 ms were observed at 3.0T, and a ST2 fraction of 14.2+1.1% with a T2,/ of 0.80+0.24
ms were observed at 1.5T. The ST2 fraction of subjects estimated at 1.5T are all higher than that

estimated at 3.0T with P<0.01. T,/ at 1.5T are all longer than that at 3.0T with P<0.01.

2.4.2 Effect of ST2 on in vivo PDFF estimation

Fourteen healthy subjects and five patients with suspected hepatic steatosis were recruited
and imaged at 1.5T, and six healthy subjects, five patients with suspected liver cirrhosis and five
patients with hepatic steatosis were recruited and imaged at 3.0T. Portions of the data at 1.5T have
been previously reported*®. At 1.5T, six healthy subjects out of the fourteen healthy subjects were
imaged with 3D radial UTE-CSE.

The plots of the liver signal intensity of a healthy subject acquired in standard CSE and
short-TE CSE acquisitions at 1.5T are shown in Figure 4. Figure 5 and Figure 6 depict the Bland-
Altman analysis of fat quantification using CSE-MRI compared to MRS at 1.5T and 3.0T,
respectively.

At 1.5T, PDFF estimation is accurate using all six echoes or when the first echo is discarded
in standard CSE (Figure 5A). A 1.7% positive bias of the estimated PDFF (P<0.01) is observed
when all echoes are used in short-TE CSE (“x” in Figures 5B and 5C). This bias can be reduced

by discarding the first echo in short-TE CSE (diamond in Figures 5B and 5C). In addition, a 3.4%
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positive bias of the estimated PDFF (P<0.01) is observed in UTE-CSE using all echoes (“x” in
Figure 5D) and the bias can be reduced by discarding the short echoes (diamond in Figure 5D).

At 3.0T, however, the PDFF estimation in short-TE CSE is not significantly different when
all echoes are used or when the first echo is discarded (Figures 6B and 6C). A bias of 0.9%, respect
to PDFF estimated in STEAM-MRS, is observed and reduced to 0.2% in standard CSE using all
six echoes and when the first echo is discarded, respectively (Figure 6A). In UTE-CSE, a 3.2%
positive bias of the estimated PDFF (P<0.01) is also observed using all echoes (“x” in Figure 6D)
and the bias can be reduced by discarding the short echoes (diamond in Figure 6D).

The plots of the liver signal intensity of a healthy subject acquired in standard CSE and
short-TE CSE acquisitions at 1.5T are shown in Figure 4. Figure 5 and Figure 6 depict the Bland-
Altman analysis of fat quantification using CSE-MRI compared to MRS at 1.5T and 3.0T,
respectively.

At 1.5T, PDFF estimation is accurate using all six echoes or when the first echo is discarded
in standard CSE (Figure 5A). A 1.7% positive bias of the estimated PDFF (P<0.01) is observed
when all echoes are used in short-TE CSE (“*x” in Figures 5B and 5C). This bias can be reduced
by discarding the first echo in short-TE CSE (diamond in Figures 5B and 5C). In addition, a 3.4%
positive bias of the estimated PDFF (P<0.01) is observed in UTE-CSE using all echoes (“x” in
Figure 5D) and the bias can be reduced by discarding the short echoes (diamond in Figure 5D).

At 3.0T, however, the PDFF estimation in short-TE CSE is not significantly different when
all echoes are used or when the first echo is discarded (Figures 6B and 6C). A bias of 0.9%, respect
to PDFF estimated in STEAM-MRS, is observed and reduced to 0.2% in standard CSE using all

six echoes and when the first echo is discarded, respectively (Figure 6A). In UTE-CSE, a 3.2%
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positive bias of the estimated PDFF (P<0.01) is also observed using all echoes (“x” in Figure 6D)
and the bias can be reduced by discarding the short echoes (diamond in Figure 6D).

In the MnCl2-doped water phantom, the estimated PDFF is 0.01% at 1.5T and -0.06% at
3.0T using all echoes, and 0.05% at 1.5T and 0.33% at 3.0T discarding the short echoes in UTE-
CSE (Figure 7). It demonstrates that the bias of the estimated in vivo PDFF using all echoes in
UTE-CSE is due to factors other than eddy currents, and originates from short echo time signals

from the tissue itself.

2.4.3 Effect of ST2 on PDFF estimation based on the proposed signal model

Figure 8 shows the simulation results of the bias on PDFF with a true PDFF of 0% (solid
lines and dashed lines) or 10% (lines with cross and solid circles) at 1.5T (Figure 8A, 8C) and 3.0T
(Figure 8B, 8D) in the presence of ST2 with a fraction of 10%. Using standard CSE and short-TE
CSE (Figure 8A, 8B), the bias in PDFF estimates increases as T2, increases at both 1.5T and 3.0T,
i.e., when the ST2 signals decay slower, leading to more residual signals at longer echo times used
for water and fat estimation. At 1.5T, the bias is eliminated when estimating PDFF using long echo
times, i.e., standard CSE (dashed lines and lines with solid circles), compared to the estimations
using short echo times, i.e., short-TE CSE (solid lines and lines with cross). At 3.0T, however, the
bias in standard CSE and short-TE CSE is smaller than that at 1.5T for a given T2 . Moreover,
the bias in standard CSE (dashed lines and lines with solid circles) is not substantially reduced
compared to the short-TE CSE (solid lines and lines with cross).

In UTE-CSE (Figure 8C and 8D), the bias on PDFF is observed using all echo times (solid

lines and lines with cross) and can be substantially reduced in the estimations using echo times
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longer than 1 ms (dashed lines and lines with solid circles). The effects of ST2 on PDFF estimation

based on the complex signal model is shown in Figure 9.
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Figure 2. The liver signal of two different healthy volunteers. The liver signal of two different healthy volunteers at multiple echo
times in UTE-CSE imaging (upper left: 1.5T, lower left: 3.0T) shows dramatically faster decaying rate at echo times less than 1ms than
the decaying rate of water and fat signals echo times larger than 1ms at both 1.5T (upper right) and 3.0T (lower right), suggesting the
presence of an unknown liver signal component with a short T>" value. A ST2 fraction of 17.3%, a T2, of 0.87 ms, a fat fraction of
0.8% and a T>" 0f 39.0 ms were estimated in the subject at 1.5T based on the proposed liver signal model (Equation 3). A ST2 fraction
0f 10.5%, a T>, 0f 0.53 ms, a fat fraction of 1.9% and a T>" of 33.0 ms were estimated in the subject at 3.0T based on Equation 3.
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Figure 3. The UTE-CSE signal of a water phantom. The signal intensity of a MnCl>-doped (0.2
mM) water phantom in radial UTE-CSE acquisition imaged at both 1.5T (upper) and 3.0T (lower).
The measured signals at short echo times (hollow circles) are not elevated compared to the
extrapolated signals of water and fat using echo times larger than 1 ms (solid circles). In the MnCl.-
doped water phantom we did not observe elevated signals at short echoes suggesting that factors
other than eddy currents, likely originating from the tissue itself, resulted in the elevated in vivo
liver signal at short echoes we observed (30). The image parameters of the radial UTE-CSE
acquisition are those used in the in vivo UTE-CSE acquisitions in Section 2.3.1.
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Table 2. Subjects information and ST2 quantification. Subjects information and the estimation
of the ST2 signals at 1.5T and 3.0T.

Age Cirrhosis ST2 Fraction 3.0T T, ; 3.0T+ ST2 Fraction T, 5*3_0T>< ST2 Fraction T, (* 15T

Subject ID  Gender L. + , « , % s
(year)  Stage  Optimized TE (%)  (ms) 3.0T" (%) (ms) 1.5T" (%) (ms)
CP1 F 55 A 5.8 0.25 N/A N/A N/A N/A
CP2 M 57 B 4.9 0.13 N/A N/A N/A N/A
CP3 M 60 A 9.3 0.16 N/A N/A N/A N/A
CP4 F 70 B 1.7 0.24 N/A N/A N/A N/A
CP5 F 51 B 7.4 0.23 N/A N/A N/A N/A
meanzstd 7.0£1.7 0.20+0.05
FP1 F 59 N/A 5.5 0.08 N/A N/A N/A N/A
FP2 M 58 N/A 9.1 0.10 N/A N/A N/A N/A
FP3 F 29 N/A 6.3 0.10 N/A N/A N/A N/A
FP4 M 57 N/A 8.6 0.13 N/A N/A N/A N/A
meanzstd 7.4+1.7 0.10+0.02
H1 F 23 N/A 10.7 0.25 11.0 0.29 14.0 0.99
H2 M 39 N/A 7.3 0.14 7.6 0.11 13.8 0.48
H3 M 33 N/A 9.2 0.23 7.0 0.16 15.2 0.65
H4 F 26 N/A 10.7 0.28 11.1 0.32 15.9 1.14
H5 M 31 N/A 11.2 0.22 10.3 0.18 13.2 0.67
H6 F 26 N/A 8.6 0.23 10.9 0.23 13.3 0.84
meanzstd 9.6+1.5 0.23+£0.05 9.6+1.8 0.21+0.08 14.2+1.1 0.80+0.24

*Data in Section 2.3.1; "Data in Section 2.3.5; CP, patient with diagnosed cirrhotic liver disease; FP, patient with hepatic steatosis
(but no cirrhosis); F, female; M, male; H, healthy volunteer; N/A, not available; std, standard deviation
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Figure 4. Liver CSE signals of a healthy subject at 1.5T. At 1.5T, representative images of a healthy subject at multiple echo times
from standard CSE (A) and short-TE (B) acquisitions and the liver signals across echo times (C). The measured signal at the first TE in
short-TE CSE (hollow circle) is elevated compared to the extrapolated signal of the water and fat using long echo times based on
Equation 2 (solid circle), suggesting the presence of a rapidly decaying signal component. The images are from the same subject shown
in 30 at 1.5T. The elevated signals at short echo times in short-TE CSE, compared to the extrapolated signal of water and fat using long
echo times based on Equation 2 are consistent with the signal elevation at the first echo time in UTE-CSE in 30.
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Figure 5. Bland-Altman analysis on PDFF estimation at 1.5T. At 1.5T, Bland-Altman analysis
on PDFF estimation shows a positive bias of the estimated PDFF using all echoes in both short-
TE CSE (“x” in B and C) and UTE-CSE (“x” in D) and can be eliminated by discarding the short
echoes (diamond in B and D). The fat estimation is accurate using standard CSE using all six
echoes or when the first echo is discarded (A).
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Figure 6. Bland-Altman analysis on PDFF estimation at 3.0T. At 3.0T, Bland-Altman analysis
on PDFF estimation shows a positive bias of the estimated PDFF using all echoes in UTE-CSE
(“x” in D) and can be eliminated by discarding the short echoes (diamond in D), while the accuracy
of the estimated PDFF in short-TE CSE is not improved by discarding the short echoes (B and C).
In standard CSE (A), a small bias is observed and reduced in standard CSE using all six echoes
and when the first echo is discarded, respectively



Water-only Image

PDFF PDFF
0.01£1.19% 0.05+1.86%

Water-only Image

PDFF PDFF
-0.60+0.63% 0.33+1.38%

Figure 7. Water and PDFF maps of the water phantom using UTE-CSE. Water structural reference images (left column) and PDFF
maps in CSE reconstruction of the MnCl,-doped water phantom using all echo times (middle column: TEs=0.1~6 ms) and excluding
short echo times (right column: TEs=2~6 ms) in the radial UTE-CSE acquisitions at both 1.5T and 3.0T. The estimated PDFF using all
echoes (0.01% at 1.5T and -0.06% at 3.0T) or using only long echoes (0.05% at 1.5T and 0.33% at 3.0T) is consistent with the true
PDFF=0% in this MnCl,-doped water phantom. As in the MnCl>-doped water phantom, we did not observe bias on PDFF using all
echoes in UTE-CSE, suggesting that factors other than eddy currents, likely originating from the tissue itself, resulted in the bias on in
vivo PDFF using all echoes in UTE-CSE (Figure 5 and Figure 6).
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2.4.4 Echo Time Optimization to Maximize Noise Performance of ST2

estimation

Figure 10 shows the maximum RMSE of the ST2 fraction (A, B, C) and Rz (D, E, F) in
the Monte-Carlo simulation. Figures 10A and 10D show the maximum RMSE with varying echo
spacing ATEs and ATE; at number of short echo times N equal to 4. Figures 10C and 10F shows
the maximum RMSE with varying echo spacing ATEs and numbers of short echo times N at echo
spacing of long echo times ATE, equal to 1.0 ms.

In Figures 10A and 10D, maximum RMSE is large when ATE:s is either shorter than 0.02
ms or longer than 0.2 ms, and increase as ATEs increases from 0.08 ms to 0.23 ms. Maximum
RMSE decreases as ATE; increases in the range of 0.5 ms to 1.5 ms. Figures 10B and 10E delineate
the second and third columns in Figures 10A and 10D, describing RMSE at ATEs=0.05 ms (solid
line) and 0.08 ms (dashed line). The influence of ATE, on the maximum RMSE is small when ATE,
is in the range of 1.0 ms to 1.5 ms. A ATE, of 1.0 ms is thus used to shorten TR, so as to reduce
the acquisition time. In Figures 10C and 10F, maximum RMSE is shown to increase when N
increases from 4 to 7. The lowest maximum RMSE is obtained at a N of 4 and a ATEs of 0.05 ms.

According to the RMSE results, the optimized echo times are four ultrashort echo times
starting with the 100 us and having an echo spacing of 0.05 ms, and seven relatively long echo
times starting with 1.0 ms and having an echo spacing of 1.0 ms. Moreover, the maximum bias at
different echo time combinations follows a similar trend as the maximum RMSE. Consequently,

the optimized echo times also favor minimizing the maximum bias of the ST2 fraction and T2,
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The actual echo times were rounded up to the closest feasible time for UTE MRI, i.e., TE =[0.10,

0.15, 0.20, 0.25, 1.00, 2.00, 3.00, 4.00, 5.00, 6.00, 7.00] ms.

2.4.5 Invivo quantification of ST2 at 3.0T

The six healthy subjects imaged with radial UTE-CSE, the five patients with liver cirrhosis
and five patients with hepatic steatosis (but no cirrhosis) imaged at 3.0T in Section 2.3.2 were also
imaged using the optimized UTE-CSE at 3.0T. The UTE-CSE data of one patient with hepatic
steatosis were excluded because of excessive motion-related artifacts.

The plot of the liver signal intensity of a healthy subject is shown in Figure 11. The
estimated ST2 fractions of all subjects are above 4.9% as shown in Table 2, demonstrating the
consistent existence of the ST2 in the liver in different human cohorts. The ST2 fraction in the five
patients with liver cirrhosis and the four patients with hepatic steatosis (but no cirrhosis) are
7.0£1.7% and 7.4+1.7%, respectively, compared to 9.6£1.5% in healthy subjects, although the
difference was not statistically significant (P=0.08) as shown in Figure 12. T2/ of 0.20+0.05 ms
in patients with liver cirrhosis is not significantly different from that of 0.23+0.05 ms in healthy
volunteers (P=0.79), while T2, 0f0.10+0.02 ms in patients with hepatic steatosis (but no cirrhosis)
is significantly lower than that in healthy volunteers (P=0.01) and in patients with liver cirrhosis

(P=0.03).
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Figure 8. Simulations on the bias on PDFF estimation due to ST2. In simulation, the bias on
PDFF estimation due to the presence of ST2 with a signal fraction of 10% is apparent in Short-TE
CSE at 1.5T (A) and UTE-CSE at both 1.5T and 3.0T (C and D). The bias is reduced in estimations
using only long echo times, i.e., Standard CSE at 1.5T (A) or UTE-CSE with echo times larger
than 1ms at both field strengths (C and D). The bias is not obvious in Short-TE CSE or Standard
CSE at 3.0T (B).
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Figure 9. Simulations on the bias on PDFF estimation with complex signals. Simulations of
the proposed complex liver signal model. The bias on PDFF estimation due to the presence of ST2
with a signal fraction of 10% is apparent in Short-TE CSE at 1.5T (A) and UTE-CSE at both 1.5T
and 3.0T (C and D). The bias is reduced in estimations using only long echo times, i.e., Standard
CSE at 1.5T (A) or UTE-CSE with echo times larger than 1ms at both field strengths (C and D).
The bias is not obvious using Short-TE CSE or Standard CSE at 3.0T (B). In this simulation
analysis, the bias on PDFF due to the presence of ST2 in the complex-based method is reduced
but not diminished, compared to the magnitude-based method (Figure 8). Thus, the in vivo PDFF
estimation using complex-based method may still be confounded by the presence of ST2 if
uncounted for.
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Figure 10. Echo time optimization using Monte-Carlo simulation. At 3.0T, Monte-Carlo simulation at a SNR of 200 shows that the
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and number of short echo times N=4. The maximum RMSE increases when ATE>0.08 ms or ATE<0.05 ms, and decreases when
ATE>0.75 ms at number of short echo times N equal to 4 (A, D). The influence of ATE; on the maximum RMSE is small when ATE; is
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Figure 11. Liver signals of a healthy subject using UTE-CSE with optimized echo times. Fast
decaying signals of ST2 (round circles) are successfully captured at the first four ultrashort echo
times in the proposed optimized UTE-CSE at 3.0T, as well as the signal variations due to the
chemical shift effects of the fat captured at the seven long TEs. The signal fit to the proposed multi-
component liver signal model (solid line) shows a ST2 fraction of 11.0%, a T2,/ of 0.32 ms, a fat
fraction of 1.8% and a T," of 25.5 ms.
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Figure 12. ST2 fraction and T," of subjects at 3.0T. At 3.0T, the ST2 fraction (left) and T,
(right) of six healthy volunteers, five patients with liver cirrhosis and four patients with hepatic
steatosis (but no cirrhosis) estimated in the proposed optimized UTE-CSE acquisitions.
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2.5 Discussion

In this work, we have demonstrated the consistent presence of ST2 in the liver of healthy
subjects, patients with liver cirrhosis and patients with hepatic steatosis by using a proposed UTE-
CSE acquisition. In addition, we have demonstrated the presence of the ST2 signals leads to bias
on liver fat quantification using CSE-MRI acquisition with short echo times.

The ST2 signal fraction that is preliminarily quantified at 3.0T is not significantly different
between healthy subjects and patients with liver cirrhosis, suggesting that the origin of the ST2
signal may not be related to collagen tissue content, as patients with cirrhosis are expected to have
a four- to sevenfold increase in collagen content®. In healthy volunteers who were imaged at both
3.0T and 1.5T, a longer T,/ was estimated at 1.5T compared to the estimation at 3.0T in the same
subject. Although higher SNR may be achieved at 3.0T, the shorter T2/~ may limit SNR benefit at
3.0T and affect the accuracy of the ST2 quantification, potentially leading to the discrepancy of
the ST2 fractions estimated in the same subject at two field strengths.

The elevated in vivo liver signals at short echo times relative to the expected liver signal
and the presence of bias in PDFF demonstrated that ST2 signals impact reproducibility of CSE fat
quantification if unaccounted for. The confounding effects of the ST2 signals on liver fat
quantification in Cartesian CSE using short echo times at 3.0T is not apparent in vivo, compared
to the effects at 1.5T. The faster decay of in vivo ST2 signals at 3.0T, indicated by the shorter T2/,
may result in reduced bias on PDFF compared to that with a longer T2/ at 1.5T, as shown in
simulations. Furthermore, the water and fat signals at the short initial echo time (0.6 to 0.7 ms) are

closer to in-phase at 1.5T compared to that at 3.0T due to the difference of water-fat chemical shift
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frequencies. Therefore, the same amount of signal elevation due to ST2 potentially results in a
larger error on PDFF estimation at 1.5T, as shown in simulation.

In addition to PDFF estimation, R2" (1/T2") can be obtained from CSE-MRI acquisitions
as a biomarker for liver iron overload®*®162, UTE-based R," mapping has been proposed for
quantifying liver iron overload but has not considered the effect of ST2 on R;" estimation®253, It is
possible that the presence of ST2 signals may confound R2* quantification if not included in the
liver signal model at short echo times. Further analysis of this effect is required in future studies.

This study has several limitations. First, patients with a broader range of PDFF need to be
studied at 1.5T to evaluate the bias of PDFF estimation using short echo times less than 1 ms. In
addition, echo time optimization for the ST2 quantification and the ST2 quantification of patients
with liver cirrhosis were performed only at 3.0T in this study. The relatively long T, at 1.5T,
compared to the study at 3.0T in this work, may potentially benefit the ST2 quantification at 1.5T.
Optimization of the echo times in UTE-CSE and patient studies at 1.5T are needed in the future.
Further, we note that an ROI-based (i.e., signal average first and then fit) magnitude fitting was
used in this work in order to estimate the fast decaying signals of ST2 with high SNR and also to
avoid the effects of phase errors in the complex data. A homogenous distribution of ST2 in the
liver was assumed, although the validity of this assumption is unknown. In future studies, the high
spatial resolution used with 3D UTE-CSE in this study may not be necessary and could be reduced
to increase SNR and shorten scan time.

In addition, since the T1 value of ST2 is unknown, it is possible that the images may be
slightly T1-weighted such that the signal fraction of ST2 may contain T1 bias and may not represent
a true proton density fraction. Therefore, the signal fraction may be affected by acquisition

parameters that impact T1 weighting, specifically TR and flip angle. The potential T1 bias may also
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lead to the discrepancy of the ST2 fractions estimated in the same subject at two field strengths
since Ty is field strength dependent.

Exact quantification of short T, signal component is challenging and may be biased by
UTE-CSE MRI technique. For example, the radiofrequency pulse duration is known to confound
short T excitation, due to appreciable relaxation during the excitation®. In this work, we utilized
a short duration, high bandwidth pulse to minimize potential excitation errors. However, a higher
level of accuracy may be achievable in future studies using a Bloch equation-modeled method®.
As a further limitation, systematic bias in UTE-CSE MRI can arise from eddy currents and receiver
switching fidelity. These effects were evaluated in phantoms but may be sensitive to tissue
relaxation properties and patient setup.

Further, the signal model of ST2 proposed in this work is empirical, i.e., based on our
preliminary in vivo observations and also from previous studies in other tissues that model the
short T," signal as a mono-exponential, on-resonance signal decay. However, the accuracy of this
signal model requires further validation. Ex-vivo human liver or small animal NMR experiments
may be performed in the future to identify the exact ST2 signal component and improve the signal
modeling of the liver. Moreover, echo times used in the ST2 quantification were optimized in
simulation following several constrains based on the assumed signal model as well as the
preliminarily quantified ST2 fraction and T,". The first echo time in the long echo time group,
where the ST2 signals were assumed to have decayed away, could be further optimized in the

future based on the ST2 quantification of the larger population in this study.
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2.6 Conclusion

We have described and provided preliminarily quantification of the signal fraction and T2"
of a liver short T," signal component in different human cohorts, and have demonstrated the
consistent presence of this signal in vivo. Importantly, quantification of liver PDFF is confounded
by ST2 when short echo times are used in CSE-MRI. Future studies are needed to characterize the
MRI properties of ST2, to identify its origin, and to develop strategies that mitigate its impact on

liver PDFF quantification using CSE-MRI.
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Chapter

3. Characterization of Anisotropic Imaging
Resolution Induced Bias in Liver Quantitative

Susceptibility Mapping

3.1 Introduction

Excess iron accumulation in the body is toxic and can damage organs where iron deposits,
such as the liver, pancreas, and heart. Liver iron concentration (LIC, units = mg Fe/g dry liver) is
widely considered as the best overall metric of total body iron content®®. Accurate detection and
staging of LIC are needed to inform clinical iron-reducing treatments based on therapeutic
phlebotomy or chelation therapy. Liver biopsy is considered the standard for iron quantification®®
but its clinical and research efficacy is limited due to its invasiveness and large sampling variability.
Superconducting quantum interference device (SQUID)®®, a non-invasive technique to measure
tissue magnetic susceptibility that linearly correlated with the iron concentration, has been
validated to accurately quantify LIC. However, the high cost and limited availability of SQUID
deter its wide use in clinic and research.

MRI is a non-invasive technique for quantifying iron content due to its sensitivity to the
presence of iron®. lron is paramagnetic and introduces field inhomogeneities in the static magnetic

field. Tissue T2 (=1/R2) and T2" (=1/R2") relaxation rates are shortened and R, and R2" have been
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shown to be strongly correlated with iron concentration®”®8, However, liver R;" may be
confounded by other factors including the presence of hemorrhages or the microscopic iron
distribution®®7%71etc. Importantly, tissue susceptibility, a fundamental property of tissue, is
affected by the presence of iron and has been shown to be insensitive to the microscopic iron
distribution in phantoms®®"2. Consequently, MRI-based quantitative susceptibility mapping (QSM)
IS @ promising non-invasive technique to assess LIC in patients with iron overload.

In liver QSM, tissue susceptibility is estimated from the Bo field which can be encoded and
extracted from the image phase in 3D chemical shift-encoded (CSE) MRI*. The accuracy of the
image phase, however, has been found to be dependent on imaging resolution by different research
groups*+1>737 ‘Indeed, Gibbs phenomenon introduces truncation artifacts in phase images with
low resolutions, especially in tissue boundaries. Unlike R2" estimated from signals pixel-by-pixel,
the susceptibility estimation is obtained through the deconvolution of the entire phase map.
Unfortunately, the Gibbs ringing artifacts are disseminated to the entire susceptibility map.
Therefore, the spatial resolution may result in confounded estimation of tissue susceptibility.

The range of achievable spatial resolutions in liver QSM is limited by several factors.
Acquisition of the 3D liver volume is normally obtained in a single breath-hold to reduce
respiratory motion-induced image artifacts. In addition, the range of LIC is relatively broad,
leading to high R;" especially at high iron content. Subsequently, a short first echo time is needed
to capture the fast decaying signal. In Cartesian CSE-MRI, the need for a short scan time limits
imaging resolution along the phase-encoding directions, whereas the need for short first echo time
limits resolution along the readout direction. Due to these constraints, anisotropic imaging
resolution is typically obtained in Cartesian-based liver QSM. Non-Cartesian techniques including

cones and radial acquisitions enable ultrashort echo time (UTE) while maintaining high spatial
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resolution’. The relatively long scan time and the sophisticated calibration and reconstruction
algorithms needed to diminish system errors in UTE MRI techniques limit the clinical efficacy
without comprehensive validation studies.

Previous studies have demonstrated that the accuracy of susceptibility measurements
depend on the acquired image resolution in phantom, simulations and in vivo human brains4157374,
Images with reduced isotropic resolution or resolution in the superior-inferior direction (main Bo
field direction) result in reduced susceptibility contrast and errors in susceptibility measurements.
Further, it has been noted that resolution-induced QSM errors vary in organs with different shapes
and tissue contrasts, as well as depend on the imaging direction and reconstruction methods*®. The
liver is irregular in shape, especially compared to the relatively left-right symmetric brain and is
surrounded by organs and tissues with varying MRI properties. Additionally, the anisotropic
resolutions obtained in liver QSM also differs from phantom or brain QSM where approximately
isotropic resolution is usually achieved. Therefore, the characterization of resolution effects along
the different MRI encoding directions is highly desirable.

The purpose of this work was to characterize the bias in liver QSM with anisotropic
imaging resolution. This assessment may guide subsequent optimization of the imaging protocols

and reconstruction algorithms for accurate and robust liver QSM.

3.2 Methods

3.2.1 Simulation

A numerical abdominal phantom was created by segmenting a high-resolution post-

contrast Ti-weighted patient MR image as shown in Figure 13. Realistic 1.5T MRI properties
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including R1, R2", PDFF, and susceptibility were assigned to the tissue of liver, arterial blood,
muscle, subcutaneous fat, spleen, lung and others, as shown in Table 3. A six peak fat spectrum®®
with frequency shift = [0.6, -0.5, -1.95, -2.6, -3.4, -3.8] ppm and relative amplitude = [4.7, 3.9, 0.6,
12.0, 70.0, 8.8]% was used to model the chemical shift effects of the fat. 3D multi-echo spoiled
gradient-echo (SGRE) images with 1.5x1.5x1.8 mm? resolution were simulated. The simulation
parameters include: 6 echoes, TEint/ATE = 1.2/2.0 ms, TR = 14.6 ms, flip angle = 5°. The BO field
map was obtained by calculating the convolution of the tissue susceptibility map and the dipole
kernel. The complex signal at each echo was then generated using Equation 1 in Hernando et al®®.

The multi-echo gradient-echo images were downsampled with different ratios, e.g., X1, x2,
x3, x4, along the liver left-right and superior-inferior direction, separately, using zero-padding.
Water, PDFF, R,", and field maps were estimated from each dataset of the multi-echo images with
different acquired resolutions using a chemical shift-encoded reconstruction’®. Susceptibility maps
were obtained using a liver QSM reconstruction with combined Laplacian background field
removal and dipole inversion in one step, with a L2-norm regularization®.

We evaluated the susceptibility measurements in regions-of-interest (ROIs) in different
regions of the liver. An elliptical ROI in the left liver lobe, in the top liver, and in the bottom liver,
separately, were drawn, as shown in Figure 14. Adjacent tissues, either subcutaneous fat or nearby

water, were used as a susceptibility reference.

3.2.2 Invivo experiments

All in vivo studies were HIPAA compliant and were approved by the local Institutional

Review Board (IRB). In total, 27 subjects with known or suspected liver iron overload were
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scanned at 1.5T after obtaining informed written consent. MRI data were retrospectively analyzed

for 11

(a).3D MIP of the post-contrast T1-weighted image (b). 3D segmen tigns ot;the liver phantom

Figure 13. Numerical abdominal phantom.

Table 3. Tissue MRI properties in the numerical phantom.
Tissues / Organs  Susceptibility (ppm) R2’l= (s_l) PDFF (%) R, (s_l)

Liver -6 206 0 1.68
Muscle -7.38 20 0 0.88
Subcutaneous Fat -7 30 100 3.47
Spleen -7.12 55 0 0.95
Blood (Arterial) -9 254 0 0.70
Lung (Air) 0 10000 0 10000
Other -9 10 0 0.25

subjects imaged with two breath-held 3D SGRE-MRI with different left-right imaging resolutions
(Protocol-LR #1 and #2), and 16 subjects imaged with two different superior-inferior resolutions
(Protocol-SI #1 and #2). The imaging parameters include: Protocol-LR #1: 6 echoes, TEint/ATE =

1.2/2.0 ms, TR = 14.6 ms, flip angle = 5°, acquired resolution = 1.7x2.3x8.0 mm?; Protocol-LR
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#2: 12 echoes, TEin/ATE = 0.8/0.7 ms, TR = 9.6 ms, flip angle = 5°, acquired resolution =
2.5%2.5x8.0 mm?; Protocol-Sl #1: 6 echoes, TEin/ ATE = 1.2/2.0 ms, TR = 14.6 ms, flip angle =
5°, acquired resolution = 1.7x2.5x6.0 mm?, 6 echoes, TEin/ATE = 1.2/2.0 ms, TR = 14.6 ms, flip
angle = 5°, acquired resolution = 1.7x2.3x10.0 mm?,

To isolate the effect of resolution, images of higher acquired resolution (Protocol-LR #1/-
Sl #1) were downsampled to match the resolution in Protocol-LR #2/-S1#2, respectively, and
labeled as Protocol-LR #1/-SI #1 downsampled. Water, PDFF, R;", and field maps were estimated
from each dataset using the chemical shift-encoded reconstruction’®. Susceptibility maps were
obtained using the liver QSM reconstruction®. The liver susceptibility was measured in a large
elliptical ROI drawn at the right lobe of the liver using adjacent subcutaneous fat tissue as a
susceptibility reference. In vivo susceptibilities obtained from different protocols were compared

using linear regression and Bland-Altman analysis.

3.3 Results

In the numerical simulation (Figure 14), ringing artifacts appear at the boundaries in the
susceptibility map after downsampling. The low imaging resolution in different directions at a
fixed downsampling ratio leads to varying biases in liver susceptibility measurements (AyLiver) in
different ROIs (purple). Downsample-LR (red, AxLiver=0.6-1.0 ppm) leads to a bigger bias in the
ROI at the right of the liver (star marker, true liver susceptibility relative to the subcutaneous fat=1
ppm) compared to that in downsample-SI (blue, AyLiver=0.9-1.0 ppm) at a fixed downsampling
ratio. A similar amount of bias in the ROI at the bottom of the liver (round marker, true liver
susceptibility relative to water=3 ppm) is observed in downsample-LR (Ayvive=1.8-3.0 ppm) or

donwsample-SI (AyvLiver=1.7-3.0 ppm). A smaller bias in the ROI at the top of the liver (triangle
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marker, true liver susceptibility relative to water=3 ppm) in downsample-LR (AyLiver=2.6-3.0 ppm)
is observed compared to that in donwsampling-SI (AyLive=1.7-3.0 ppm).
In the subjects imaged with different LR resolutions, the susceptibility map of one subject
in Protocol-LR #2 (lower left-right resolution) is blurred compared to that in Protocol-LR #1
(Figure 15A). The estimated liver susceptibility relative to the subcutaneous fat ranges from -0.3
ppmto 4.4 ppm in all 11 subjects. The liver susceptibilities of all subjects measured in the protocol
with high LR resolution (Protocol-LR #1) are higher than that measured in protocols with low LR
resolution (Protocol-LR #1 downsampled and Protocol-LR #2), especially at high liver
susceptibilities (Figure 15B). The estimated liver susceptibilities are similar in protocols with
same imaging resolution, i.e., Protocol-LR #1 downsampled and Protocol-LR #2 (Figure 15B),
indicated by a slope of 1.06 in the linear regression analysis.
The estimated liver susceptibility relative to the subcutaneous fat ranges from -0.2 ppm to
2.8 ppm in all 16 subjects, as shown in Figure 15D. The liver susceptibilities of all subjects
measured in protocols with/without downsampling in SI imaging resolutions are similar, indicated
by a slope close to 1 in the linear regression analysis. The liver susceptibilities estimated in the
protocol with lower acquired resolution (Protocol-SI #2) are slightly lower than that measured in
the protocol with higher acquired resolution (Protocol-SI #2), especially at high liver

susceptibilities.
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Figure 15. In vivo liver susceptibility measurements. The susceptibility map of one subject in
Protocol-LR #2 (lower left-right resolution) is blurred compared to that in Protocol-LR #1 (A). In
linear regression (B), the susceptibilities of all subjects measured in Protocol-LR #1 with
downsampling and Protocol-LR #2 are similar (which have the same imaging resolution but
different TEs and TRs) but are both lower than that measured in Protocol-LR #1, especially at high
liver susceptibilities. This strongly suggests the liver left-right imaging resolution affects the QSM
estimates. The susceptibilities measurements in the three Protocol-SI are similar, as shown in the
susceptibility map of one subject (C) and linear regression of measurements of all subjects (D)



56

3.4 Discussion

In this study, we thoroughly characterized the effect of low image resolution in two
directions separately, i.e., the in-plane left-right direction and the through-slice superior-inferior
direction in liver QSM. Compared to previous studies assessing the effects of image resolution on
QSM, which have been mainly focused on the through-slice direction, this study of the left-right
imaging resolution is particularly necessary for quantification of high LIC, e.g., with severe liver
iron overload. The shortening of tissue T2" (e.g., <1.5 ms at 1.5T) in the presence of high LIC
(e.g., >20 mg/g dry tissue) leads to a fast signal decay. A short first echo time is thus highly
desirable, however, this limits the readout resolution which is typically the liver left-right direction.
Therefore, assessing the effect of the left-right resolution on the accuracy of QSM provides
guidance on joint optimization of the echo time and the imaging resolution in liver QSM.

ROI sampling of quantitative measurements is necessary due to the spatial heterogeneity
of LIC"". However, the spatial variation of the susceptibility bias caused by low image resolutions
suggests that ROl sampling of the liver susceptibility measurements affects the characterization of
the resolution effects on liver QSM. Additionally, the susceptibility interface of the liver tissue to
the adjacent reference tissue, including the direction of tissue boundaries and the susceptibility
contrast, varies spatially as the liver is surrounded by multiple organs with different MRI properties.
The low image resolution thus results in different amounts of bias on the susceptibility contrast
depending on the downsampling directions and ROI sampling scheme, which has been
hypothesized in Karsa et al®.

In patient studies, the susceptibility measurements from the acquired low-resolution

images agrees with that from the retrospectively downsampled images with a same low resolution.
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This agreement indicates that the image resolution substantially affect in vivo liver QSM besides
other confounding factors like motion and noise. Our results are consistent with the previous study
on the effect of spatial resolution in brain QSM®,

In agreement with previous studies, the effect of image resolution depends on the shape of
the object and MRI properties. Thus, whether the observations in liver QSM can be applied to
brain QSM is unknown. A comprehensive analysis on the low in-plane imaging resolution in the
brain might be valuable, especially in functional QSM where the in-plane resolution is limited due
to the need of a fast acquisition’® ",

High resolution along the superior-inferior direction is potentially achievable by limiting
the FOV coverage. However, it has been reported that the reduction of the FOV coverage in the
brain may affect the accuracy of QSM, depending on the ratio between the size of the ROI along
the superior-inferior direction to the FOV coverage along the superior-inferior direction'®. The
evaluation the FOV coverage in liver QSM is future work.

This study has several limitations. First, the number of in vivo cases is limited, especially
at high liver susceptibilities. A larger dataset is needed to further confirm the observations on the
susceptibility bias in this study. Similarly, simulations with varying liver susceptibilities are also
needed to comprehensively analyze the resolution effects. In addition, the characterization of bias
oninvivo liver QSM can be further improved by comparing with standard susceptibility references
from SQUID®. Moreover, the susceptibility estimate has been shown to depend on the
reconstruction algorithm®®. Therefore, characterization of this resolution-induced bias on liver
QSM with different reconstruction algorithms is needed, including morphology enabled dipole

inversion (MEDI) based QSM that has been used in brain and body applications’®.
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3.5 Conclusion

We have characterized the resolution-induced bias on liver QSM along different imaging
directions separately and preliminarily showed that the low image resolution results in different
amounts of bias on the susceptibility contrast depending on the downsampling directions. This
study may guide future protocol optimization for accurate liver QSM (e.g., k-space sampling

approaches in limited scan time).
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Chapter

4. Quantitative Ferumoxytol-enhanced MRI in
Pregnancy: A Feasibility Study in the

Nonhuman Primate'?

4.1 Introduction

Preeclampsia is an inflammatory condition of human pregnancy that can lead to peripheral
edema, hypertension, seizures and maternal death®®l, Maternal vascular dysfunction at the
maternal-fetal interface in preeclampsia leads to insufficient placental perfusion and activation of
the uteroplacental inflammatory response®283, Altered immune cell (e.g. macrophage) activation
and distribution within the maternal-fetal interface may also play an important role in the
development of adverse pregnancy outcomes®*. Evaluation of macrophage distribution may enable
early assessment of the developing pathophysiologic conditions in preeclampsia and/or

inflammation-induced fetal growth restriction before their clinical manifestation. Thus, evaluation

 This work has been published in: Zhu A, Reeder SB, Johnson KM, Nguyen S, Fain SB, Bird IM,
Golos TG, Wieben O, Shah DM, Hernando D. Quantitative ferumoxytol-enhanced MRI in
pregnancy: a feasibility study in the nonhuman primate. Magn Reson Imaging. 2020;65:100-108.
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of macrophage distribution and activity is highly desirable for identifying immune cell homing in
pregnancy.

Ferumoxytol is an FDA-approved iron compound for treatment of anemia® which recently
has received substantial interest as an off-label contrast agent in MRI®®7. Ferumoxytol particles
are phagocytosed by macrophage in the reticuloendothelial system or sites with activated
inflammation responses®. Importantly, the presence of ferumoxytol affects MR contrast
parameters, including R2* (=1/T,") and magnetic susceptibility. Quantitative R,” mapping and
quantitative susceptibility mapping (QSM) have been used for detection of ferumoxytol?%21:2% and
characterization of microscopic iron distribution®"t, Ferumoxytol-enhanced MRI has been shown
to enable non-invasive assessment of macrophages in applications including pancreatic
inflammation in type | diabetes, high-grade gliomas, and inflammation after myocardial
infarction'®®%% Therefore, ferumoxytol-enhanced MRI may enable sensitive detection of
macrophage homing in inflammation at the maternal-fetal interface.

However, the use of ferumoxytol for the assessment of macrophage distribution in
pregnancy, and the safety of the ferumoxytol use, including the potential uptake in the fetus after
maternal administration, have not been investigated. Unlike gadolinium-based contrast agents with
an approximate diameter of 0.4 nm®, which cross the placenta into the fetal circulation®-,
ferumoxytol with an approximate diameter of 30 nm® may not transport directly into fetal
circulation®®. The nonhuman primate has the most similar placentation, physiology and
immunology with the human reproductive system®°>%, Thus, quantification of iron accumulation
at the maternal-fetal interface and in the fetus after ferumoxytol exposure in nonhuman primates
would constitute an important step towards evaluating the feasibility and safety of ferumoxytol-

enhanced MRI in human pregnancy.
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The hypothesis for this work was that maternal ferumoxytol exposure will not lead to
increased iron deposition in fetal tissues. Further, we hypothesize that ferumoxytol will be taken
up by macrophages in the placenta or the decidua, the endometrium of pregnancy, in inflammation
with macrophage homing and will be detectable by MRI. Therefore, the purpose of this study was
to assess the feasibility of ferumoxytol-enhanced R;" mapping and QSM in a pregnant nonhuman

primate model.

4.2 Methods

4.2.1 Animals and Experimental Procedure

This prospective animal study was approved by our institution’s animal care and use
committee. Interleukin 1 beta (IL-1pB), a pro-inflammatory cytokine, was used to generate
inflammation at the maternal-fetal interface. Eleven pregnant rhesus macaques at day 9845 of
gestation (average term pregnancy=165 days), equivalent to the late second trimester of human
pregnancy, were obtained. Animals were divided into three groups, i.e., untreated control (UC)
(n=3), saline control (SC) (n=4), and IL-1p treated (IT) (n=4). For all procedures and MRI scans,
the animal was anesthetized by administration of up to 10 mg/kg ketamine and the sedation was
prolonged by delivering oxygen with 1.5% isoflurane through inhalation. The animal was
monitored during all procedures, and subsequently until fully recovery from the anesthesia.
Veterinarian staff were alerted for treatment if the recovery took more than 90 minutes, or if there
were symptoms of compromised health.

Each animal in the UC group was imaged first as baseline (Day 0-pre). Subsequently,

ferumoxytol (AMAG Pharmaceuticals, Waltham, MA, USA) was administered intravenously at a
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dose of 4 mg/kg, diluted 5:1 with sterile saline. Immediately after ferumoxytol administration, the
animal was imaged again (Day 0-post) and follow-up MRI scans were performed afterwards at

four time points within 25 days (Day 1-25), as shown in the flow chart of Figure 16.

Each animal in either the SC or IT group was imaged first as baseline (Day -2/-1). On the
same day after the baseline imaging, animals were administered either saline (0.5 mL) or IL-1B
(10 pg IL-1B in 0.5mL saline) into the amniotic using a needle inserted through an aseptically
prepared site of the abdominal wall and introduced until the tip touched the uterus wall. Subsequent
scans were started one or two days later, in order to allow for inflammation to develop. The animals
were then imaged before and immediately after ferumoxytol administration (Day O pre/post) and
follow-up scans were performed afterwards within three days (Day 1-3), as shown in the flow chart
of Figure 16. Animal information, drug dose, ferumoxytol administration and scan time points are
detailed in Table 4. Histology and iron quantification analysis on placental and fetal tissues were

performed after the last MRI scan.
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Figure 16. Flow chart of the MRI scan time points. Flow chart of the MRI scan time points
relative to the administration of ferumoxytol, saline and IL-1p for all eleven animals.
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4.2.2 MRI Acquisition

MRI scans were performed on a 3.0T MRI system (Discovery 750, GE Healthcare,
Waukesha, WI, USA) using a 32-channel torso coil (Neocoil, Pewaukee, WI, USA) with the
animal in the left lateral decubitus position. An axial 3D multi-echo spoiled gradient-echo (SGRE)
acquisition of the maternal pelvis covering the uterus cavity was obtained to evaluate the
ferumoxytol distribution at the maternal-fetal interface. Additionally, the ferumoxytol distribution
in the maternal reticuloendothelial system including the maternal liver was also evaluated in this
study. For this purpose, an axial 3D multi-echo SGRE radial ultra-short TE (UTE-SGRE)
acquisition of the maternal abdomen covering the maternal liver was performed. Respiratory-

gating*® was used in both acquisitions. Scan parameters are detailed in Table 5.

4.2.3 Imaging Reconstruction and Data Analysis

R." maps of the maternal pelvis were generated from the SGRE images using a chemical
shift-encoded reconstruction®’. R;" maps of the maternal abdomen were obtained by using
monoexponential fit of echoes in the UTE-SGRE images. In each animal at each scan time point,
R." of the amniotic fluid, the fetal liver, the fetal lung, the two separate placental discs, and the
maternal liver were measured in oval regions of interest (ROIs). Information on ROIs is detailed
in Table 6.

Susceptibility maps of the maternal pelvis were generated from the SGRE images using a
QSM reconstruction*. All susceptibility measurements were calculated relative to the adjacent

amniotic fluid, which was used as a susceptibility reference as no ferumoxytol uptake was
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observed as shown below. The fetal liver susceptibility was measured by calculating the difference
between the susceptibility values in the fetal liver and the amniotic fluid. The placental
susceptibility was measured by calculating the difference between the susceptibility values in one

of the placental discs and the amniotic fluid.

4.2.4 Statistical Analysis

To investigate the longitudinal variation of R2" and susceptibility measurements of the fetal
liver and R2" measurements of the fetal lung, a linear mixed-effects model was used. The model
included the time interval of each scan to the baseline scan as a fixed continuous factor, the animal
groups as a fixed classification factor, the interaction of the animal group and the time interval as
a fixed factor, and animal as a random classification factor.

To investigate the longitudinal variation of placental R2" and susceptibility measurements,
and maternal liver R;", respectively, a linear-mixed effects model was used in each animal group,
including the scan time point as a fixed classification factor and animal as a random classification
factor. The changes at each scan time point from baseline were calculated for placental R;" as
AR2*,=R2*, Timepoint-R2* p,aseline, for placental susceptibility as Ayp=xpTimepoint-¥p,Baseline, and for
maternal liver Rz™ as AR2*1=R2*| timepoint-R2* | gaseline. TO investigate the inter-group difference on
the longitudinal variation of MRI measurements, Student’s t-test with conservative Bonferroni
correction for multiple comparison was used to compare AR2*, at each time point between the SC
and IT groups, as well as Ayp, and AR2*. Statistical analyses were performed in Matlab

(MathWorks, Natick, MA, USA). Statistical significance was selected as a P value less than 0.05.



65

4.2.5 Estimation of iron concentration based on R," and susceptibility

measurements

Liu et al'® reported R," relaxivity of ferumoxytol as follows:
R2" = 1562x%[lron]+2 (10)
where [Iron] is the iron concentration with units of mg/mL, R;" has units of s, and the slope

1562 has units of s-mL/mg. Note that ferumoxytol consists of 30 mg/mL elemental iron.

Barick et al®® and Laurent et al®® reported R> relaxivity of ferumoxytol (Advanced Magnetics,
Cambridge, MA) as follows:

R2 = 84.9x[Iron] (11)
where [lron] is the iron concentration with units of mM, Rz has units of s?, and the slope 84.9
has units of s*-mM™. Based on phantom experiments by Knobloch et al'’, we assume that in
ferumoxytol R2"<R,. As the molecular weight of iron is 55.85 g/mol, Equation 11 can be

rewritten as,

R2 = 84.9%[Iron]/55.85x1000 = 1520x[Iron] (12)
where [Iron] has units of mg/mL and the slope 1520 has units of s-mL/mg. The slopes in
Equations 10-13 have similar values. We used a slope of 1562 s-mL/mg in the following

calculations.

Liu et al*® reported the susceptibility of the ferumoxytol as follows:
x = 32.0x[lron] (13)
where [Iron] is the iron concentration with units of mg/mL, y is the susceptibility with units of

ppm, and the slope 32.0 has units of ppm-mL/mg.



Table 4. Animal information, drug dose and ferumoxytol administration.

Rhesus Gestational Maternal : : . : - : Administration
No. Groups Age (days) Weight (kg) Scan Time Points Drug Administration ~ Ferumoxytol Administration Rate (ml/s)
1 uc 102 7.0 Day O pre/post, 1, 4, 12, 25 N/A Hand Admlnl_strated 0.009
over 10 mins.

Administrated with a power

2 ucC 106 10.0 Day 0 pre/post, 1, 7, 14, 21 N/A injector over 20s 0.39

3 UC 01 9.9  DayO pre/post, 1,7, 14, 21 N/A Adm'?r:jsé(r:?é?do‘\’/";trhzzfower 0.39

4 IT 92 98 Day -1, Day 0 pre/post, 1, 3 10 pug IL_-lB in 0.5mL Admipi_strated with a power 0.39
' ’ n sterile saline injector over 20s. '

5 SC 103 7.1 Day -1, Day 0 pre/post, 1, 3 0.5mL Saline Adml?r:js;::?(t)?do\\llv;';hzzspower 0.27

6 I 98 76 Day -1, Day O pre/post, 1, 2 10 pug IL_-lB in 0.5mL Admipi_strated with a power 030
' ' t sterile saline injector over 20s. '

7 T 9 8.6 Day -1, Day 0 pre/post, 1, 2 10 pg IL_-lB iq 0.5mL Admipi_strated with a power 0.33
' ' n sterile saline injector over 20s. '

8 SC 99 9.1 Day -1, Day 0 pre/post, 1, 3 0.5mL Saline Adml?r:js;::?(t)erdo\\//vé';hzzspower 0.36

9 sC 96 86  Day-2 DayOprefpost 1,2 0.5mL Saline Adm'ir‘r:jséz‘é?do‘\’/"grhzzfower 0.33

10 SC 08 100  Day-2 DayOprefpost 1,2 0.5mL Saline Adm'ir‘r:jséz‘é?do‘\’/"grhzzfower 0.39

11 IT 109 8.7 Day -1, Day 0 pre/post, 1, 2 10 pe IL.'IB in_ 0.5mL Admi_ni_strated with a power 0.36
' ’ $ sterile saline injector over 20s. '

Note — UC=untreated control, IT=interleukin 1beta treated, SC=saline control, IL-1B=interleukin 1beta, No.=number
Day -2/-1: Two or one day before ferumoxytol administration; Day 0 pre/post: Before and immediately after ferumoxytol administration; Day
1/2/417/12/114/21/25: 1/2/4/7/12/14/21/25 days after ferumoxytol administration.

99



Table 5. Scan parameters of animal study in ferumoxytol placental imaging. Scan parameters of maternal pelvic MRI (SGRE) and
maternal abdominal MRI (UTE-SGRE) of the animal.

4 TE TE, /ATE TR Flip Angle Field of View Acquired Resolution Reconstructed Resolution Parallel Imaging Scan Time
(ms) (ms) (°) (mm3) (mms) (mms) Acceleration Phase/Slice (minutes)
Maternal pelvic .
MRI- SGRE 8 1.6/1.3 129 9 160x160x140 1.1x1.1x1.9 0.6x0.6x1.9 15/1.0 4:51
Mateal abdominal 5155 58 3 1g0x180x180  1.4x1.4x14 1.4x1.4%x1.4 1.0/1.0 5:30

MRI: UTE-SGRE

SGRE=spoiled gradient-echo, UTE=ultra-short echo time

Table 6. ROl measurements in the placental imaging.

Parameters

Position

Region of Interest size
(cm?)

Amniotic fluid R,
Fetal liver Ry
Fetal lung R,"
Placental Ry

Maternal liver R,"
Fetal liver susceptibility

Placental susceptibility

A region with homogenous R,"

Right lobe of the liver

Central region in one of the fetal lungs

Two ROls in two separate placental discs
Right lobe of the liver avoiding large vessels or
bile ducts and the dome of the liver

One ROI in the fetal liver and one in the
adjacent amniotic fluid

One ROI in one of the placental discs and one
in the adjacent amniotic fluid

~0.6
~0.1
~0.1
~0.6

~0.6

~0.1

~0.1

L9
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4.3 Results

One animal in the UC group (Rhesus #9) and one in the IT group (Rhesus #4) which had a
history of ocular swelling not associated with ferumoxytol were noted to have moderate periocular
swelling/edema following the ferumoxytol administration. They were treated with 10mg
diphenhydramine hydrochloride and recovered without further medical intervention. No
complications were observed in all the other animals during or after ferumoxytol administration.
3D SGRE acquisitions of the maternal pelvis were successfully obtained without apparent motion
artifacts in the reconstructed R," and susceptibility maps, except for the Day 0-pre acquisition in
Rhesus #2 when the respiratory gating failed. 3D UTE-SGRE MRI of maternal abdomen was
successfully obtained at most time points as listed in Table 7.

The MRI scan time points for Rhesus #3 in the UC group, Rhesus #4 in the IT group and
Rhesus #5 in the SC group are shown at the top of Figure 17 and Figure 18. Anatomic images,
R." maps, and susceptibility maps are shown at each scan time point for each animal. The fetal
liver (red lines), the fetal lung (pink lines), the maternal liver (white lines), the uterine cavity
(yellow lines), the two separate placental discs (orange lines), and the amniotic fluid (green arrows)
are delineated and indicated in Figure 17 and Figure 18. Placental R," and susceptibility
measurements of animals in all groups increased substantially after ferumoxytol administration
(Day 0-post) and decreased towards baseline at Day 1 and afterwards. Maternal liver R2” in Rhesus
#3 increased immediately after ferumoxytol administration (Day 0-post), further increased at one-
day follow-up (Day 1), and subsequently decreased but remained elevated three weeks afterwards

(Days 7-21).
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Longitudinal measurements and changes from baseline in R,” of the amniotic fluid, R2"
and susceptibility of fetal liver and R," of fetal lung in all animals are summarized in Figure 19
and Table 8. Stable R." measurements of the amniotic fluid before and after ferumoxytol
administration indicated no ferumoxytol deposition there. It further indicated the amniotic fluid to
be a reliable reference tissue for the susceptibility measurement. In the UC group, a slope 0f 0.3 s
Y/day (P=0.008) and a slope of 0.00 ppm/day (P=0.699) were observed in fetal liver R2" and
susceptibility, respectively. A slope of -0.2s™/day (P=0.023) was observed in fetal lung R2". An
intercept of -0.09 ppm (P=0.003) was observed in susceptibility of fetal liver in the IT group
compared to the measurements in the UC group. The remaining measurements of R," and
susceptibility in the fetal liver and the fetal lung in the SC and IT groups were not significantly
different from the reference, i.e., the UC group.

The maximum increase in R;" in the amniotic fluid among all animals over all scan time
points after ferumoxytol administration was 13.7 s™*. Assuming the change in R2" was due to the
presence of ferumoxytol, then 13.7 s corresponds to an iron concentration of 0.009 mg/mL.
Assuming that amniotic fluid has a density of 1 g/cm?®, an iron concentration of 0.009 mg/mL
corresponds to 9.0 micrograms iron per gram of tissue. The maximum change in fetal liver R,
after ferumoxytol administration among all animals at all scan times was 11.8 s, Assuming the
change in fetal liver R." was due to the presence of ferumoxytol, then 11.8 s corresponds to an
iron concentration of 0.008 mg/mL. Using the approximated density 1.15 g/cm? for fetal liver
tissue'®, an iron concentration of 0.008 mg/mL corresponds to 7.0 micrograms iron per gram of
tissue. The maximum change in fetal lung R2" after ferumoxytol administration among all animals
at all scan times was 7.1 s. Assuming the change in fetal lung R,” was due to the presence of

ferumoxytol, then 7.1 s corresponds to an iron concentration of 0.005 mg/mL. Using the
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approximated density 1.15 g/cm?® for fetal lung tissue!®, an iron concentration of 0.005 mg/mL
corresponds to 4.3 micrograms iron per gram of tissue. The maximum change in fetal liver
susceptibility after ferumoxytol administration among all animals at all scan times was 0.19 ppm.
Assuming the change in fetal liver susceptibility was due to the presence of ferumoxytol, then 0.19
ppm corresponds to an iron concentration of 0.006 mg/mL. Using the approximated density 1.15
g/cm?® for fetal liver tissue'®, an iron concentration of 0.006 mg/mL corresponds to 5.2 micrograms
iron per gram of tissue. Based on previous published calibrations in phantoms®%:99.101 the
additional iron deposition after maternal ferumoxytol exposure, indicated by the MRI
measurements, is less than 9.0, 7.0 and 4.3 micrograms iron per gram of tissue in the amniotic
fluid, the fetal liver and the fetal lung, respectively.

Longitudinal measurements and changes from baseline in placental R;" and susceptibility
and R;" of maternal liver in the UC group are summarized in Figure 20 and Table 9. Example
ROIs are shown in a previous study'®?. Placental R, and susceptibility increased significantly after
ferumoxytol administration at Day 0-post (P<0.001). Placental R;" and susceptibility at Day 1
decreased back to the baseline and showed no significant differences at all four follow-up scans
(P=0.395, P=0.627, P=0.905 and P=0.559 in R,", respectively, and P=0.172, P=0.859, P=0.974
and P=0.948 in susceptibility, respectively). Maternal liver R;" increased after ferumoxytol
administration at Day 0-post (P<0.001), further increased at one-day follow-up (P<0.001) and
decreased but remained elevated at all three follow-up scans (P<0.001).

Longitudinal measurements and changes from baseline in placental R2" and susceptibility
and maternal R,” in the SC and IT groups are summarized in Figure 21 and Table 10. After
administration of either saline or IL-1B measured at Day 0-pre, placental R;" and susceptibility did

not significantly change. Immediately after ferumoxytol administration, placental R;" and
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susceptibility in both groups increased significantly (P<0.001). At one-day follow-up, placental
R." and susceptibility decreased towards baseline but remained elevated in both groups. At two-
or three- day follow-up, placental R, and susceptibility further decreased towards baseline in both
groups. At all the time points, the mean change of either placental R2" or susceptibility from
baseline showed no significant difference between the SC group and the IT group.

The maximum change in placental R." after ferumoxytol administration among all animals
at Day 2/3 was 25.0 s?. Assuming the change of placental R." was due to the presence of
ferumoxytol, then 25.0 s corresponds to an iron concentration of 0.016 mg/mL. Using the
approximated density 0.98 g/cm?® for the placental tissue®, an iron concentration of 0.016 mg/mL
corresponds to 16.3 micrograms iron per gram of tissue. Based on previous published calibrations
in phantoms'®%:991%00 the maximum increase of R,” at Day 2/3 relatively to the baseline in all
animals indicated a maximum iron concentration of 16.3 micrograms iron per gram of placental
tissue.

Maternal liver R;" was not significantly altered after administration of either saline or IL-
1B measured at Day 0-pre. Immediately after ferumoxytol administration, maternal liver Ry
increased significantly in both groups (P<0.009). At one-day follow-up, maternal liver R, further
increased in both groups. At two- or three- day follow-up, maternal liver R." decreased but
remained elevated in both groups. At all the time points, the mean change of maternal liver R,”

from baseline showed no significant difference between the SC group and the IT group.
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Figure 17. Longitudinal imaging of the fetus after maternal ferumoxytol administration. Longitudinal axial anatomic image (1%
and 4" row), R," (2" and 5™ row) and susceptibility (3 row) maps of fetal liver (red lines), fetal lung (pink lines) and maternal liver
(white lines) of Rhesus #3 (day 91 of gestation) in the untreated control group. Stable R2" and susceptibility of fetal tissues after maternal
ferumoxytol administration were observed. Maternal liver R,” increased after ferumoxytol administration, further increased at one-day

follow-up (Day 1), and remained elevated at seven-, fourteen, and twenty-one day follow-up.
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Figure 18. Longitudinal placental R;" and susceptibility mapping of animals. Placental R,”
and susceptibility of Rhesus #5 (day 103 of gestation, bottom three rows) in the saline control
group and Rhesus #4 (day 92 of gestation, top three rows) in the interleukin 1 beta (IL-1p) treated
group increased after ferumoxytol administration (at Day 0-post) and decreased towards baseline
at Day 1 and afterwards. The amniotic fluid is indicated by green arrow. The uterus cavity and the
two separate placental discs are delineated by yellow lines and orange lines, respectively.
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Figure 19. R," and susceptibility measurements of fetal tissues. Stable R2" measurements of the amniotic fluid indicate no
ferumoxytol uptake, suggesting the amniotic fluid as a reliable reference tissue for the susceptibility measurement. Fetal liver R,” and
susceptibility measurements and fetal lung R," measurements in all animals are not significantly increased over time after maternal
ferumoxytol administration at Day 0-post.
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Figure 20. Longitudinal placental MRI measurements in the UC group. Longitudinal
measurements of placental R,” and susceptibility and maternal liver R;” in the untreated control

group. Both the placental Rx"

and susceptibility increased significantly after ferumoxytol

administration at Day 0-post and decreased back to the baseline at follow-up scans. Maternal liver
R." increased after ferumoxytol administration and remained elevated at follow-up scans.

Table 7. Scan time points of maternal pelvic and abdominal MRI.

Rhesus No. Groups D_%y D_ay Day
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J o Jo Jo J o
Jo Jo Vo Vo
Yo Vv Jo Jo
J o Jo Jo Jo
Jo Jo Vo Vo
Yo Vv Jo Vo
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Yo Vv Jo Jo

Note — v: maternal pelvic images acquired, o: maternal abdominal images acquired,
UC=untreated control, IT=IL-1p treated, SC=saline control, IL-1p=interleukin 1beta,

No.=number
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Figure 21. Longitudinal placental MRI measurements of animals in SC and IT groups. Placental R,” and susceptibility (x)
measurements of all animals in the saline control group and the interleukin 1 beta (IL-1p) treated group increased after ferumoxytol
administration at Day 0-post and decreased back to the baseline at follow-up scans. The difference of measurements at each scan time
point compared to that at baseline, i.e., ARz and Ay, showed no difference between the saline control group and the IL-1 treated group.
Maternal liver R,” in both groups immediately increased after ferumoxytol administration, further increased at Day 1, and remained
elevated at Day 2 or Day 3.
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Table 8. Statistical analysis on fetal MRI measurements in the UC group. Longitudinal variation of R," and susceptibility
measurements of the fetal liver and R," measurements of the fetal lung over time in all animals.

Estimated Change in Fetal Liver | Estimated Change in Fetal Liver B val Estimated Change in Fetal Lung
value

R," (5-1) value Susceptibility (ppm) R," (s'l) P value

Intercept: 30.0 (25.1, 35.0) <0.001 Intercept: 0.09 (0.05, 0.14) <0.001 Intercept: 16.3 (14.0, 18.5) <0.001

UC Group
(reference) Slope: 0.3 (0.1, 0.6) 0.008 Slope: 0.00 (-0.00, 0.00) 0.699 Slope: -0.2 (0.4, 0.0) 0.023
Intercept: -2.3 (-8.7, 4.2) 0.489 Intercept: -0.06 (-0.11, 0.00) 0.046 Intercept: -2.0 (-4.8, 0.8) 0.081
SC Group
Slope: 0.9 (-0.8, 2.2) 0.365 Slope: 0.00 (-0.03, 0.02) 0.886 Slope: 0.4 (-0.8, 1.6) 0.544
Intercept: -2.7 (-9.2, 3.8) 0.411 Intercept: -0.09 (-0.15, -0.03) 0.003 Intercept: 4.5 (-0.6, 9.5) 0.081
IT Group
Slope: 0.3 (-1.5, 2.1) 0.765 Slope: 0.03 (0.00, 0.06) 0.057 Slope: 1.0 (-0.5, 2.4) 0.186

Data in parentheses are 95% confidence intervals, IL-1p=interleukin 1beta, UC=untreated control, IT= interleukin 1beta treated, SC=saline
control

Ll



Table 9. Statistical analysis on placental R,” and susceptibility measurements. Estimated change of placental R,” and susceptibility
measurements at scan time points after ferumoxytol administration from the baseline in the untreated control group.

Estimated Change in Placental Estimated Change in Estimated Change in Maternal Liver"
R (s Placental Susceptibility (ppm) R ()

Intercept P value Intercept P value Intercept P value

Day 0-pre vs. Day 0-post 312.8 (289.6, 335.9)  <0.001 1.1(0.9,1.3) <0.001 276.8 (217.1, 301.0) <0.001
Day 0-pre vs. Day 1 9.4 (-13.8, 32.6) 0.395 0.2 (-0.1,0.4) 0.172 1049.4 (1013.8, 1085.0)  <0.001
Day 0-pre vs. Day 4/7 5.3 (-17.9, 28.5) 0.627 0.0(-0.2,0.2) 0.859 405.2 (369.6, 440.8) <0.001
Day 0-pre vs. Day 12/14 1.3 (-21.9, 24.5) 0.905 0.0(-0.2,0.2) 0.974 364.7 (329.0, 400.3) <0.001
Day 0-pre vs. Day 21/25 6.4 (-16.8, 29.6) 0.559 0.0(-0.2,0.2) 0.948 326.2 (290.6, 361.8) <0.001

Data in parentheses are 95% confidence intervals, vs.=versus, "Data of Rhesus #1 in the untreated control group were not available at all
scan time points and thus not included.

8.



Table 10. Statistical analysis on placental MRI measurements in the SC and UT groups. Estimated change of placental R,” and
susceptibility (y) measurements at scan time points before and after ferumoxytol administration from the baseline in the saline control
group and the untreated control group.

Saline control (n=4) IL-1p treated (n=4) SCvs. IT

* -1 . * -1
Estimated Change Placental AR, (s ) P value Estimated Change Placental AR, (s ) P value P value"

Day 0-pre vs. Day -1/-2 -0.5 (-47.3, 46.4) 0.984 0.2 (-82.1, 82.5) 0.996  0.867
Day 0-post vs. Day -1/-2 444.0 (397.1, 490.8) <0.001 426.3 (343.9, 508.6) <0.001  0.824
Day 1 vs. Day -1/-2 21.9 (-24.9, 68.8) 0.338 33.6 (-48.7, 115.9) 0398  0.598
Day 2/3 vs. Day -1/-2 9.4 (-37.4, 56.3) 0.677 7.7 (-74.7, 90.0) 0845  0.733

Estimated Change Placental Estimated Change Placental

Ax (ppm) P value Ax (ppm) Pvalue P value"
Day 0-pre vs. Day -1/-2 0.06 (-0.15, 0.28) 0.541 0.02 (-0.31, 0.34) 0.917 0.339
Day 0-post vs. Day -1/-2 1.87 (1.60, 2.13) <0.001 1.62 (1.29, 1.95) <0.001 0.385
Day 1 vs. Day -1/-2 0.24 (-0.02, 0.51) 0.031 0.27 (-0.05, 0.60) 0.095 0.818
Day 2/3 vs. Day -1/-2 0.11 (-0.11, 0.33) 0.293 0.07 (-0.26, 0.39) 0.671 0.402

Estimated Change Maternal Liver Estimated Change Maternal Liver

AR (S—l) P value AR (S—l) Pvalue P value"
Day 0-pre vs. Day -1/-2 3.5(-211.9, 218.8) 0.972 24.6 (-317.9, 367.1) 0.879 0.591
Day 0-post vs. Day -1/-2 429.8 (214.5, 645.2) 0.001 598.9 (179.5, 1018.4) 0.009 0.534
Day 1 vs. Day -1/-2 1261.4 (1046.0, 1476.7) <0.002 1910.3 (1567.8, 2252.8) <0.001 0.028
Day 2/3 vs. Day -1/-2 1046.9 (831.6, 1262.3) <0.001 1331.4 (988.9, 1673.9) <0.001 0.320

Data in parentheses are 95% confidence intervals, IL-1p=interleukin 1beta, vs.=versus, SC=saline control, IT= IL-1p treated
"Data were compared by using the Student’s t-test with conservative Bonferroni correction for multiple comparison. Threshold for statistical
significance was set to P<0.0125 after correction.

6.
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4.4 Discussion

This work demonstrated the feasibility of R," mapping and QSM to measure the
ferumoxytol delivery and washout from the placental tissues. Additionally, stable R,” and tissue
susceptibility were observed in fetal tissues before and after ferumoxytol administration in
nonhuman primates, indicating no increased iron deposition in the fetus after maternal exposure.

The elevated maternal liver R." immediately after ferumoxytol administration and the
further increase of R, at one-day follow-up were likely due to the presence of ferumoxytol in the
blood pool®®1%3, Maternal liver R, decreased subsequently over the following three weeks, but did
not return to the baseline over this time span. This suggests iron uptake in the maternal liver as
expected to occur following ferumoxytol administration in treatment of anemia®®?,

The elevated placental R, and susceptibility immediately after ferumoxytol administration
were also likely due to the presence of ferumoxytol in the blood pool®1%4, At one-day follow-up,
placental R,™ and susceptibility remained elevated, most likely due to the remaining ferumoxytol
in the blood pool®1%, Further, the lack of significantly elevated placental R;" at one-, two- or
three- day follow-up, compared to the elevated maternal liver R,”, indicated a lack of ferumoxytol
uptake in the placenta.

Importantly, the lack of significant amount of iron deposit in fetal tissues, compared to the
iron uptake in the maternal liver, suggests that ferumoxytol does not cross into the amniotic cavity
and may not enter the fetal circulation. This is an important observation towards evaluating the
safety implications for the use of ferumoxytol in pregnancy. However, delayed effects of elevated
iron content in the maternal body (as shown in maternal liver R2") on the fetus are unknown. To

further investigate the safety of the ferumoxytol use in pregnancy, future studies are needed to
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assess iron contents in offspring with in utero exposure to ferumoxytol. In addition, ferumoxytol
administration in animals at different gestation stages also need to be studied.

In the UC group, slightly elevated R." measurements were observed in the fetal liver over
time after maternal ferumoxytol exposure. However, a previous study has shown an increase of
human fetal liver R," over gestation stage in normal fetuses without maternal ferumoxytol
exposurel®. It cannot be determined from the current study whether the elevated fetal liver R2" is
due to the normal development of the reticuloendothelial system over gestation stage'®%1%7, or due
to the maternal exposure of ferumoxytol. Quantification of iron content in fetuses without maternal
ferumoxytol exposure is under separate study*.

Tissue Rz and susceptibility measurements were both obtained as potential imaging
biomarkers of iron content in this study. In the placenta, both R,” and susceptibility measurements
showed consistent behavior after ferumoxytol administration, even though Rz and susceptibility
may have different dependence on the presence of iron’’. The fact that R," and susceptibility can
be obtained as separate measurements from the same 3D SGRE data may enable a comprehensive
evaluation of iron content and microscopic iron distributions® in a single acquisition.

This study has several limitations. The IL-1p treatment was ineffective at inducing the
pathology reported in a previous study'®® where neutrophil and macrophage infiltration of the
decidua parietalis was demonstrated. However, in this previous study the decidua basalis or the
placenta itself was not evaluated,; it is possible that the inflammatory response on the maternal side
is limited to fetal membranes. With the MRI techniques in this study, it was not possible to resolve
the thin fetal membranes and decidua parietalis. The potential use of ferumoxytol-enhanced MRI
for the detection of macrophage homing to the decidua basalis and placenta needs further

validation in an effective macrophage homing inflammation model. Additionally, a larger
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population of animals is needed to capture the biological variation on the iron biodistribution after

maternal ferumoxytol exposure.

4.5 Conclusion

In conclusion, this study demonstrated the feasibility of longitudinal tracking of placental
iron content in ferumoxytol-enhanced MRI. Additionally, this study suggested ferumoxytol may
not cross the placenta and hence enter into the amniotic cavity or into the fetal circulation after
maternal ferumoxytol exposure in nonhuman primates at late second trimester. Upon successful
detection of macrophage homing in an effective inflammation model and being proven safe,
ferumoxytol-enhanced MRI may enable assessment of the inflammation at the maternal-fetal

interface in human pregnancy.
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Chapter

5. Evaluation of a Motion-robust 2D Chemical
Shift-Encoded Technique for Rz and Field

Map Quantification¥

5.1 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®*. The FDA-approved iron
supplement ferumoxytol is an ultra-small superparamagnetic oxide iron nanoparticle (SPION)
which is transported in blood after intravenous infusion!®, 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 R," relaxation rates, and its magnetic susceptibility effects can also be

quantified through By field measurement-based techniques.

 This work has been published in: Zhu A, Reeder SB, Johnson KM, Nguyen S, Golos TG,
Shimakawa A, Muehler MR, Francois CJ, Bird IM, Fain SB, Shah DM, Wieben O, Hernando D.
Evaluation of a motion-robust 2D chemical shift-encoded technique for R2" and field map
quantification in ferumoxytol-enhanced MRI of the placenta in pregnant rhesus macaques. J Magn
Reson Imaging. 2019. doi:10.1002/jmri.26849.
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A previously proposed 3D chemical shift-encoded (CSE) MRI method has been
demonstrated to enable R,” mapping-based and Bo mapping-based assessment of different iron
concentrations in SPION phantoms?, ferumoxytol-enhanced brain MRI??2 and body iron
deposition*2°23, 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®2,

Maternal respiratory and fetal motion in the uterus are challenges for imaging the placenta
with MRI% 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*2. 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*'*!? and free-breathing non-
Cartesian acquisition techniques®®*’ 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?®, 2D CSE-
MRI with sequential phase encoding has a short temporal footprint. It enables acquisition of
images in a single slice in ~3 seconds?’, as shown in Figure 22. This strategy is expected to freeze
motion or contain the motion effects to a limited number of slices?®?°. 2D MRI-based R2" mapping
has been applied in the placenta using breath-hold acquisitions'3!4, 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 Rz and
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Bo field in CSE-MRI techniques?’. Therefore, free-breathing 2D CSE-MRI may also enable
reliable R2" and By field measurements in the presence of both maternal respiratory motion and
fetal motion. Furthermore, motion-robust R," 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®.

However, the accuracy of the free-breathing 2D CSE-MRI technique for quantification of
R2" and By 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 R,” and B field
measurements. Ferumoxytol-enhanced MRI of the nonhuman primate, who has the most similar
placentation and immunology with the human reproductive system®%, 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 R,” and By 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 Rz” mapping enabled by

2D CSE-MRI in pregnant women without ferumoxytol administration.
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~5min

3D

\ Multi-echoes in a single slice

o

~2min
Figure 22. Temporal footprint of 2D-sequential and 3D CSE-MRI acquisitions. In the
proposed 2D sequential acquisition, the scan time for one slice image is only ~ 3 seconds. In the

reference 3D acquisition (including respiratory gating), however, one slice image is reconstructed
in a ~5 minutes scan.

5.2 Methods

5.2.1 Materials and Subjects

Phantoms

A phantom with varying R,” 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 pg/mL-440
ug/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.
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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.
Animals

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'*®. The two discs are attached to the
anterior and posterior uterus walls''®, separately, which were named as anterior placental disc and
posterior placental disc in this study.

Eleven pregnant rhesus macagque monkeys at their late second trimester based on an
average 165 days pregnancy length (gestational age=98.7+5.9 days, 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 Table 4.

Humans
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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 Table 12.

Further, the repeatability of 2D and 3D CSE-MRI for placental R." 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 Table 13.

5.2.2 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
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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 R." and By 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 11.
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 11.
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, R:" 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
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approximately 20 minutes after the 3D CSE-MRI scan. In addition, a 2D multi-slice T»-weighted
single-shot fast spin-echo (SSFSE) was acquired for anatomic imaging. Details on the scan
parameters are shown in Table 11. 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 T»-weighted SSFSE

was also acquired.



Table 11. Scan parameters of 2D and 3D CSE-MRI in placental MRI. Scan parameters of 2D CSE-MRI and 3D CSE-MRI in the
phantom and animal studies at 3.0T and the preliminary human studies at 1.5T.

# TE_J/ATE TR FA FO\g ACQ Resglution Noa ACQBW Pl Acceleration  Scan Time Temporal
TE (ms) (ms) (°) (mm’) (mm’) (kHz) Phase/Slice (minutes) Footprint per Slice

Phantom Study (3.0T)

2D CSE-MRI 16 1.8/1.0 18.9 9  220x220x69* 2.3x2.3x2.3* 1 +100 15/1.0 1:34 3.1 seconds

2D CSE-MRI high SNR 16 1.8/1.0 189 9  220x220x72* 2.3x2.3x3.0* 4 +62.5 15/1.0 6:13 15.5 seconds

3D CSE-MRI* 8 1.6/1.3 128 9  220x220x68  1.5x1.5x1.2 1* +62.5 15/1.0 1:40 1:40 minutes

3D CSE-MRI high SNR* 8 1.6/1.3 128 9  220x220x72  1.5x1.7x8.0 1* +143 15/15 0:38 0:38 minutes
Animal Study (3.0T)

2D CSE-MRI 16 1.8/1.0 18.7 9 180x160x140* 1.9x1.8x3.0" 1 +62.5 15/1.0 2:11 2.8 seconds

3D CSE-MRI 8 1.6/1.3 129 9 160x140x140 1.1x1.0x2 1* +62.5 15/1.0 4:54# 4:54 minutest
Human Study (1.5T)

2D CSE-MRI 12 1.5/0.8 12.7 10 420x378x224* 2.9x2.9x4.0 1 +62.5 15/1.0 2:14 2.4 seconds

3D CSE-MRI 6 1.2/2.0 139 9 420x378x228  2.2x2.2x3 1* +83.3 20/15 1:48# 1:48 minutes

T, SSFSE 1 100/0 4000 155 380x380x210 1.5x1.5%5 1 +83.3 20/1.0 2:40 2.8 seconds

*Contiguous slices with slice gap=0 mm; * 3D corner cutting used (20% k-space reduction). * No respiratory gating used in phantom study. # Scan time with respiratory
gating. CSE: chemical shift-encoded; FA: flip angle; FOV: field of view; ACQ: acquisition; NOA: number of averages; BW: sampling bandwidth; PI: parallel imaging;
SSFSE: single-shot fast spin-echo

16
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Table 12. Subjects' information in the preliminary motion assessment.

Subject
#

10

Age
(years)

28

32

30
30

33

29
32

31

31

27

Gestational Age
(days)

20 weeks 5 days

21 weeks 4 days

21 weeks 1 day
20 weeks 5 days

21 weeks 3 days

20 weeks 6 days
21 weeks 1 day

20 weeks 5 days

21 weeks 3 days

21 weeks 1 day

Body Mass
Index (kg/m?)

23.8

31.4

28.2
26.7

23.3

27.8
27.4

25.4
21.2

214

Pregnancy Conditions
Single gestation, second pregnancy, live
birth in the first pregnancy

Single  gestation, second pregnancy,
spontaneous abortion in the first pregnancy

Single gestation, first pregnancy
Single gestation, first pregnancy

Single gestation, second pregnancy, live
birth in the first pregnancy

Single gestation, first pregnancy
Single gestation, first pregnancy

Single  gestation, second  pregnancy,
indicated termination in the first pregnancy

Single gestation, third pregnancy, live birth
in the first and second pregnancy

Single  gestation, second pregnancy,
spontaneous abortion in the first pregnancy

Table 13. Subjects’ information in the preliminary repeatability study.

Subject

#

Age
(years)

34
27

31

33
31

25

34

Gestational Age

(days)
20 weeks 6 days
15 weeks 5 days
22 weeks 0 day

15 weeks 1 day
14 weeks 2 days

15 weeks 5 days

15 weeks 1 day

Body Mass
Index (kg/m?)

26.9
24.4

25.6

25.3
20.2

26.5

21.5

Pregnancy Conditions

Single gestation, second pregnancy, live
birth in the first pregnancy

Single gestation, second pregnhancy,
spontaneous abortion in the first pregnancy

Single gestation, first pregnancy

Single gestation, second pregnancy, live
birth in the first pregnancy

Single gestation, first pregnancy

Single gestation, second pregnancy, live
birth in the first pregnancy

Single gestation, second pregnancy, live
birth in the first pregnancy
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5.2.3 Imaging Reconstruction, Assessment and Measurements

In all CSE-MRI acquisitions, water and fat images, R," and By field maps were
reconstructed through complex fitting of the multi-echo data using a multi-component signal
model®”. In phantom and animals, R," and boundary Bo measurements were obtained. The
boundary By 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?®t’. 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 R," measurements were obtained, as described in

detail below.
Phantoms

In each of the phantom datasets, co-localized R," measurements from the 2D and 3D CSE-
MRI acquisitions were obtained by placing regions-of-interest (ROIs) over each of the eight vials.
Water in the plastic container was used as a reference for boundary Bo 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 By field values were subtracted to obtain the boundary By field
difference ABo=BO0via-BOwatersath. All ROIs were drawn in regions of a homogeneous field to

reduce apparent Bo inhomogeneity related bias on measurements.

Animals
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In each of the animal datasets, R>" measurements were obtained by drawing six ROIs in
the anterior placental disc and six in the posterior placental disc, co-localized in the reconstructed
R." 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 (Reader-1, Reader-2, Reader-
3, respectively) to either accept R;” map with no significant artifacts and further confirm ROI
locations in the placenta, or reject R;” map with severe artifacts. The datasets with both 3D and
2D images accepted by at least two radiologists were used for comparison on R;" and Bo
measurements. R,” 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. By 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=BO0piacenta-BOaAmnioticFiuid. ABo

measurements in 2D versus 3D CSE-MRI were compared in all animals.
Humans

In the motion assessment study, de-identified R." maps were evaluated independently by
the three radiologists. Readers were blinded to image acquisition techniques (2D versus 3D) and
the reading order of R," 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 artifacts, with only mild impairment of evaluation of relevant

anatomy; 3, no significant artifacts. Placental R." measurements were obtained by drawing three
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~2.4 cm? oval ROIs in the superior, middle and inferior regions of the placenta, separately, using
To-weighted SSFSE as anatomic references. ROIs were co-localized in 2D and 3D CSE-MRI and
adjusted if required. The radiologist confirmed all ROI locations in the placenta.

In the repeatability study, placental R,” measurements were obtained by drawing three ~2.4
cm? oval ROIs in the superior, middle and inferior regions of the placenta, separately, using T.-
weighted SSFSE as anatomic reference. ROIs were co-localized in all imaging series. The
radiologist confirmed all ROI locations in the placenta. The within-technique mean difference
(MDuithin), within-technique standard deviation (SDwitin), and coefficient of repeatability (CR)

were calculated between the two repeated scans.

5.2.4 Data Analysis

Phantoms

Linear regression analysis (Pearson’s correlation r> and Lin’s concordance correlation
coefficient p) and Bland-Altman analysis were used to assess the correlation and bias of both Rz

and ABo estimated in 2D CSE-MRI compared to the measurements in 3D CSE-MRI.
Animals

Linear regression analysis (Pearson’s correlation r?> and Lin’s concordance correlation
coefficient p) and Bland-Altman analysis were used to assess the correlation of R;", log(R.") and
ABy estimated in 2D versus 3D CSE-MRI. Moreover, a linear mixed-effects model was used to
analyze the inter-animal variability of placental R;" and ABo measurements. R," 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
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locations (i.e., in anterior or posterior placental disc). ABo measurements in 2D were modeled as
a linear function of ABg measurements in 3D and the model included random effects on the slope

and intercept for animal. Statistical significance was defined as P<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 R,” 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).

5.3 Results

5.3.1 Phantoms

Figure 23 shows the T1-weighted structural reference image (a), R.” map (b) and By 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 By field map (d). The measurements of the other seven
vials were performed analogously. Figure 23e and Figure 23f show R;" and ABy of all eight vials
with varying ferumoxytol concentrations measured in the four CSE-MRI acquisitions. Both R,
and ABo increase approximately linearly with increased ferumoxytol 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, R and ABo also increase at moderate

ferumoxytol concentrations (i.e., <176 pg/mL). Relative to the reference measurements from 3D
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CSE-MRI high SNR, bias in both R;" and ABo measurements was observed in 3D CSE-MRI at
high ferumoxytol concentrations (i.e., > 220 ug/mL). Similarly, bias in R," and ABo measurements
was observed in 2D CSE-MRI at high ferumoxytol concentrations (i.e., > 176 pg/mL).

Figure 24 shows the linear regression (al-f1) and Bland-Altman analysis (a2-f2) of R;" 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 in the phantom. R;" and ABo
measurements in all three protocols at low R." 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 a1-f1), and show low bias as indicated by the Bland-Altman analysis (a2-f2). In 2D
CSE-MRI, particularly for reference R, values below 390.0 s (bold markers, fonts, and lines in
al, a2, d1, d2), a slope of 0.94 (r>=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 are observed in R," 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 ABy are underestimated at high R2" and ABy values,
i.e.. R2">400.0 s* and a ABo>300.0 Hz in 2D CSE-MRI (a, d) and a reference R2">500.0 s and
a ABp>400.0 Hz in 3D CSE-MRI (c, f). Bias in both R,” and ABo measurements is reduced at high

R." and ABy values by increasing SNR, i.e., in 2D CSE-MRI high SNR (b, ¢).
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Figure 23. Phantom R;" and By, field measurements. T1-weighted Structural reference image (a), R," map (b) and By field map (c) of
a single slice in 3D CSE-MRI acquisition of four vials in one batch of the phantom scans, R,” (€) 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 By field map (d)

86



1200 . 12000 _ . 900 % Q00 o m = mmmmm e mme e
~ y=0.02x+167 —~ Bias =160s™", LOA = (-860,540)s" = y=-0.02x+119 = Bias =130Hz, LOA = (-700,440)Hz
10/ 2=0.00 2 600 5 r=0.00 /o E 450
o 800 3 Rl pm==s=s=s======== m 600 a 8 HregB=s=s=======-
& 5 g & i 5 o
a y=0.94x+6.4 = a 4 y=1.07x+3.0 = |
‘= 400 r2=0.99 S o0 | Bins =551 LOA= (41325 g 300 r2=1.00 &=
2, 0 § T peemmmm e 2 2 0| Bias =111z, LOA = (-12,35)Hz
x (] a4, < Tttt o

0 0 -1200 g -900
0 400 800 1200 0 400 800 1200 0 300 600 900 0 300 600 900
al  Rro¢in3pCSE high SNR (s a2 mean R2* (s1) d1 ABoin3D CSE high SNR (Hz) d2 mean ABO (Hz)
% S
=~ 1200 . 1200 _ T 900 . 900
= y=0.87x+35.8 ’ — Bias =-65"', LOA = (-120,110)s! ng y2= 11.005;)(+6.24 2 o Bias =15Hz, LOA = (-17,47)Hz
« r=0.98 B =1, / 5 . :
L 600 | e e “ / =)
En 200 g jarjeRni=ica p— Eﬂ 600 §450;5:E:gﬂ:g::::::::ﬁ:.
[ /l
7 8 0 [ 2 0
& = “ / b
A 400 | <300 g
a &, -600 g = -450
R= ~ = %
* Py 0
g0 -1200 @ 900
0 400 800 1200 0 400 800 1200 <« 0 300 600 900 0 300 600 900
b] R2* in 3D CSE high SNR (s*') b2 mean R2* (s) e] ABO in 3D CSE high SNR (Hz) eZ mean ABO (Hz)

1200 L 1200 900 L 900 b o oo
- y=0.60x+70.1 ~ Bias =655, LOA = (-370,240)s =) A T |Bias =-98Hz, LOA = (-610,420)Hz
i ?=0.87 g & o600 """t T 0.5 e T 450

0 ‘ o .
w3 80 8 o N0 n @ 600 p 8 o D po 4
P 5 0 e . 5 0
[= N R (. S s ittt Sl o) - 3]
= 400 3 . “ 300 ik k=
v § -600 é | o 4500 ..
& T O < ]

0 & 1200 -900

0 400 800 1200 0 400 800 1200 0 300 600 900 0 300 600 900

¢l  R2%in3D CSEhigh SNR (s) €2 mean R2* (s7) S1  ABOin 3D CSE high SNR (Hz) f2 mean ABO (Hz)

Figure 24. Linear regression and Bland-Altman analysis on phantom measurements. Results from phantom scans: linear regression
analysis (al, f1) and Bland-Altman analysis (a2-f2) of R," 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. Small bias on both R;" and ABg
measurements at relatively low R;" and ABy values indicates good correlation of measurements in the three CSE-MRI acquisitions and
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5.3.2 Animals

One 3D CSE-MRI of an animal (Rhesus #1) at a scan time point was considered as having
severe artifacts and rejected for R,” and Bo measurements by two readers (Reader-1 and Reader-
3). Two additional 3D CSE-MRI acquisitions were considered as having artifacts by one reader
for each acquisition (Reader 1 and Reader 2, respectively), but were accepted by the remaining
two readers (Readers 2 and 3, and Readers 1 and 3, respectively). Therefore, these MRI
acquisitions 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 25 shows the anatomic water images, R,” maps and By 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. R;" and By field of both
placental discs are elevated after ferumoxytol administration.

Example ROIs for R," measurements and Bo measurements are shown in Figure 26. The
linear regression analysis and Bland-Altman analysis of R;" and ABo measured in 2D CSE-MRI
and 3D CSE-MRI are shown in Figure 27. R," measurements from all animals at all scan time

points are consistent in 2D and 3D CSE-MRI with a slope of 0.92 (r>=0.97, p=0.98) in the linear

regression on R;” (4a) and a slope of 0.90 (r=0.95, p=0.97) in the linear regression on log(R>")

(4c¢). The slope of the linear fit of ABg between 2D and 3D CSE-MRI (4e) is close to 1 (1.05 with
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r?=0.95, p=0.97). All correlations were statistically significant with P<0.001. The bias observed
in R2" and ABg 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 R," (Table 14) and
ABo (Table 15) 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 R,” measurements and Rhesus
#5 and Rhesus #11 on ABo measurements. The variability of R,” measured across placental discs

(anterior and posterior placental) is small.

5.3.3 Humans

Preliminary Motion Assessment

Figure 28 shows the anatomic image, R,” map and By 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 R, and By 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 By 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)
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Figure 25. Representative images from 2D and 3D CSE-MRI in animals. Representative anatomic images, R,” maps, and By 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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Figure 26. Example ROIs for R;" and Bo field measurements. Example ROIs for R;"
measurements, delineated by red solid lines in each of the two separate placental discs (Left) and
example ROIs for Bo measurements, delineated by red dashed lines in the placental disc and
adjacent amniotic fluid (Right), in 3D and 2D CSE-MRI of Rhesus #1 at the scan one day after
ferumoxytol administration. ROIs for R, measurements were first drawn in the anatomic image
of the respiratory-gated 3D CSE-MRI. Slices with similar anatomic structures as in 3D images
were located in free-breathing 2D CSE-MRI. ROIs were then drawn in co-localized positions in
the R," maps of 2D CSE-MRI. For By measurements, a boundary of the placenta and adjacent
amniotic fluid, which was approximately parallel to the main magnetic field, was located using
reformatted sagittal images (Upper right). ROIs were then drawn in the axial anatomic image of
the respiratory-gated 3D CSE-MRI (Bottom right). Slices with similar anatomic structures as in
3D images were located in free-breathing 2D CSE-MRI. ROIs were then drawn in co-localized
positions in the Bo maps of 2D CSE-MRI, using the contrast of the R2" map for assistance.
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Figure 27. Linear regression and Bland-Altman analysis on animal data. Linear regression
analysis (a, c, €) 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 28. Example 2D and 3D CSE-MRI in pregnant women. Anatomic images, R," maps,
and Bo field maps of 2D and 3D CSE-MRI in two pregnant women. Motion artifacts are observed
in the R,” map and By 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.

Table 14. Linear mixed-effects model analysis of R2" measurements in animals.

Fixed Effects Estimated Change in R;" (s'l) P value
Imaging Protocols
R," from CSE 3D reference
R," from CSE 2D Intercept: 5.70 (3.35, 8.05); Slope: 0.92 (0.88, 0.97) <.001; <.001
Random Effects Standard Deviation of Ry* (s )
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



Table 15. Linear mixed-effects model analysis of Bo field measurements in animals.

Fixed Effects

Estimated Change in ABy (Hz)

P value

106

Imaging Protocols

ABy from CSE 3D

reference

ABy from CSE 2D Intercept: -1.14 (-2.33, 0.05); Slope: 1.09 (0.97, 1.20) .060; <.001
Random Effects Standard Deviation of ABy (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

Table 16. Repeatability analysis for placental R,” in human subjects at 1.5T.

MDyithin (1) SDwithin () CR (s?)
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 3.4 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 2.4 6.6
Inferior (N=7) -0.6 4.1 11.3

Note — CSE: chemical shift-encoded. MDyimin=within-technique mean difference.

SDwitmin=within-technique standard deviation. CR=coefficient of repeatability
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A score 0f 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 (P<0.001) and Reader-3 (P<0.001). Mean placental R,” of all ten subjects is 10.2 s with a range
of 6.7 s 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 with a range of 8.3 s to 13.2 s measured in 3D CSE-MRI.
Preliminary Repeatability Study

In the ROIs of the seven human subjects, a MDwithin of 0.7 s, SDwithin of 3.4 s, and CR of
9.5 s were observed in the repeated 2D CSE-MRI, as shown in Table 16. A MDwithin of -0.2 s

!, SDwithin of 3.8 s, and CR of 10.6 s were observed in the repeated 3D CSE-MRI.

5.4 Discussion

In this study, we have evaluated the accuracy of R," and By 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 R," and boundary Bo field measurements in 2D CSE-MRI
compared to 3D CSE-MRI were observed in a phantom over a wide range of R," values.
Additionally, high correlation and low bias were also observed in ferumoxytol-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 R;" mapping in pregnant women without ferumoxytol

administration. The high score for motion assessment in 2D CSE-MRI showed no significant
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artifacts, demonstrating its motion-robustness due to the short temporal footprint for each acquired
slice. Preliminary assessment indicated repeatable R," 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 R." 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 R,” 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 (at 1.5T) in this work. The high SNR at 3.0T benefits the MRI quantification in animal
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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*™,
The range of R2" and By, 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 R,” and B 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!®®. In macrophages outside the reticuloendothelial system in
inflammation response, however, moderate iron concentrations have been observed which can be
detectable with current CSE-MRI techniques'®®%, 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 By field map, which is not readily available in

2D CSE-MRI due to potential mis-registration between slices. Nevertheless, the boundary Bo
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measurements are feasible in 2D CSE-MRI and thus enable a magnetic susceptibility measure to
assess iron concentration as demonstrated in previous works?:17,

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 R," 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, R," 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.

5.5 Conclusion

In conclusion, this study demonstrated 2D CSE-MRI as a promising technique for accurate
evaluation of R, and By 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 R,™- and Bo mapping-based evaluation of placental health in

ferumoxytol-enhanced placental MRI, and BOLD-based placental functional imaging®’.
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Chapter

6. R2-Mapping Based Placental Oxygenation
Imaging with Endogenous BOLD Contrast

6.1 Introduction

The placenta’s vascular network is organized into cotyledons which regulate the maternal-
fetal exchange of nutrients, oxygen, and waste!8. Each cotyledon operates as a perfusion ‘unit’
either whole or partially separated from other cotyledons. Oxygenated blood from the maternal
uterine arteries is distributed into the cotyledons through the uteroplacental spiral arteries.
Dissolved oxygen percolates and exchanges across the villi within the intervillous space of the
placenta thereby entering the fetal circulation. Local placental oxygenation is therefore a product
of the maternal blood oxygenation level and vascular oxygen transport and delivery, as well as
oxygen consumption by both the growing fetus and placenta.

Placental function depends on adequate uteroplacental and fetoplacental blood flow and
oxygen extraction across the placental tissue. Deficiencies in placental function impair placental
function and affect fetal growth!®12%, Maternal obesity is associated with increased risk for
hypertension and preeclampsia with resulting vascular malformation and reduced placental blood

flow, leading to fetal growth restriction32. Therefore, assessment of placental function including
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regional perfusion and oxygenation is highly desirable to detect dysfunction prior to clinical
manifestation.

Current obstetric clinical standards utilize ultrasounds methods to interrogate the uterine
and fetal umbilical arteries by Doppler velocimetry'?t, While capable of measuring uteroplacental
blood flow, ultrasound has limited spatial resolution and tissue coverage, and is unable to identify
altered oxygen states.

MRI enables high-resolution anatomic and functional imaging with multiple contrast.
Quantitative MRI is capable of measuring tissue MRI properties associated with tissue biological
changes. Accurate and reproducible quantitative MRI may provide potential imaging biomarkers
for longitudinal tracking of placental health at different gestation stages. Placental MRI techniques,
including perfusion, relaxometry and diffusing imaging, have been developed in animal model of
pregnant rhesus macaques®*:!?2, who have a villous organization of the placenta similar to
pregnant women. Moreover, quantitative MRI has also shown promise in assessing placental
function in pregnant women33:3435:36.123

Dynamic contrast enhanced (DCE) MRI is a technique previously utilized to measure
maternal blood flow in the placenta of nonhuman primates®''?2, In gadolinium-based DCE-MRI,
the location of spiral arteries can be identified as the region with early contrast arrival and regional
blood flow in individual cotyledons can be quantified®.. Gadolinium-based contrast agent,
however, has been shown to cross the placenta and expose in fetal tissues®92124 which raises
usage concerns in pregnant women. Ferumoxytol, an FDA-approved intravenous iron compound
for treatment of anemia, has been shown no significant iron deposition in fetal tissues or tissue
histopathology with maternal exposure®. Importantly, ferumoxytol is increasingly being used off-

label as an alternative vascular MRI contrast agent. Ferumoxytol-based DCE-MRI has
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demonstrated the ability to estimate contrast arrival time and relative blood flow to a slice within
the placenta in nonhuman primates??2. Thus, ferumoxytol-based DCE-MRI may be an alternative
for evaluating maternal blood flow in the placenta.

R2" mapping-based measurement of the blood oxygen level-dependent (BOLD) effects
have emerged in assessing placental oxygenation using endogenous MRI contrast in rhesus
macaques and human®®12125 The maternal blood delivered to the spiral artery is highly
oxygenated and becomes more deoxygenated when oxygen exchange happens along with the local
blood perfusion in the intervillous space. It results in spatial R,” gradients due to increased local
dephasing of MR signal in the presence of paramagnetic deoxygenated hemoglobin. Previous
studies on rhesus macaques have demonstrated the feasibility of identification the location of spiral
arteries and individual cotyledons and quantification of regional placental oxygenation in R2"
mapping®. In pregnant women, placental R," mapping has shown promise for longitudinally
assessing placental health and predicting pregnancy outcomes33:3435:36,

Further, DCE-MRI and R;™-mapping, taken together, provide comprehensive imaging
techniques to assess placental functions, health and pathologies related to pregnancy
complications. Placental hypoperfusion and hypoxia detected by MRI have strongly correlated
with patterns in tissue histological analysis for different rhesus macaque cohorts including Zika
virus infection'?®, alcohol exposure!?’, and intrauterine growth restriction'?8, It is of great interest
to further develop and assess ferumoxytol-based DCE-MRI and Rz"-mapping in characterizing
placental functions globally and regionally in animal models of obstetric conditions.

In summary, developing and assessing R>"-mapping based placental oxygenation imaging
in both animal and human studies are necessary for studying placental functions using endogenous

MRI contrast. The purpose of this work was to investigate the feasibility of quantifying regional
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placental oxygenation using R2" mapping and evaluate the spatial correspondence of oxygenation
with perfusion detected by ferumoxytol DCE-MRI in the rhesus macaque. Further, the second
purpose was to assess the longitudinal changes in placental R2" in non-obese and obese pregnant

women.

6.2 Methods

6.2.1 Animals

All procedures were approved by the local institutional animal care and use committee. Six
healthy, pregnant rhesus macaques (maternal weight=9.11+1.16 kg) underwent MRI in the late
second trimester (day 99.5+5.3 of gestation) based on an average term pregnancy of 166-day in
macaques*?®. Animals were divided into two groups and underwent different procedures: untreated
control (N=2), saline control (N=4). Animals in the two groups received no injection, or an intra-
amniotic injection of 0.5 mL saline, respectively. The saline infusion was applied as the control
experiment for the study of inflammation at maternal-fetal interface'®°, but it was not the focus of
this study. For all procedures and MRI scans, rhesus macaques were anesthetized by administration
of up to 10 mg/kg ketamine, and continuously sedated using oxygen with 1.5% isoflurane
supplemented with a portable anesthesia system. Animals were monitored during all procedures,
and subsequently until fully recovery from the anesthesia. Table 17 summarizes the animal

information in this study.
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6.2.2 Humans

In this IRB-approved study, pregnant women with singleton pregnancies were recruited and
scheduled for MRI at 14 and 20 weeks of gestation. Subjects with a body mass index (BMI) above

30 kg/m? were considered as obese.

6.2.3 MRI Acquisition

Animals

All imaging was performed one day after the saline or IL-1p intervention on a clinical 3.0T
MRI system (Discovery MR750, GE Healthcare, Waukesha, WI) with a 32-channel phased array
torso coil (Neocoil, Pewaukee, WI) while the animal was in a left-lateral decubitus position. Rz
mapping was first obtained, followed by DCE-MRI with ~16 mins interval between the two
acquisitions.

R." mapping was acquired using a respiratory-gated 3D multi-echo spoiled gradient-echo
(SGRE) acquisition. Imaging parameters include: TR=36.0 ms, 12 TEs, TEin/ATE=1.7/2.8 ms,
flip angle=15°, acquisition bandwidth=450 kHz, FOV=16x14x15 cm?® phase/slice
acceleration=1.5/1.0, acquisition/reconstruction resolution=1.1x1.1x 2.0/0.6x0.6x2.0 mm?, total
scan time=6:37 mins.

DCE-MRI data were acquired with a 3D dual-echo Ti-weighted SGRE with differential
subsampling with Cartesian ordering (DISCO)*3! sequence throughout intravenous injection of 4
mg/kg ferumoxytol (FerahemeTM, AMAG Pharmaceuticals, Waltham, MA) diluted 5:1 with
sterile saline over 20 seconds. Imaging parameter include: TR=4.8 ms, TE1/TE>=1.2/2.4 ms, flip

angle=12°, acquisition bandwidth=+142.86 kHz, FOV=22x15.4x12.8 cmd, reconstruction
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resolution=0.9x0.9x1.0 mm?, phase/slice acceleration=2.0/2.0, temporal resolution=5.0 sec, total

scan time=200-300 sec.
Humans

MRI scans were performed on a wide-bore 1.5T MRI system (Optima MR 450w, GE Healthcare)
using a 48-channel phased-array coil (GEM Suite) with subjects in the supine position. A
respiratory-gated 3D multi-echo spoiled gradient-echo acquisition covering the entire uterus cavity
was obtained for T," (=1/R;") mapping. Imaging parameters include: TR=43.0 ms, 16 TEs,
TEin/ATE=1.5/2.6 ms, flip angle=9°, acquisition bandwidth=+50 kHz, FOV=42x38x14 cm?,
phase/slice acceleration=2.0/1.5, acquisition/reconstruction resolution=2.2x2.0x3.0/1.6x1.6x3.0

mm?, total scan time=5:27 mins.

6.2.4 Image Reconstruction and Analysis

Animals

All image post-processing and analysis were performed in Matlab (Mathworks, Natick,
MA\) unless noted. In 3D SGRE imaging, R2" map, water and fat images were obtained by using a
chemical shift-encoded reconstruction®’. In DCE-MRI, water and fat images at each time point
were reconstructed using two-point water-fat separation. Image registration was applied to
colocalize the placenta in R,” map and DCE images to reduce the motion between the two
acquisitions. Water images from SGRE were registered to water images from DCE-MRI using
non-rigid registration (Advanced Normalization Tools'®?). The transformation matrix calculated
in the registration was then applied to R," maps to colocalize with DCE images. Semi-automatic

segmentation of the placental volume was performed using ITK-SNAP®® on DCE images.
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Placental functional domains were segmented in R,” maps and DCE images, separately.
Quantitative analysis on the regional oxygenation and volumetric flow of each functional domain
were obtained. The flow chart of image reconstruction and analysis is illustrated in Figure 29.
Functional domain segmentation and regional oxygen analysis were obtained in R2" maps
following the method prescribed by Schabel et al*°. Local maxima of Rz in the placenta volume
were detected in the smoothed R, map and the iteration number map was calculated using the
local maxima as seed points. The watershed segmentation algorithm was applied in the iteration
number map to obtain functional domains. The segmentation process is illustrated in Figure 30.
In each segmented functional domain, regional oxygenation was analyzed based on the spatial
distribution of R,", expressed as the radial displacement from the spiral artery source. The intrinsic

R." of the placenta tissue in the absence of deoxyhemoglobin R;,, the fetal oxyhemoglobin

concentration [Hbo,f], and scaled oxygen transport to fetal blood "i% were estimated based on the

spatial distribution of R, curve. Other parameters used include: the relaxivity of deoxyhemoglobin
in human blood at 3.0T*** assumed equal to 20.2 s*mM, maternal arterial oxygen saturation read
from pulse oximetry (see Table 17), and the maternal total hemoglobin concentration using the
mean value of the three rhesus macaques reported in Schabel et al*°.

To deal with contrast dispersion and non-bolus injection, DCE contrast arrival times were
estimated by following the method described by Ludwig et al*?2. A left-search of the signal
enhancement curve with arrival time denoted as the time-frame with signal enhancing greater than
mean+3SD of the background DCE signal (first six time-frames used as ‘background’). DCE
contrast-time curves were fit to a sigmoid-shaped logistic function on a voxel-wise basis to derive

contrast arrival time maps; defined as the time to 50% maximum signal enhancement. Contrast
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arrival time maps were smoothed and segmented into functional domain maps using a watershed
algorithm, following the method prescribed by Frias et al®!.

Mean R," of pixels with same contrast arrival time was calculated for different arrival times
and the Pearson correlation coefficient (p) was used to test the correlation between mean R," and
arrival time. In addition, a group analysis was used to compare pixel-by-pixel correlation of Rz
and contrast arrival time. All pixels in each placenta were divided into three groups based on
contrast arrival time: <54 sec (Group 1), 54-104 sec (Group 2), >104 sec (Group 3). Rz
measurements of pixels in each group were compared by using two-tailed Mann-Whitney U test.

R.>" measurements in each group of all animals were also compared, respectively.
Humans

Ti-weighted anatomic images and T.” maps of each dataset were reconstructed by using
monoexponential fit of complex echo images. Image quality and diagnostic acceptability were
evaluated using a 5-point Likert scale. Scores 1 to 2 were considered as non-diagnostic image
quality and excluded from the quantitative analysis. Scores 3 to 5 were considered as diagnostically
acceptable. Images were evaluated in OsiriX (Pixmeo SARL, Switzerland) by a radiologist with 9
years of experience in clinical MRI. 3D placental contouring was performed on the Ti-weighted
anatomic image using ITK-SNAP®, Additionally, a ~3 cm? circular ROl was drawn in the gluteal

muscles to measure and track the longitudinal muscle T2".



Table 17. Information of animals in the placental BOLD study. Animal information including the gestational age, maternal weight,
placental volume, placental surface area and arterial O> saturation during the MRI scans. Trimester calculations based on an average
166-day gestational cycle for rhesus macaque.

Gestational Age Maternal Placental Volume Placental Surface Area

Animal Intervention  (Trimester) Weight Total (separate discs) Total (separate discs) Arterl.al Og
Index [days] [ke] [cm3] [sz] Saturation (%)

1 None 106 (2nd) 10.04 61.9 (32.3, 29.6) 22.6 (12.3,10.3) 99

2 91 (2nd) 9.90 52.7 (38.9, 13.8) 24.6 (17.7,6.9) 99

3 100 (2nd) 9.06 34.7 (25.6,9.1) 15.4 (10.0, 5.4) 98

4 Saline 97 (2nd) 8.56 62.2 (45.8,16.5) 19.5 (12.9, 6.6) 99

5 99 (2nd) 10.02 65.7 (39.3, 26.5) 18.9 (10.8, 8.0) 99

6 104 (2nd) 7.09 45.4 (25.9, 19.5) 20.3(10.4,9.9) 99
Average 99.5+5.3 9.11£1.16 53.8+12.0 20.2+3.2 98.8+0.4
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6.3 Results

Animals

Figure 31 shows the six echo images (Figure 31A) of one slice in an animal (#1), the
calculated 3D R," maps of the two placental discs (Figure 31B), the segmented functional domains
using R2" maps (Figure 31C), and the spatial distribution of R," in functional domains. The signal
intensity of the placental tissues decays when echo times increase and it shows heterogenous
distribution at long echo times, indicating R," of the placental tissues vary spatially. In the R2" map
(Figure 31B), placental R," varies in the range of 10-80 s and the placenta is visually divided by
multiple local regions with gradually increasing R2" from the center to peripheral areas. In this
animal, a total of 16 functional domains is segmented with 8 domains in each disc with volumes
ranging from 0.2-4.7 cm®. The locations of the segmented functional domains (Figure 31C) are
consistent with the local regions shown in the R>" map. In the plots showing the example curves
of the spatial distribution of R,” (Figure 31D), median R," (black dots) increases as the distance
to the local minimum of R2" increases.

Figure 32 shows the DCE analysis of the same animal (#1) as in Figure 31. Localized
regions of contrast in-flow occurred in separate functional domains of the placental tissue as
observed in serial DCE images in Figure 32A. Heterogeneous contrast arrival times are seen
throughout the placenta tissue, differing by tens of seconds. Contrast arrival time maps (Figure
32B) were derived by fitting DCE data to Fermi function and then used to segment the functional
domains within the placenta as shown in Figure 32C. A total of 18 functional domains were

identified with volumes ranging from 0.3-5.8 cm?.
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Figure 33 show R," maps, contrast arrival time maps, and functional domains segmented
from the two imaging acquisitions in the two discs of two animals (#4, #5), respectively. R," and
contrast arrival time both showed heterogeneous distribution. Qualitatively, regions of locally
minimum R2" (purple isosurfaces in Figure 33A and Figure 33D) appeared spatially correlated
with regions of short arrival times (red isosurfaces in Figure 33B and Figure 33E). A total number
of 8 and 16 functional domains were identified in the two animals, respectively, indicating that the
number of functional domains varied in different animals at same gestation stage. In both animals,
the functional domains segmented in R,” map (purple isosurfaces in Figure 33C and Figure 33F)
showed spatial correlation with the functional domains segmented in DCE (red isosurfaces in
Figure 33C and Figure 33F).

The segmented placental volume varies in the range of 35 cm?® to 66 cm® and the placental
surface area varies in the range of 15 cm? to 25 cm?, as summarized in Table 17. Table 18
summaries the number of functional domains, domain volumes, and quantitative flow and
oxygenation parameters estimated in R,” map and DCE-MRI of all six animals in this study. In
R." mapping-based analysis, the number of segmented functional domains vary from 8 to 18 in all
animals with domain volumes varying from 0.1 cm?® to 8.0 cm®. The mean of the estimated median

viPS

- varies from 7.8 s* to 10.0 s, 4.7 mM to 6.3 mM, and 0.2

Ra0*, median [Hb, (], and median

x10°cm® to 3.0 x10°cm™, respectively. In DCE-MRI analysis, the number of segmented
functional domains and the domain volume are consistent with the estimates in R,” mapping-based
analysis.

The pixel-by-pixel correlation of contrast arrival time and intrinsic placental R,” in one
animal (#5) and all animals is shown in Figure 34. Mean R2" has a positive correlation with the

arrival time in the example animal (p=0.72) and all animals (p=0.38). Placental R;" in tissues with
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early ferumoxytol arrival (arrival time < 54 s) is significantly (P<0.05) lower and compared to
placental R,” in tissues with late ferumoxytol arrival (arrival time > 104 s) in the example animal

and all animals.
Humans

A total of 36 pregnant women, 21 non-obese subjects (mean BMI=24.3 kg/m?) and 15
obese subjects (mean BMI=34.4 kg/m?), were recruited and imaged at the two time points. 18 MRI
datasets were non-diagnostic due to motion artifacts and thus excluded, leaving 12 non-obese and
8 obese subjects with datasets for both time points. 5 non-obese subjects and 1 obese subject had
diagnosed complications in pregnancy. Figure 35 shows the inclusion and exclusion of subjects
in the study and subjects’ information.

Example anatomical images and T,” maps of one obese subject at 14/20 weeks of gestation
are shown in Figure 36. The segmented placental discs are contoured with blue lines. Figure 37
shows the histogram of placental T," of one non-obese subject (A), one obese subject (B), and all
analyzed non-obese (black)/obese(orange) subjects (C). While the placenta of the non-obese
subject has a trend of increased T2" with gestation (mode T2": 57.0 ms to 72.9 ms), it has a trend
of decreased T2" in the obese subject (mode T2": 120.6 ms to 84.1 ms).

The placenta volume, median placental T2", mode placental T." and muscle T>" of each
subject measured at two time points, and the volume ratio and the change of median/mode
placental T," and muscle T between the two gestational ages are shown in Figure 38. The
placental T>" in the obese subjects is in similar range compared to the non-obese subjects, at both
gestational ages (14 weeks: 54~155 ms; 20 weeks: 72~136 ms). In 6 non-obese subjects and 6

obese subjects, placental T," has an increasing trend over gestational age (Figure 38F and Figure
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38G). The muscle T," measurement of all subjects is stable over gestational ages, i.e., 33.9+0.8 ms
and 34.0+1.2 ms at 14 and 20 weeks of gestation, respectively.

Substantial increase in placental volume is observed between the two gestational ages, but
two subjects with pregnancy complications (diabetes and hypertension, hypertension and
preeclampsia) have a much smaller increase (Figure 38A and Figure 38E). Four subjects with
pregnancy complications (preterm fetus, hypertension, hypertension and preeclampsia,

preeclampsia) have a relatively low placental T, at 20 weeks of gestation (Figure 38B).

6.4 Discussion

In the animal study, we have demonstrated the feasibility of using R>" mapping to quantify
regional oxygenation in individual cotyledons in the rhesus macaque. The functional domains
segmented using R2" maps show spatial correlation with those segmented using DCE arrival time
maps, which demonstrates substantial correlation with oxygenation and perfusion functional
domains. 8-19 functional domains are observed in the studied six rhesus macaques, which are
similar to the anticipated number of average domains reported in rhesus macaques**°.

The number of functional domains is observed to vary in different animals at similar
gestational age, independent of the placental volume. It was consistently observed in DCE-MRI
and R2" mapping. Large number of maternal cotyledon may be associated with raised blood
pressure in childhood though the association differs between the two sexes®3®.

No significant DCE signal enhancement was observed within the amniotic flood, umbilical
cord or fetal tissues in all ten monkeys as has been reported?2. Additionally, previous studies have
shown that ferumoxytol is not detectable by MRI in R,” mapping of the placenta a week after

maternal administration, indicating it is washed out from the placental tissues**”. The relative short
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plasma half-life and delayed phase of ferumoxytol compared to the term pregnancy of 166-day in
rhesus macaque may enable using ferumoxytol DCE-MRI for longitudinal studies at different
gestation stages. This may include assessing gestational age-dependent placental perfusion
changes®®® and the development of pathology-induced hypoperfusion over gestations.

We observed non-rigid motion of the placenta between R.* mapping and DCE-MRI. The
reconstruction pipeline including the image registration was developed to address this problem. It
enables pixel-by-pixel correlation of contrast arrival time and placental Rz". The image registration
was performed using water anatomic images obtained in DCE-MRI with the dual-echo acquisition
and two-point water-fat separation and in the chemical shift-encoded reconstruction in tissue R,”
estimation. This was in consideration of that the water anatomic images obtained have similar
image contrast between the two acquisitions. Furthermore, we observed that applying registration
mask on the estimated R,” map provides less errors compared to registration signals first and then
estimating R2".

In R,"-mapping based BOLD measurements, relatively long echo times need to be
acquired, leading to a long TR and consequentially a long acquisition time, which brings
challenges in placental imaging in the presence of maternal and fetal motion. In this study, a
respiratory-gated 3D multi-echo SGRE acquisition was used for R2" mapping with animals under
general anesthesia. Therefore, the influence of both maternal respiratory motion and fetal motion
was diminished. In human scans, free-breathing motion-robust 2D Rz" mapping®? and 3D non-
Cartesian R;" mapping®* techniques have been proposed and may enable reliable assessment of
placental healthy with endogenous contrast.

This study has several limitations. First, the maternal total hemoglobin concentration used

in quantifying oxygenation was not recorded and we used the values from a previous study®. In
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addition, the number of cotyledons from direct observation of the placenta after C-section was not
available. Ongoing studies include correlate MRI-detected cotyledons with tissue histology in Zika
virus-infected animals and healthy controls.

In the human study, we reported placental T>" of non-obese and obese subjects at 14 and
20 weeks of gestation at 1.5T. The range of placental T, is similar between the two subject
populations at both gestational ages, respectively. In 6 non-obese subjects, a non-significant trend
of increased placental T," between the two gestational ages was observed. Previous studies
reported on a negative correlation of placental T2" and gestational age (GA)*>%, while other studies
reported no significant correlation of placental T-" and gestational age (GA: range 21-38 weeks at
1.5T and 14-23 weeks at 3.0T)%%. This suggests changes in placental oxygenation may be
subject-specific at the early gestational window (14-20 weeks). This complicated process can be
affected by many factors including the net result of evolving flow, perfusion, placental oxygen
extraction efficiency and relative volume of intervillous blood volume and fetal villous tissue. In
addition, stable muscle T>" measurements at the two scan times indicate that T>" measurements are
reproducible across scan days. The reproducibility of placental T," measurements, which may be
affected by potential motion artifacts, needs further study. Moreover, small placental volume
increases between 14 and 20 weeks of gestations and relatively low placental T." values were
observed in subjects with pregnancy complications. Joint analysis of the placental oxygenation

and clinical indicators will be performed in future work.

6.5 Conclusion

In conclusion, T," mapping provides promising approaches for evaluating regional

oxygenation in the placenta of the rhesus macaque and pregnant women. Motion-robust T2
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mapping may provide an alternative safe technique using to endogenous MRI contrast to assess

placental oxygenation and predict pregnancy outcome.
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Table 18. Quantitative MRI measurements on functional domains.

Animal
Index

Intervention

R2*-Mapping based BOLD Measurements

Ferumoxytol-enhanced DCE

# of Functional
Domains
Total

Domain Volume
Mean £ SD

Median RZO*

Mean + SD
(Max —Min) [em’] (Max — Min) [sec” (Max —Min) [mM] (Max — Min) [x10° cm]

Median [Hb_ ]
Mean = SD

Median v,PS/®
Mean £ SD

# of Functional
Domains
Total

Domain Volume
Mean + SD

(Max — Min) [cms]

None

16
18

2.1+1.3 (0.2-4.7) 9.3%3.5 (4.8-18.7)
1.3+0.8 (0.3-2.9) 10.045.5 (1.8-24.3)

4.7+0.9 (2.2-6.2)
5.3+1.1 (2.1, 6.5)

1.1+2.4 (0.1-10.1)
3.0+4.6 (0.1-16.3)

18
17

28+1.7(0.3-5.8)
21+1.4(0.3-5.3)

Ol b WIN -

6

Saline

9
16
8
15

2.5+1.9 (0.1-5.6) 9.4+1.9 (6.9-13.1)
2.9+1.9 (0.6-6.6) 9.5+1.5 (7.3-13.7)
8.40.7 (7.4-9.5)
2.0£0.9 (0.5-4.1) 7.8+2.5 (2.1-12.7)

5.0+1.7 (2.3-8.0)

6.3+0.2 (6.1, 6.6)
5.7+0.8 (3.5-6.3)
5.6+0.6 (4.3-6.3)
6.2+0.2 (6.5-5.6)

1.4+1.1 (0.1, 3.6)
0.40.3 (0.1-1.0)
0.2+0.1 (0.1-0.4)
1.5+1.8 (0.1-5.8)

13
18
8
16

1.8+1.7(0.1-5.7)
25+2.3(0.4-7.9)
6.3+2.8 (3.4 12.5)
1.8+1.2 (0.1 4.5)

Average

14.3+4.1

2.5+1.3(0.1-8.0)

9.1+0.8

5.7+0.6

1.5+1.1

15.0+3.9

2.9+1.7(0.1-12.5)
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Total

N =21 non-obese subjects with 42 MRI scans
(age=30.6+2.2, BMI=24.3+2 4 kg/m?)

N =15 obese subjects with 30 MRI scans
(age=29.1+2.6, BMI=34.4+2.9 kg/m?)

Excluded non-diagnostic images

N =9 non-obese subjects with 10 MRI datasets
(4/6 datasets from 14/20 weeks of gestations)
N =7 obese subjects with 8 MRI datasets

(3/5 datasets from 14/20 weeks of gestations)

Subjects with diagnosed complications in pregnancy:

Excluded subjects having only one dataset 1 subject: gestational diabetes & hypertension
‘ 1 subject: preterm fetus (fetal birth weight = 2.63 kg)
Paired data group 1 subject: gestational hypertension

N = 12 non-obese subjects with 24 MRI datasets 1 subject: preeclampsia

Includ
(age=30.8+2.5, BMI=24.3+£2.5) — subject: gestational hypertension & preeclampsia
N =8 obese subjects with 16 MRI datasets Obese
(age=28.6+3.0, BMI=35.1+3.6) 1 subject: preeclampsia (fetal birth weight = 2.11 kg)

Figure 35. Flow chart shows the study design and subjects' information.

Anatomic Image T," Map (ms)

- 8 ]

14 Weeks of Gestation

20 Weeks of Gestation

Figure 36. Example placental images of a human subject. Example anatomic images and T
maps of an obese subject at 14 weeks of gestation and 20 weeks of gestation. The placenta contours
are delineated with blue lines.
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Figure 37. Histograms of placental T>" in human subjects. Histograms of placental T, in one
non-obese subject (A), one obese subject (B), and all 12 non-obese/ 8 obese subjects (C) at 14
weeks of gestation (solid lines) and 20 weeks of gestation (dashed lines). The mode of the placental
T," is shown with the marker “x”. The histograms of all non-obese/obese subjects (C) are
normalized by the number of subjects.
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the bottom of the figure. Median and mode values are both shown to provide comprehensively assessment of placental T,".
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Chapter

7. Summary and Future Works

7.1 Summary

This thesis incorporates development of MRI pulse sequence, signal model, image
reconstruction, image post-processing and data analysis, and assessment of techniques in
simulation, phantom, animal and human studies.

A multi-component liver signal model including water, fat, and the recently observed short
T, signal was proposed and a UTE-CSE acquisition with optimized echo time was used to
quantify ST2 at both 1.5T and 3.0T. ST2 was demonstrated to consistently exist in human liver.
Further, PDFF quantification in CSE acquisition with short echo times was demonstrated to be
biased if the ST2 was uncounted in the liver signal model. The preliminarily quantified signal
fraction and T, of ST2 will guide future studies on accurate liver signal modeling at short TEs
and may enable improved accuracy of PDFF estimations for the detection of NAFLD.

A numerical abdominal phantom was developed and in vivo liver CSE-MRI was analyzed
to assess the bias on liver QSM with anisotropic imaging resolution. The low image resolution was
shown to lead to different amounts of bias on the susceptibility contrast depending on the
downsampling directions in liver QSM. This preliminary study may guide future design of liver

QSM scan protocols for improving the accuracy of quantifying LIC.
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Ferumoxytol-enhanced R." and QSM were developed for tracking longitudinal iron
deposition in the placenta. The technique feasibility was demonstrated in a nonhuman primate
model. Further, stable MRI measurements indicated no evidence of iron deposition in fetal tissues
of nonhuman primates after maternal ferumoxytol exposure at late second trimester. Upon
successful detection of macrophage homing in an effective inflammation model and being proven
safe, ferumoxytol-enhanced MRI may enable assessment of the inflammation at the maternal-fetal
interface in human pregnancy.

A motion-robust 2D sequential CSE-MRI technique with a short temporal footprint for
each slice was investigated for ferumoxytol-enhanced MRI of inflammation at maternal-fetal
interface. The accuracy of placental R2” and By field map boundary measurements in the proposed
2D technique was evaluated by comparing with the reference 3D CSE-MRI technique in pregnant
rhesus macaques, which were anesthetized eliminating fetal motion. High correlations between the
measurements from 2D and 3D-CSE-MRI were demonstrated. Further, the motion-robustness and
good repeatability of 2D CSE-MRI for placental R2” were also demonstrated in pregnant women
without ferumoxytol administration. 2D CSE-MRI provides promise for motion-robust human
placental MRI.

R."-mapping based BOLD contrast using 3D respiratory-gated CSE-MRI was developed
to quantify regional placental oxygenation in individual cotyledons in nonhuman primates and
assess longitudinal placental oxygenation changes in obese pregnant women. Placental R2" showed
spatial correlation with ferumoxytol DCE arrival time, indicating substantial correlation between
placental oxygenation and perfusion. The segmented functional domains by using R2" map are
similar to the reported number of domains in rhesus macaques. Further, placental oxygenation in

human subjects was observed to be subject-specific at the early gestational window (14-20 weeks).
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Small placental volume increases between 14 and 20 weeks of gestations and relatively high
placental R." values were observed in subjects with pregnancy complications. R,"-mapping may
provide an alternative safe technique using endogenous MRI contrast to assess placental

oxygenation and predict pregnancy outcome.

7.2 Future Works

7.2.1 Quantification of short T, signal component in the liver at 1.5T

This future work seeks to quantify liver short T," signal component in patients with liver
cirrhosis and compare the signal fraction with that in healthy volunteers at 1.5T. As shown in our
preliminary estimation of ST2 in healthy volunteers who were imaged at both 3.0T and 1.5T
(Chapter 2), a longer T2/ was estimated at 1.5T compared to the estimation at 3.0T in the same
subject. The longer T, at 1.5T leads to a slow signal decay and thus more signals of ST2 can be
captured for accurate quantification. Further studies on characterization of ST2 in patients with
liver cirrhosis at 1.5T, which has not been performed in this work, is of great interest.

In this future work, a UTE-CSE acquisition with ~10 mins scan time will be achieved and
added as clinic add-on scan after obtaining informed written consent in patients. Echo times will
be optimized through Cramér-Rao lower bound®® based on the preliminarily estimated range of the
signal fraction and T, of ST2 at 1.5T (Chapter 2). A relatively low spatial resolution, e.g., 3 mm
isotropic resolution will be used in order to shorten the total scan time. SNR is also expected to
increase due to the low resolution, which may stabilize the signal fitting for the estimation of ST2.

Healthy volunteers will be recruited and scanned using the same imaging protocol at 1.5T. The



140

signal fraction and T,/ of ST2 will be compared between patients with liver cirrhosis and healthy
volunteers through statistical analysis, e.g. Student’s t-test. This future work may provide
comprehensive analysis of ST2 in different cohorts at 1.5T and it may also enable preliminary

analysis on the variation of ST2 quantification using different protocols.

7.2.2  Further characterization of resolution effects on liver QSM

The susceptibility estimate has shown to depend on reconstruction algorithm® including
the background field removal and dipole inversion. MEDI-based QSM reconstruction has been
widely used for brain and has been increasingly used in body applications™ in recent years. We
have tested the reconstruction pipeline of liver QSM using MEDI and preliminarily results look
promising in both digital phantom and in vivo data, as shown in Figure 39. This future work seeks
to characterize resolution introduced bias on liver QSM using MEDI. Data analysis will be
performed on both the numerical abdominal phantom and in vivo data (Chapter 3). The effect of
resolution along different directions including liver left-right and superior-inferior directions will
be characterized separately and compared with the results in Chapter 3. This future work may
provide preliminary assessment of the accuracy of liver susceptibility estimations using different

reconstruction algorithms.

Digital Liver Phantom

In vivo, R," (') In vivo, Susceptibility (ppm)

.......

Figure 39. Liver QSM using MEDI reconstruction. Liver susceptibility measurements of a
digital liver phantom and in vivo data estimated using MEDI reconstruction.
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7.2.3 Further assessment of placental function and health using R>"-mapping

A Zika-infected rhesus macaque model was recently used to analyze placental tissue
histology and its correlation with MRI biomarkers including tissue perfusion (Seiter D, et al.
ISMRM 2020 abstract #3834). Cotyledon was segmented using ferumoxytol DCE-MRI and the
cotyledon volume was observed to be significantly smaller in animals with pathology. This future
work seeks to quantify placental oxygenation in these Zika-infected animals using the built
pipeline of R2"-mapping based technique as stated in Chapter 6.

R2" map will be registered to DCE images and pixel-by-pixel correlation of R,” and
ferumoxytol arrival time will be analyzed to study the correlation between oxygenation and
perfusion. Individual cotyledon will be segmented in R,” map and the number and volume of

cotyledons will be compared with pathology findings. Quantitative parameters including the scaled

oxygen transport to fetal blood vis

, Which has shown to correlate with pathology in previous

studies®?®, will also be estimated. Statistical analysis will be used to compare oxygenation between
Zika-infected animals and healthy controls. This future work will provide opportunity to assess
the correlation of MRI-based oxygenation with pathology and also assess the feasibility of using

placental R," as a biomarker to indicate placental hypoxia.
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