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ABSTRACT OF THE DISSERTATION

Free-Breathing Radial Magnetic Resonance Imaging Quantification of Fat and R,*

Tess Armstrong
Doctor of Philosophy in Biomedical Physics
University of California, Los Angeles, 2018

Professor Holden H. Wu, Chair

Purpose

Magnetic resonance imaging (MRI) can non-invasively quantify fat and the transverse
relaxation rate (R,*) in the human body. This quantitative information can provide further insight
about diseases such as non-alcoholic fatty liver disease (NAFLD), obesity, and ischemic
placental disease (IPD). Conventional MRI methods for quantifying fat and R,* require breath-
holding, which limits the spatial resolution, volumetric coverage, and signal-to-noise ratio that
may be achieved. Moreover, several subject populations, including sick, elderly, and mentally
impaired patients, as well as children, infants, and pregnant women, may have difficulty
performing a breath-hold or are unable to breath-hold. The purpose of this work is to develop

and evaluate a new free-breathing 3D stack-of-radial MRI technique (FB radial) for fat and R,*
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quantification at 3 Tesla (T) that overcomes the aforementioned limitations of conventional

breath-holding MRI.
Methods

To enable free-breathing MRI, a multiecho golden-angle ordered 3D stack-of-radial
radiofrequency-spoiled gradient echo sequence with gradient calibration and correction (FB
radial) was developed. First, to evaluate FB radial without motion, fat quantification accuracy
using FB radial was compared to conventional Cartesian and reference single-voxel magnetic
resonance spectroscopy (SVS) sequences using a fat fraction phantom and in the pelvis of five
healthy subjects at 3 T. To evaluate FB radial fat quantification accuracy in subjects capable of
breath-holding, a population consisting of eleven healthy adults were recruited and imaged at 3
T. The fat quantification accuracy of FB radial was compared to conventional breath-held

Cartesian (BH Cartesian) MRI and reference breath-held SVS (BH SVS).

The feasibility and repeatability of FB radial for hepatic fat quantification was evaluated
in children, which represents a population that may have limited breath-hold ability or may have
difficulty complying with operator instructions. Ten healthy children and nine overweight
children with NAFLD, 7-17 years of age, were imaged at 3 T using FB radial, BH Cartesian and
BH SVS. Acquisitions were performed twice to assess repeatability. Images and proton-density

fat fraction (PDFF) maps were scored for image quality. Liver coverage was measured.

Ten healthy infants aged 2-7 months were recruited to evaluate the feasibility of FB
radial for quantifying hepatic fat and body composition in a population incapable of breath-
holding. The preparation time and scan time (median + interquartile range) for each non-sedated
MRI exam was recorded. Abdominal and head and chest FB radial scans and abdominal

Cartesian scans were performed. Abdominal scans were scored for motion artifacts by a
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radiologist, masked to the trajectory. Visceral adipose tissue (VAT), subcutaneous adipose tissue
(SAT), and brown adipose tissue (BAT) (volume and PDFF) and hepatic PDFF were measured

using FB radial. Repeatability of FB radial hepatic PDFF was assessed.

To evaluate the quantitative accuracy of FB radial for R,* mapping without motion, FB
radial was compared to a conventional Cartesian sequence using a R,* phantom. To evaluate FB
radial R,* mapping in the presence of motion, thirty subjects with normal pregnancies and three
subjects with ischemic placental disease (IPD) were scanned twice: between 14-18 and 19-23
weeks gestational age (GA). Feasibility and repeatability of FB radial placental R,* mapping was
assessed. The mean and spatial coefficient of variation (CV) of placental R,* was determined for

all subjects, and separately for anterior and posterior placentas, at each GA range.

For all analyses, quantitative accuracy of fat or Ry* quantification was evaluated using
linear correlation (Pearson’s correlation coefficient, r; Lin’s concordance correlation coefficient,
pc) and Bland-Altman analyses (mean difference, MD; limits of agreement, LoA = MD =+ 1.96 x
standard deviation). The repeatability of FB radial between back-to-back scans for fat or Ry*
quantification was assessed by calculating the within-technique mean difference (MDyimin) and
the coefficient of repeatability (CR). To compare image quality between FB radial and BH
Cartesian, differences in the distribution of scores between FB radial and Cartesian were
determined using McNemar-Bowker tests. For all statistical analyses, a p-value (P) < 0.05 was

considered significant.
Results

In a fat fraction phantom, FB radial demonstrated accuracy with r and p. > 0.995 (P <
0.001), absolute MD < 2.2 + 4.9% compared to SVS and absolute MD < 0.6 + 3.3% compared to

Cartesian. In the pelvis of healthy adults, FB radial demonstrated fat quantification accuracy with
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absolute MD < 1.2 + 3.2% in low fat fraction regions (< 5% PDFF) and absolute MD < 4.6 +
5.6% in high fat fraction regions (> 80% PDFF). In the liver and abdomen, PDFF showed
significant correlation (p > 0.986, p. > 0.985), and absolute MD < 1.0 + 10.6% between FB
radial and BH SVS, and significant correlation (r > 0.996, p, > 0.995), and absolute MD < 0.9 +

5.7% between FB radial and BH Cartesian.

In children with NAFLD, FB radial demonstrated significantly less motion artifacts
compared to BH Cartesian (P < 0.05). FB radial PDFF demonstrated a linear relationship (P <
0.001) versus BH SVS PDFF and BH Cartesian PDFF with r = 0.996 and p.= 0.994, and r =
0.997 and p.= 0.995, respectively. The absolute MD in PDFF between FB radial, BH Cartesian,
and BH SVS was less than 0.7 + 2.6% Repeated FB radial had MDyihin = 0.25% and CR =

1.53% for PDFF.

Ten infants were enrolled, and nine infants completed the study (90% completion). The
preparation time and scan time were 32 + 7 min and 24 + 11 min, respectively. FB radial MRI
demonstrated significantly higher image quality scores compared to Cartesian MRI (P = 0.01).
The measurements using FB radial were VAT = 48.2 = 16.5 cm3; VAT-PDFF = 41.6 + 3.8%;
SAT = 281.6 + 104.5 cm’; SAT-PDFF = 86.1 + 4.8%; BAT = 1.5 + 0.6 cm’; and BAT-PDFF =
28.9 + 8.8%. Hepatic PDFF measured using FB radial was 3.5 £ 1.1% and had repeatability of

MD yithin < 0.25% and CR < 2.0%.

For R,* mapping, FB radial demonstrated accurate (p. > 0.996; P < 0.001; absolute MD <
0.2 + 4 s™) and repeatable (MDyjmin = 0.23 s'; CR = 3.9 s) quantification in a phantom, and
repeatable (MDyimin < 0.5 s'; CR < 4.6 s™) quantification in thirty subjects with normal
pregnancies. At 3T, placental Ro* mean + standard deviation was 12.9 + 2.7 s for 14-18 and

13.2+ 1.9 5™ for 19-23 weeks GA. The CV was significantly greater (P = 0.043) at 14-18 (0.63 +



0.12) than 19-23 (0.58 &+ 0.13) weeks GA. At 19-23 weeks, the CV was significantly lower (P <
0.001) for anterior (0.49 + 0.08) than posterior (0.67 £ 0.11) placentas. One IPD subject had a

lower mean R,* than normal subjects at both GA ranges (Z < —2).
Conclusion

FB radial demonstrated quantitative accuracy compared to BH techniques in a fat fraction
phantom and in the pelvis and liver of healthy volunteers. In healthy children and children with
NAFLD, non-sedated free-breathing radial MRI provided accurate and repeatable hepatic PDFF
measurements and improved image quality, compared to standard breath-held MR techniques.
Finally, in a R,* phantom FB radial provided accurate and repeatable three-dimensional R,*
mapping and in pregnant subjects FB radial provided repeatable R,* mapping in the entire

placenta at 3T during early GA.
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comparison between (a-b) radial R = 1 and Design PDFF (described in the phantom design
section of the methods) the MD = —2.32% and LoA = MD = 3.34%, (c-d) radial R = 1 PDFF
and SVS PDFF the MD = 2.03% and LoA = MD + 4.53%, and (e-f) radial R = 1 PDFF and
Cartesian R =4 PDFF the MD = 0.5% and LoA = MD = 3.15%. The correlation coefficients
r and p. are statistically significant in all cases (P <0.001). The dashed lines represent y = x
in the linear correlation plots and y = 0 in the Bland-Altman plots. 37
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Figure 3-7 Representative in vivo pelvis PDFF maps for Cartesian R = 1, Cartesian R = 4 and
radial R = 1 for a representative subject in axial and coronal orientations. The red squares

indicate ROIs in the bone marrow, prostate, muscle, and subcutaneous fat for this subject.
40

Figure 3-8 Representative in vivo pelvis PDFF maps for Cartesian R = 1, Cartesian R = 4 and
radial R = 1 for a representative subject in axial and coronal orientations. The red squares

indicate ROIs in the bone marrow, prostate, muscle, and subcutaneous fat for this subject.
43

Figure 3-9 In vivo liver study (a,c,e) linear correlation plots and (b,d,f) Bland-Altman plots for
PDFF of ROIs in the subcutancous fat (SCF), bone marrow (BM), muscle (M), and
Couinaud-Bismuth segments II/IV, VII, and VIII. The comparison of (a-b) FB radial R = 1
versus SVS had mean difference (MD) = 0.95% and LoA = MD + 9.74%, (c-d) FB radial R
=1 versus Cartesian R = 4 had MD = 0.82% and LoA = MD =+ 4.9%, and (e-f) FB radial R
= 1.92 versus BH radial R = 1.92 had MD = 0.58% and LoA = MD =+ 2.97%. The
correlation coefficients r and p. were significant in all cases with P < 0.001. The dashed
lines represent y = x in the linear correlation plots and y = 0 in the Bland-Altman plots.

44

Figure 3-10 In vivo liver FB radial PDFF maps reconstructed with and without gradient error
calibration and correction. Apparent k-space sample shifts were on average 0.8 samples.
Gradient correction substantially improves the quality of the PDFF maps. 46

Figure 3-11 In vivo liver FB radial R = 1.92 and BH radial R = 1.92 PDFF maps. The PDFF
maps are very similar with only slight differences in liver positioning due to breath holding.
47

Figure 4-1 Representative images in the axial and coronal reformat orientations at an echo time
of 1.23ms with motion artifacts scores of 1-4 for (a) breath-hold (BH) Cartesian and 2-4 for
(b) free-breathing (FB) radial acquisitions. If BH Cartesian exhibited severe motion artifacts
leading to non-diagnostic images (score of 1), additional scans were repeated during the
scan session. FB radial did not have a representative image with an image quality score of 1.
See the Image Analysis section of the Methods for the description of the image quality
scores. 60

Figure 4-2 Images and proton-density fat fraction (PDFF) maps for the free-breathing (FB) radial
and breath-hold (BH) Cartesian scans for a representative subject (male, age: 15 years) in
axial orientation. Due to severe motion artifacts (non-diagnostic image quality) in the BH
Cartesian scan (motion artifact score = 1), it was repeated. However, mild motion artifacts
(motion artifact score = 3) were still present in the repeated scan. Arrows indicate artifacts
that affect hepatic fat quantification. The FB radial scan did not exhibit coherent motion
artifacts in the liver (motion artifact score = 3). The scan time for each technique is reported
as minutes:seconds. 61
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Figure 4-3 Proton-density fat fraction (PDFF) maps for breath-hold (BH) Cartesian and free-
breathing (FB) radial scans for a representative healthy subject (male, age: 9 years) in axial,
coronal, and sagittal orientations. The liver slice coverage was 100% using the BH Cartesian
technique for this subject. Representative regions of interest (ellipses) and mean PDFF
values are shown in the axial orientation. FB radial and BH Cartesian have slight differences
in liver position due to breath-holding. The scan time for each technique is reported as
minutes:seconds. 62

Figure 4-4 Proton-density fat fraction (PDFF) maps for breath-hold (BH) Cartesian and free-
breathing (FB) radial scans for a representative non-alcoholic fatty liver disease (NAFLD)
subject (female, age: 14 years) in axial, coronal, and sagittal orientations. The liver slice
coverage was 68% using the BH Cartesian technique for this subject. Representative regions
of interest (box) and mean PDFF values are shown in the axial orientation. FB radial and
BH Cartesian have slight differences in liver position due to breath-holding. The scan time
for each technique is reported as minutes:seconds. 63

Figure 4-5 Proton-density fat fraction (PDFF) maps for breath-hold (BH) Cartesian and free-
breathing (FB) radial scans for a representative non-alcoholic fatty liver disease (NAFLD)
subject (male, age: 10 years) with hepatic PDFF heterogeneity. The liver slice coverage was
97% using the BH Cartesian technique for this subject. Representative regions of interest
(box) and mean PDFF values are shown in three liver segments. FB radial and BH Cartesian
have slight differences in liver position due to breath-holding. The scan time for each
technique is reported as minutes:seconds. 64

Figure 4-6 Liver study (a,c,e) linear correlation plots and (b,d,f) Bland-Altman plots for proton-
density fat fraction (PDFF) of each region of interest (ROI) in the liver corresponding to
single-voxel magnetic resonance spectroscopy (SVS) ROIs. The comparison of (a-b) free-
breathing (FB) radial versus breath-hold (BH) Cartesian had mean difference (MD) = 0.65%
+ 2.56% (c-d) FB radial versus BH SVS had MD = 0.64% + 2.31%, (e-f) BH Cartesian
versus BH SVS had MD = 0.23% + 2.56%. The correlation coefficients r and p. were
significant in all cases with P < 0.001. The dashed lines represent y = x in the linear
correlation plots and y = 0 in the Bland-Altman plots. 67

Figure 5-1 Infant MRI procedures. (a) Initial preparation for the infant scan. (b) Preparation on
the MRI table. 78

Figure 5-2 Representative Cartesian and free-breathing (FB) radial infant abdominal MR images
from subject 3. This infant was female and 6.4 months of age. These examples have image
quality scores of 1-3. 1 represents non-diagnostic images (i.e. bad image quality), 2
represents diagnostic images with minor motion artifacts in the liver, and 3 represents
diagnostic images with no motion artifacts in the liver. Red filled-in arrowheads point to
severe motion artifacts; orange filled-in arrowheads with dashed lines point to small
structures with minor motion blurring on FB radial resulting in a image quality score of 2;
yellow open arrowheads point to small structures that appear sharp resulting in an image
quality score of 3. 86
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Figure 5-3 Representative infant abdominal and head and chest proton-density fat fraction
(PDFF) maps (range: 0-100%) from subject 7. Abdominal images are shown in axial, and
coronal reformat orientations and head and chest PDFF map in the coronal reformatted
orientation from the subject with the lowest visceral adipose tissue (VAT) volume, VAT-
PDFF, subcutaneous adipose tissue (SAT) volume, SAT-PDFF, brown adipose tissue
(BAT) volume, and BAT-PDFF. The coronal reformat image was combined from the slabs
from the abdomen scan and the head and chest scan. Hepatic PDFF (HPDFF) in the liver is
shown in a representative region of interest. VAT and SAT fat compartments are contoured
on axial abdominal images. The BAT fat compartment is contoured on head and chest
coronal reformatted images. This male infant was 2.5 months of age and born preterm with
intrauterine growth restriction. For this subject, VAT = 17.0 cm’, VAT-PDFF = 34.2%,
SAT = 148.4 cm’, SAT-PDFF = 77.8%, BAT = 0.7 cm’, and BAT-PDFF = 17.3%. 89

Figure 5-4 Representative infant abdominal and head and chest proton-density fat fraction
(PDFF) maps (range: 0-100%) from subject 2. Abdominal images are shown in axial, and
coronal reformat orientations and head and chest PDFF map in the coronal reformatted
orientation from the subject with the highest hepatic PDFF (HPDFF), second highest
visceral adipose tissue (VAT) volume, second highest brown adipose tissue (BAT) volume,
and third highest BAT-PDFF. The coronal reformat image was combined from the slabs
from the abdomen scan and the head and chest scan. HPDFF in the liver is shown in a
representative region of interest. VAT and subcutaneous adipose tissue (SAT) fat
compartments are contoured on axial abdominal images. The BAT fat compartment is
contoured on head and chest coronal reformatted images. This male infant was 3.2 months
of age, born full term, and had a family history of non-alcoholic fatty liver disease. For this
subject, VAT = 63.5 cm’, VAT-PDFF = 39.7%, SAT = 254.4 cm’, SAT-PDFF = 86.3%,
BAT =2.2 cm’, BAT-PDFF = 36.4%. 90

Figure 6-1 In vivo placenta MRI registration and analysis flowchart. (a) Axial 2D multi-slice T,
HASTE images were registered using 3D non-rigid registration to the axial 3D FB radial
dataset. (b) The registered T, HASTE images were used to aid in drawing regions of interest
(ROIs) to contour the full placenta volume. (¢) ROIs were then applied to the 3D FB radial
images and R,* maps, and were confirmed by an experienced radiologist and an
experienced maternal fetal medicine specialist. The mean placental R,* values were
measured in the confirmed ROIs. 107

Figure 6-2 Ry* maps of the ferumoxytol phantom acquired using the (a) Cartesian and (b) radial
MRI sequences at 3 T in the axial orientation. Test tubes are labeled with their
corresponding R,* values in s™'. Ro* phantom (c) linear correlation and (d) Bland-Altman
analysis results for radial R,* (scan 1) vs. Cartesian R,*, and radial R,* (scan 2) vs.
Cartesian R,* at 3 T. *Statistically significant with P < 0.001. 110

Figure 6-3 Representative in vivo placenta images and R,* maps of a subject with normal
pregnancy at 16+2 weeks gestational age acquired using free-breathing radial MRI at 3 T.
Axial, coronal and sagittal views are shown. The placenta is delineated by a white contour.
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Figure 6-4 Representative in vivo placenta images and R,* maps of a subject with preeclampsia
at 19+1 weeks gestational age acquired using free-breathing radial MRI at 3 T. Axial,
coronal and sagittal views are shown. The placenta is delineated by a white contour. White
arrows on the R,* maps point to spatial variation. In this subject, there were regions of
higher R,* along the periphery and regions of lower R,* in the center of the placenta.
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1 INTRODUCTION

Obesity has become a global epidemic with prevalence rates tripling since 1975'.
Globally, overweight and obesity currently affects an estimated 1.9 billion adults, 340 million
children from 5-19 years of age, and 41 million children under 5 years of age'. Obesity is
associated with metabolic syndrome, a collection of symptoms that include insulin resistance,
dyslipidemia, hypertension, and non-alcoholic fatty liver disease (NAFLD)**. NAFLD, defined
as the intracellular accumulation of >5% triglycerides in the hepatocytes’, ranges from simple
steatosis to non-alcoholic steatohepatitis (NASH), which is hallmarked by liver fibrosis®’.

5,7,8

Fibrosis culminates in cirrhosis and can lead to hepatocellular carcinoma and liver failure™ . For

these reasons, NAFLD is currently the number two indication for liver transplant in adults’.

Liver biopsies are considered the gold standard for diagnosing and staging steatosis'™''.

However, liver biopsies are costly, invasive, require anaesthesia, can be technically challenging,

12,13

and are limited by sampling bias ©°. Non-invasive magnetic resonance techniques have been

developed to quantify hepatic fat. Magnetic resonance spectroscopy (MRS) is regarded as a



14,15

reference standard for non-invasive fat quantification and accurately quantifies hepatic

steatosis'®'®; however, MRS is also limited by spatial sampling bias'*".

Body composition analysis is a valuable tool to provide information about the amount,

distribution, and content of adiposity beginning at an early age and throughout later stages of life

19-21

to provide insight regarding the risk of metabolic syndrome ~~'. Body composition involves

quantifying the volume and/or tissue fat content of visceral adipose tissue (VAT), subcutaneous

adipose tissue (SAT), brown adipose tissue (BAT), and other organs' 2"

Preeclampsia, intrauterine growth restriction (IUGR), and placental abruption are

obstetrical conditions associated with placental hypoxia and are collectively referred to as

22-26

ischemic placental disease (IPD)™ . IPD conditions account for more than half of all medically

22,23,26,27

indicated preterm births less than 35 weeks in the United States and contribute to higher

rates of infant and maternal morbidity and mortality*. Uterine artery (UA) Doppler can be used

to detect IPD*; however, UA Doppler has low sensitivity for the detection of IPD****,

particularly during early gestation and for low risk pregnancies’®*. Development of accurate
methods to predict or detect IPD early in pregnancy would be of great importance to enable
prevention strategies and improve outcomes>®. MRI can be used to characterize oxygenation in
the placenta through quantification of the transverse relaxation rate (R,* = 1/T,*)’" . Ry* is

known to increase due to local field inhomogeneities caused by deoxyhemoglobin. Thus, R,* is

higher (or T»* is lower) in hypoxic tissues than in normoxic tissues®®>’.

The MRI gradient echo signal model contains contributions from the proton-density of

£34-36

fat, the proton-density of water, and R, . Therefore, a multiecho gradient echo MRI

£34-38

sequence can be used to quantify fat and/or R, . To obtain accurate quantitative maps of fat

and/or R,*, all factors in the signal model must be considered (see section 2.5)*. Conventional



MRI techniques typically employ Cartesian trajectories for fat or Ry* quantification®® 728407

Cartesian trajectories are limited by their sensitivity to respiratory motion-induced coherent
aliasing artifacts, which degrade image quality and negatively impact fat and R,* quantification
accuracy. Therefore, Cartesian MRI acquisitions in the abdomen and pelvis are performed during
a breath-hold. Because imaging parameters are selected to reduce scan times to fit within a
breath-hold (typically 10 to 20 sec), spatial coverage, resolution and/or signal to noise ratio
(SNR) may be reduced. Many populations such as children, infants, elderly patients, patients
with chronic diseases, patients with disabilities, or pregnant women may have limited or no
breath-hold ability, may have involuntary motion, and/or may not be able to comply with

operator instructions™~*>.

Therefore, the purpose of this work was to develop and evaluate a new free-breathing
(FB) 3D stack-of-radial (FB radial) MRI technique for fat or R,* quantification at 3T in adults,
children, infants, and pregnant women. This technique can eliminate the need for a breath-hold
and allow for higher spatial resolutions and/or larger volumetric coverage. Since 3D stack-of-
radial trajectories have greater sensitivities to system imperfections, including gradient delays,
eddy current effects, and off-resonance effects”, the main technical development of this work
was a system calibration and correction approach to ensure quantification accuracy. A brief

summary of the background and overview of these methods are discussed next.

1.1 Development and Evaluation of a Free-Breathing Stack-of-Radial MRI
Fat Quantification Technique

61,62
2, Therefore, we

Non-Cartesian trajectories have greater inherent robustness to motion
proposed to develop a non-Cartesian free-breathing multiecho golden-angle ordered® 3D stack-

of-radial radiofrequency-spoiled gradient echo sequence (FB radial) for hepatic fat



quantification. A potential challenge for utilizing non-Cartesian trajectories for quantitative MRI
is the sensitivity to gradient delay errors and eddy current effects®. Therefore, a gradient delay
calibration and correction approach was developed and evaluated in healthy subjects. The
purpose of the study is to develop and evaluate a FB radial MRI technique with gradient
calibration and correction for fat quantification in healthy adults. FB radial fat quantification

accuracy was compared to both conventional Cartesian and reference SVS techniques.

Chapter 3 describes the development and evaluation of a FB radial technique for fat
quantification in healthy adult subjects. This technique may be useful for many applications in
the abdomen and pelvis and can be used to quantify hepatic fat for the diagnosis and monitoring

of NAFLD.

1.2 Evaluation of a Free-Breathing Radial MRI Technique for Hepatic Fat
Quantification in Children

Performing MRI experiments in children may pose additional challenges because they
may have greater difficulty performing a breath-hold. Previous techniques have utilized
conventional Cartesian trajectories™***>°% however, children may have anxiety during the MRI
exam and may have difficulty complying with operator instructions**. A FB radial technique
may be a desirable alternative for hepatic fat quantification in this population. The feasibility,
accuracy, and repeatability of FB radial MRI fat quantification were evaluated in a pediatric
population consisting of healthy children and children with NAFLD. FB radial hepatic fat
quantification accuracy was assessed with respect to BH Cartesian and BH SVS techniques. FB

radial MRI image quality was compared to Cartesian MRI image quality.

Chapter 4 describes the work of evaluating the feasibility, image quality, accuracy, and

repeatability of FB radial MRI technique in children at 3 T.



1.3 Free-Breathing Radial MRI Quantification of Body Composition and
Hepatic Fat in Infants

Previous studies have used Cartesian MRI for fat quantification in infants* >’

. However,
infants are not capable of breath-holding. A technique that is robust to breathing motion is
needed for performing MRI in infants. Body composition analysis and quantification of hepatic
fat may provide insight into the origins of metabolic syndrome. Body composition analysis may
be another useful application for the FB radial technique because it can provide larger volumetric
coverage without the scan time limitations required for a breath-hold scan. Therefore, we
proposed to evaluate the feasibility, repeatability and image quality of a FB radial MRI technique

for body composition and hepatic fat quantification in infants. The image quality was compared

to a conventional Cartesian MRI technique.

Chapter 5 describes the work on the evaluation of feasibility of a FB radial MRI
technique for measuring body composition and feasibility, image quality and repeatability for

hepatic fat quantification and in infants at 3 T.

1.4 Free-Breathing Radial MRI Quantification of Placental R,*

In pregnant subjects, the uterus and placenta can undergo motion due to uterine
contractions, maternal respiration, fetal motion, and other organ motion® . A breath-hold may
avoid artifacts due to maternal respiration but involuntary motion due to fetal motion and uterine
contractions may still occur. Furthermore, breath-holding limits the volumetric coverage
achieved in the placenta. Previous studies investigating Ro* (R,* = 1/T»*) or To* mapping in the
placenta have been performed using 2D breath-hold techniques using 1.5 T MRI** . Currently,
there has been limited research involving R,* or T>* mapping in the placenta at 3 T or early

gestation®’. Therefore, we propose to investigate the feasibility and repeatability of the FB radial



MRI technique for R,* quantification in the placenta during early gestation and report R,*
characteristics at 3T. This technique may enable the investigation of spatial R,* variation

throughout the placental volume and may improve the evaluation of IPD conditions.

Chapter 6 describes the work on the evaluation of feasibility and repeatability of a FB
radial MRI technique for placenta R,* quantification and report baseline placental R,* findings

during early gestation at 3 T.



2 THEORY

2.1 Applications for the Quantification of Fat and R,*

R2*30—33,38,5 1,53-56,68,69

MRI can quantify fat and to provide important information for

19,21,70,71 39,70,72,73 30-33

studying obesity , liver diseases , and diseases involving tissue hypoxia

Obesity is associated with higher amounts of visceral fat and ectopic fat, such as in the liver” ",

contributing to higher risk of insulin resistance, end-organ dysfunction, and cardiovascular

73-81

disease’” " . For these reasons, accurate fat quantification techniques are needed to investigate

ectopic fat and body composition, their effects on organ health and disease progression, and to
assess the effectiveness of potential treatments. In this work, we will focus on the applications of
MRI for hepatic fat quantification and body composition analysis. There are other potential

73-75,79,82-84

applications in the pancreas, kidney, and heart . For example, elevated pancreatic

ectopic fat has shown correlations to B-cell dysfunction”™

, and obese patients have shown
kidney dysfunction” and cardiac steatosis causing cleft ventricular dysfunction®. These

additional directions may be investigated in future work.

The placenta is an organ with an arterial-venous network that provides oxygen and



nutrients to the infant during gestation. IPD conditions are associated with abnormal placental

vascular development, resulting in malperfusion and placental hypoxia® *°

and contribute to
higher rates of infant and maternal morbidity and mortality”. Hemoglobin is an iron-containing
metalloprotein. When oxygen binds to hemoglobin (oxyhemoglobin), it becomes diamagnetic
and does not affect the local magnetic field. On the other hand, the form of hemoglobin without
oxygen, deoxyhemoglobin, is paramagnetic and causes local field inhomogeneities that affect
nearby protons. Therefore, Ry* is higher (T,* is lower) in hypoxic tissues and may be used to

30-33

detect placental hypoxia™ . Iron can also be deposited in other organs, including the liver and

heart™. Tissue iron is also paramagnetic and causes a local field inhomogeneity for protons near
iron®. Therefore, quantification of Ry* can also be used to detect liver or myocardial iron

86
overload™.

2.2 Multiecho MRI Sequences

38,54-56,68

Multiecho gradient echo sequences can be used to quantify hepatic fat , placental

51,53,69

R,**?? and body composition . There are two types of multiecho readout gradients that

can acquire MRI signal at different echo times, unipolar (monolopar) and bipolar readouts.
Unipolar readouts acquire MRI signals at each echo time using the same gradient polarity
(Figure 2-1a), while bipolar readouts alternate the gradient polarity (Figure 2-1b). Compared to
unipolar readouts, bipolar multiecho readout gradients are more sensitive to phase errors caused

87-89

by gradient delays, eddy currents, and other factors” . However, bipolar gradients achieve

higher SNR efficiency (number of TEs in each repetition time) for improved fitting to the signal

model compared to unipolar gradients®”***,
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Figure 2-1 (a) Unipolar (monopolar) multiecho readout gradients. Each echo time (TE,) is
acquired using the same gradient polarity. (b) Bipolar multiecho readout gradients. Each TE, is
acquired using alternating gradient polarity. TR, repetition time; RF, radiofrequency; Ggjice, slice
select gradient; G,y, readout gradient; ADC, analog to digital converter.

2.3 R, and R,* Relaxation

After RF excitation, there are two effects that cause decay of the transverse
magnetization, spin-spin decay due to inherent tissue properties and additional dephasing caused
by off-resonance effects™. These off-resonance effects may be due to inhohomoeneities of the

main field (By), susceptibility differences, chemical shift, and gradients applied for spatial



encoding™. Spin echo sequences use 180° refocusing pulses to refocus the intra-voxel dephasing
that occurs after the radiofrequency pulse to compensate for this dephasing caused by off-
resonance effects*®. Therefore, for spin echo sequences, the signal (Sq(TE,)) decays at voxel q as
a function of the echo time (TE,) with time constant R, 4

Equation 2-1

Sq(TE,) = Spq - € RzaTn
where Soq 1s the MRI signal due to all protons and main field (Bg) inhomogeneity at an
echo time of 0 and R, 4 is the transverse relaxation rate for spin echo sequences (R,) at voxel q.
In gradient echo sequences there is no 180° refocusing pulse®®. Thus, the signal decays
exponentially as described by

Equation 2-2

Sq(TEy) = Spq - € R2aTtn

where R, ¢* is the transverse relaxation rate for gradient echo sequences (R»*) at voxel q.
In gradient echo sequences, field inhomogeneities cause the signal to decay more rapidly™. Thus,

R,* is greater than R, and R,* is related to R, by

Equation 2-3

R;lq - szq + YABO,C[

where v is the gyromagnetic ratio and ABgg4 is the main field inhomogeneity across the

86
voxel q .

2.4 MRI Quantification of R,*

R,* quantification can be performed by using a multiecho sequence to obtain images

from multiple different echo times (TE) and processing the data. Because the echo times (TE,)

10



and signal at each echo time (Sq(TE,)) are known, the R,* (Equation 2-2) can be solved using
non-linear least squares fitting, assuming So 4 and R,* are free parameters’ . In general, acquiring
signals at more echo times improves fitting for R,* as long as the signal has not decayed below
the noise floor (Figure 2-2). To improve fitting for a small R,* value, more echo times with
longer echo spacing are beneficial. On the other hand, to improve fitting for a larger R,*, more
echo times with a short initial echo time and smaller echo spacing are desired. Another
consideration is that R,* estimation can be confounded by fat and noise bias, which will need to
be considered for accurate R,* quantification. Conventional magnitude fitting has Rician
distribution noise which can lead to bias in R,* estimation’. A potential method to mitigate
noise bias for R,* estimation is to truncate the signals below the noise floor (Figure 2-2)”.
Another strategy is to perform complex fitting because complex data has zero mean Gaussian
noise instead of Rician noise’®. Another confounder for R,* estimation is fat’>. To improve the
accuracy of R,* estimation in fatty tissues, fat should be included in the signal model (see

section 2.5)".

11



Sq(TEn) = Solq X e_TEn X Rz*

Signal (Sq(TEn)) (Arbitrary Units)

_______________________ Noise Floor
L L L L L L 1 |\ )

TEw TE, TE3 TE4 TEs TEg TE7; TEg Echo Time (ms)
Figure 2-2 Signal (S4(TE,)) as a function of echo time (TE,).

2.5 MRI Quantification of Fat and R,*

In chemical shift encoded MRI (CSE-MRI), proton-density fat fraction (PDFF), a
standardized MR-based biomarker for tissue fat quantification’’, is calculated by acquiring

multiple echo time (TE) images and obtaining fat-only and water-only maps by fitting the data to

13738 36,42,44,57

a signal mode . Confounding factors such as T,*' and T, decay , eddy current

87,88,93 87,88,93

effects , gradient delay errors , noise’', and complexities in the spectral model of

fat*®*%**% must be addressed to ensure the quantitative accuracy of PDFF>’.

Fat and water content can be quantified using CSE-MRI by fitting the acquired MR

signal for each TE (S4(TE,)) to the gradient echo signal model**

Equation 2-4

12



M
Sq(TEn) — Wq + Fq . Z aj . elz"'fijEn . e—Rz,qTEn . elZ‘l‘[(quEn
j=1

to solve for the signal contribution from water protons Wy, fat protons Fg, the effective
transverse relaxation rate R ; (1/T;4), and the frequency shift due to field inhomogeneity ¢ at

each pixel location q. To account for multiple peaks in the fat spectrum, the signal model uses an

a priori fat spectral model with relative peak amplitudes a; and corresponding frequencies fj for

peaks j = 1,...,M where M is the number of peaks. In this work, a multi-peak fat model with M =
7 fixed frequencies and relative amplitudes” is employed. T, bias is reduced by using a low flip
angle®'. Gradient delay and eddy current effects are corrected using a gradient calibration and
correction approach (see section 3.2.2). Hepatic fat quantification using this signal model in
Equation 2-4 has been validated in many studies for healthy subjects and patients’™>* %%

including concomitant NAFLD and iron overload patients’’. After correcting for confounding

factors, PDFF (0-100%) is calculated using the fat-only (Fg) and water-only (W) signals in each
pixel by
Equation 2-5

F
PDFF, = — X x 1009
1 Fq + W, %

2.6 Cartesian CSE-MRI for Fat and R,* Quantification

Current CSE-MRI methods are mainly based on Cartesian sampling®® 772547

(Figure
2-3a). A major limitation of Cartesian sampling for abdominal imaging is that it is susceptible to

respiratory-motion-induced coherent aliasing artifacts that present along the phase encode

direction. As a result, scans are performed during a single breath-hold and face challenges in

13



achieving full volumetric coverage, high spatial resolution, desirable echo times, high signal to
noise ratio (SNR), and artifact-free images for hepatic fat quantification. Moreover, breath
holding may not be possible for many patients and the accuracy of fat quantification becomes

severely compromised.

Free-breathing MRI techniques using Cartesian trajectories have been developed and

investigated to mitigate motion artifacts. These techniques involve respiratory gating using

64,97

respiratory bellows or navigators®, and self-navigation™ '*. Studies found accurate hepatic

fat quantification using these investigational free-breathing techniques compared to breath-held

64,100
d 5

techniques in populations who can perform a breath-hol . However, respiratory gating or

self-navigation can be technically challenging and may fail in cases when breathing is heavy or

64 Moreover, respiratory gating may have longer and more variable acquisition

irregular
times’’. Due to these limitations, these techniques may not be desirable in children. Children
may have heavy or irregular breathing due to anxiety in the MRI scanner and may not comply

43,64

with operator instructions . Therefore, further investigation using respiratory gating and self-

navigation is needed to determine the performance of these techniques in pediatric populations.
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Figure 2-3 (a) Cartesian trajectory. (b) Radial trajectory.

2.7 Radial CSE-MRI for Fat and R,* Quantification

A free-breathing MRI-based fat and R,* quantification technique may improve the
diagnosis and management of NAFLD, help investigate obesity, and may allow for the
investigation of IPD. Non-Cartesian sampling trajectories have greater inherent robustness to
motion and may provide a desirable alternative for performing fat quantification in the liver

without the need for breath holding“’62

. For 2D Cartesian trajectories, coherent-aliasing artifacts
present along the phase encode direction in the presence of motion. For 2D radial trajectories
(Figure 2-3b), the phase-encode direction changes throughout the acquisition. Thus, aliasing
artifacts due to motion are distributed in-plane (ky-ky) and present as diffuse radial streaking
artifacts. Therefore, the 2D stack-of-radial trajectory has considerably less obtrusive motion
artifacts than 2D Cartesian sampling, even when data is continuously acquired during free-

breathing and all of the data is used for reconstruction®. In 3D, both the 3D stack-of-radial and

3D Cartesian trajectories have Cartesian-encoding along the partition-encoded direction (k;),

15



which may exhibit aliasing artifacts. During radial acquisitions, spokes or radial views can be
acquired for each azimuthal angle along k, prior to incrementing the azimuthal angle and
acquiring the next set of spokes. If the time scale to acquire all k, lines for a given azimuthal
angle is very short, less than the time in which the motion occurs, the motion effects will
primarily be distributed across the different azimuthal angles rather than along the k, direction
and manifest as in-plane radial streaking artifacts. For these reasons, 3D stack-of-radial
trajectories have greater inherent robustness to motion compared to 3D Cartesian trajectories.

T)-weighted 3D stack-of-radial sequences has been used for abdominal imaging'®”'%, in
organs such as the liver and pancreas and has shown improved image quality in pediatric patients
who may have limited breath-holding capability or may have difficulty complying with operator

103,104

instructions . These studies investigated the image quality using a 3D stack-of-radial

trajectory, but did not develop the technique to perform fat or R,* quantification'® ', Other

non-Cartesian trajectories such as PROPELLER'® radial”'®®, spiral'®"'*®

, and concentric
rings'” have been explored for fat-water separation but have not been evaluated for fat
quantification, particularly in the liver. A major challenge to enable accurate fat quantification
using non-Cartesian sampling trajectories is their sensitivity to gradient errors, which requires a
correction (see section 2.8). The main technical development to realize a free-breathing 3D

stack-of-radial fat quantification technique is to design an effective approach for calibrating and

correcting these sources of error (see section 3.2.2).

2.8 The Impact of Gradient Delays, Eddy Currents, and Off-Resonance on
Cartesian and Radial Trajectories

Cartesian trajectories acquire readouts along the same direction for each repetition time

(TR) (Figure 2-3a). Therefore, the effect of gradient delays on Cartesian trajectories is a bulk
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shift of k-space data along the readout direction and a corresponding phase offset in image space
(®ge1) which will be accounted for when solving for the effective phase offset (®cr) due to the
field inhomogeneity (®ofr) in Equations 2-7, 2-8, 2-9, and 2-10.

Equation 2-6

Potr = 2T, TE,
Equation 2-7
elbeff = gidoff . giPdel
Equation 2-8
Gefr = 2T@Pefr g TEL
Equation 2-9
M
Sq(TEn) — Wq + Fq ; z a; - ei2mfiTEn ) e—R’é’qTEn . @2 @efrqTEn
j=1
Radial trajectories acquire readouts that pass through the center of k-space during each
readout and the readout direction changes throughout the acquisition (Figure 2-3b) making them
more sensitive to system imperfections such as gradient delay errors, eddy current effects, and
off-resonance effects®. For radial trajectories, effects due to gradient delay errors, eddy current
effects, and off-resonance should be addressed to achieve accurate fat and R,* quantification.
Gradient delays, eddy currents and off-resonance can cause misalignment of the center of k-
space®. A simulation shows the effect of off-resonance effects on the point-spread function
using radial trajectories with OHz off-resonance (Figure 2-4a) and off-resonance equal to 1-pixel
k-space sample shift (Figure 2-4b). Off-resonance causes blurring of the radial point-spread
function (Figure 2-4b). In addition, gradient delays can be different for the x (Gy) and y (Gy)

directions”. Differences between gradients errors due to Gy and Gy result in different phase

17



errors for each acquired spoke®. Therefore, development and evaluation of a gradient calibration
and correction method is necessary to ensure accurate PDFF and R,* quantification using non-

Cartesian trajectories.
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Figure 2-4 (a) Radial point-spread function with 0Hz off-resonance. (b) Radial point-spread
function with off-resonance equal to 1-pixel shift. The dashed lines indicate the x and y cross
sections of the point-spread function plotted as a function of position (x) and (y).

2.9 Evaluation of PDFF or R,* Quantitative Accuracy

To assess quantification accuracy, simple linear regression analysis was performed to

compare techniques (new and reference) by determining the equation for the linear relationship,
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110 111

Pearson’s correlation coefficient (r) , and Lin’s concordance correlation coefficient (p.) .
Pearson’s correlations were calculated to evaluate the strength of the linear associations between
the two techniques, whereas p.’s were calculated to estimate the degree of quantitative
agreement (i.e. to estimate whether FB radial or BH techniques produce the exact same value for
the range of hepatic PDFF). For example, when two techniques produce the exact same hepatic
PDFF, p. is 1. Lin’s p. was reported in this study because a high Pearson’s correlation coefficient
(r) does not necessarily imply identical measurements between FB radial and BH techniques.
The equation for the concordance coefficient comparing FB radial to BH techniques is shown in
Equation 2-10. Bland-Altman analysis''> was performed to assess differences between two
techniques by plotting the difference in PDFF between two techniques against the mean PDFF
between two techniques. Specifically, the Bland-Altman analysis measures the mean difference

(MD) or bias between two methods and the 95% limits of agreement (LoA), reported as the

mean difference (MD) £ 1.96 times the standard deviation (SD) (i.e. £LoA = MD =+ 1.96 x SD).

Lin’s concordance correlation coefficient (p.)''' for FB radial compared to BH

(Cartesian and SVS) techniques:

Equation 2-10

erBHGFB

p =
¢ 0%y + ofg + (MpH — MrB)?

Upy and pgp are the means and oy and ogg are the standard deviations of the FB radial
and BH techniques, respectively; r is the correlation coefficient between the FB and BH
technique. All statistical analyses were performed in STATA software version 12.0 (Statacorp,

College Station, TX) and MATLAB (MathWorks, Natwick, MA, United States). A P-value of <

0.05 was considered significant.
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2.10 Evaluation of PDFF or R,* Repeatability

To assess repeatability for each technique, the MDy,imin between repeated scans, within-
subject standard deviation (SDyimin) and coefficient of repeatability (CR) were reported' ',
The CR measures the variability for repeated measurements of the same technique (i.e. CR =
1.96 - V2 - SDyimin), therefore a smaller CR demonstrates smaller differences between repeated
measurements''*. All statistical analyses were performed in STATA software version 12.0
(Statacorp, College Station, TX, United States) and MATLAB (MathWorks, Natwick, MA,

United States). A P-value of < 0.05 was considered significant.
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3 DEVELOPMENT AND
EVALUATION OF A FREE-
BREATHING STACK-OF-
RADIAL MRI FAT
(QUANTIFICATION TECHNIQUE

3.1 Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most prevalent chronic liver disease
worldwide, affecting up to 45% of the general population'>""”. NAFLD is characterized by
steatosis, or intracellular accumulation of triglycerides in the hepatocytes. NAFLD can progress
to NASH, which affects about 2-5% of the general population and is a leading cause for liver
cirrhosis, hepatocellular carcinoma and liver failure''>''®. In addition, NAFLD is associated with
cardiovascular disease and type 2 diabetes mellitus'>'"°. The increased prevalence of NAFLD,

due to a rise in the rates of obesity and type 2 diabetes, is expected to make NAFLD a major
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N . . 118
indication for liver transplantation''®

. The current gold standard for diagnosing and
monitoring NAFLD or NASH is an invasive biopsy to characterize intracellular accumulation of
triglycerides in the liver; however, biopsy has associated morbidity and suffers from spatial

115-120

sampling bias . Therefore, non-invasive techniques for hepatic fat quantification have been

developed to improve the diagnosis and management of NAFLD.

Historically, MR spectroscopy (MRS) is considered the non-invasive reference standard
for hepatic fat quantification''’; however, MRS is also limited by spatial sampling bias. Non-
invasive and spatially resolved fat quantification of the entire liver is possible with chemical-
shift-encoded MRI (CSE-MRI) methods®'?!. Current CSE-MRI methods are mainly based on

- . 37,38,40-42,54-5
Cartesian sampling’ %40~ #+7

and are performed during a single breath-hold (see section 2.6).
Compared to Cartesian sampling, 3D stack-of-radial sampling trajectories have greater inherent

robustness to motion and may provide fat quantification in the liver without the need for breath

holding (see section 2.7)%.

In this work, a novel FB hepatic fat quantification technique using a bipolar multiecho
non-Cartesian 3D stack-of-radial sequence with golden-angle ordering (FB radial) is developed
and evaluated in a preliminary study. Importantly, a technique to characterize and correct the
gradient errors in bipolar multiecho radial imaging is developed to ensure accurate PDFF
quantification. Various degrees of radial undersampling are investigated to reduce scan time. The
fat quantification performance of FB radial is compared to conventional breath-held Cartesian
(BH Cartesian) MRI and reference standard breath-held single-voxel MR spectroscopy (BH
SVS) approaches in a fat-water phantom and the pelvis and liver in a pilot cohort of healthy

subjects.
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3.2 Methods
3.2.1 Sequence Design: Multiecho Stack-of-Radial Sequence

A 3D stack-of-radial image acquisition provides inherent robustness to motion for liver
imaging®***!1*2 To enable free-breathing fat quantification, a bipolar multiecho RF-spoiled
gradient echo prototype sequence using a golden-angle-ordered® 3D stack-of-radial trajectory
was developed (Figure 3-1). Radial spokes with the same azimuthal angle were acquired for all
k, increments prior to azimuthal angle rotation. For azimuthal angle rotation, golden angle
ordering (Figure 3-1b) was performed to support flexible reconstruction of an arbitrary number
of radial views to balance spatiotemporal resolution, image SNR, and scan time®. This flexibility

is highly favorable for data undersampling to accelerate FB radial imaging'*'**.

TEq TEp TE3 TE4 TEg TEg

Sy [\ [\ [\
viws uwou

Figure 3-1 (a) 3D stack-of-radial trajectory. Radial readouts with the same azimuthal angle
are acquired for all k, increments before rotating the azimuthal angle. (b) Radial readouts are
rotated continually by the golden angle (8¢). (¢) Six echoes are acquired every TR using a bipolar
multiecho readout gradient.

Bipolar multiecho readout gradients (Figure 3-1c) were implemented for each spoke

because they achieve higher SNR efficiency for improved fitting to the signal model compared to

87,88,90

unipolar gradients . However, both bipolar and radial imaging gradients are more sensitive

to errors in the k-space trajectory and phase due to uncompensated gradient delays and eddy

60,87,88,125-127

currents , which is a major source of error in PDFF quantification. Therefore, a main
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requirement for developing a bipolar radial imaging technique for quantitative PDFF is to

characterize and compensate for gradient errors (see next subsection).

3.2.2 Gradient Calibration and Correction

The main effect of gradient imperfections and deviations, including various delays and
eddy current effects, can be modeled as an effective gradient delay and characterized by
measuring the corresponding apparent shift of acquired data samples in k-space. Following
image data acquisition, deviations in the bipolar and radial gradients were characterized'® by
collecting 80 additional calibration spokes for Gy and Gy in total (20 spokes for each azimuthal
angle of 0 vs. m and ©/2 vs. 3n/2, respectively) (Fig. 3-2a). The calibration spokes of the same
azimuthal angle were acquired for all k, increments prior to rotating to the next azimuthal angle
to induce similar gradient effects as the image data acquisition. The k-space signals for the
azimuthal angles 0 vs. w and n/2 vs. 3n/2 were compared with cross correlation to determine the
apparent k-space sample shifts Ak, and Aky, due to effective gradient delays in Gy and Gy,
respectively (Fig. 3-2b-c). The k-space signal was averaged over the 20 calibration spokes for
each azimuthal angle, and 4-fold interpolation of the k-space signal was performed prior to cross
correlation to achieve 0.25 k-space sample shift accuracy. Apparent k-space sample shifts were
estimated for each spoke in the radial k-space trajectory (Akg) according to

Equation 3-1

Axg = Aky(cos 6)? + Axky(sin 6)?

where 0 is the azimuthal angle of the radial spoke and Ak, and Ak, are obtained from

60,128

calibration . The effective gradient delay and apparent k-space sample shift (Ax,, Aky)

potentially varies for each receiver channel and echo. Therefore, Ak, and Ak, for each channel
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and echo were characterized independently. Previous methods'” have used 15 spokes to
calibrate each angle and averaged data from each channel, but since this proposed strategy for
calibration is performed for each individual channel and echo, more calibration spokes are
needed to maintain sufficient SNR. Correction of the effective gradient delays was performed
using Akg to shift the radial k-space trajectory for each spoke of each channel and echo during
3D gridding reconstruction. The scan time for acquiring 80 additional spokes for calibration was

tscan = 80 - TR - Ny (approximately 31 seconds for Ny = 44).
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Figure 3-2 (a) Gradient calibration sequence design. As in the imaging module, a bipolar
multiecho readout calibration module is repeated for all k, increments to induce similar gradient
effects. (b) The azimuthal angles 0 vs. & are compared to calibrate G, and (c) /2 vs. 3n/2 are
compared to calibrate G,. The k-space sample shifts Ak, and Ak, are determined for both G, and
G,, respectively, and used to correct the k-space trajectory for arbitrary azimuthal angles. TE, echo
time.

3.2.3 Reconstruction and PDFF Calculation

The Cartesian and SVS sequences were reconstructed and PDFF maps were determined
by the prototype scanner software. The Cartesian PDFF was calculated with mixed fitting using a
Levenberg-Marquardt algorithm®® with the signal model in Equation 2-4 with a 7-peak fat model
with peaks at [0.97, 1.37, 1.66, 2.10, 2.32, 2.84, 5.38] ppm96 and single effective R, per voxel
(see section 2.5). SVS PDFF results were calculated by peak integration from 3.6 to 5.8 ppm for

water and 0 to 3.6 ppm for fat and T, correction was applied'*”. The SVS results were calibrated
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by measuring PDFF in a test tube containing 100% fat. In this tube, SVS measured a PDFF of
92%; therefore all results were calibrated by dividing SVS PDFF by 0.92. This compensates for
fat peaks that overlap with the water peak (not modeled in the prototype scanner SVS software),

corresponding to about 8-9% of the total fat fraction’®'*"'*°,

Radial datasets were reconstructed and fat-water separation was performed offline with
MATLAB R2013b (MathWorks, Natwick, MA, UNITED STATES). 3D gridding, a linear
density compensation function, and adaptive coil combine' were used. Since golden angle
ordering supports flexible selection of any contiguous subset of radial readouts for
reconstruction, we emulated accelerated scans by retrospectively reconstructing the first 33% of
readouts (R = 3), first 50% of readouts (R = 2), and 100% of readouts (R = 1, i.e. fully-sampled
based on Nyquist criteria with the number of readouts = Ny yxn/2 where N is the image size
along x or y). Non-Cartesian parallel imaging reconstruction was not employed. Fat-water
separation was performed using the signal model in Equation 2-4 with complex-fitting using a

3433132 with a 7-peak fat model®® and a single effective R, per voxel*®**

graph cut algorithm
(i.e., the same signal model as the prototype scanner-based Cartesian reconstruction) (see section

2.5). PDFF was calculated according to Equation 2-5 with magnitude discrimination to reduce

noise bias*' (see section 2.5). The offline radial reconstruction pipeline is shown in Figure 3-3.
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Figure 3-3 Reconstruction pipeline for the 3D stack-of-radlal data.

3.2.4 MRI Experimental Design

This research study was approved by our local institutional review board. All
experiments were performed on a 3 T MRI system (MAGNETOM Skyra, Siemens Healthcare
GmbH, Erlangen, Germany) using a body array matrix and spine array coil. PDFF (%) was
compared for the following techniques: FB bipolar multiecho 3D stack-of-radial prototype
sequence with golden angle ordering (FB radial), BH bipolar multiecho 3D Cartesian prototype
sequence (BH Cartesian)’® and BH stimulated-echo acquisition mode (STEAM) single-voxel
MR spectroscopy (SVS) prototype sequence (BH SVS)'*. All human subjects gave written

informed consent prior to scanning. For radial and Cartesian sequences, a low flip angle of 5°

28



was used to reduce T) bias*', a large bandwidth was chosen to confine fat chemical shift blurring
within a single pixel'”®, and imaging parameters were matched as much as possible to enable a

fair comparison (Table 3-1). Scan time is reported as minutes:seconds.

Table 3-1 Representative sequence parameters for in vivo liver experiments. A slice
oversampling factor of 10% was used for all acquisitions.

Imaging Parameters BH Cartesian FB Radial BH Radial
TE (ms) 1.23, 2.46, 3.69, 4.92, 6.15, 7.38
ATE (ms) 1.23 1.23 1.23
TR (ms) 8.85 8.85 8.85
Mat“"g;‘ XNYX 556 %256 x 40 256 x 256 x 40 256 x 256 x 10
FOV (':‘n':‘n)" MM X400 x 400 x 200 400 x 400 x 200 400 x 400 x 50
Slice Thickness 5 5 5
(mm)
Radial Spokes N/A 403/210/202 /135 210
Flip Angle (degrees) 5 5 5
Bandwidth
(Hz/pixel) 1150 1150 1150
Acceleration Factor 4 1/192/2/3 1.92
(R)
Scan Time (min:sec) 0:27 3:08* / 1:53*% / 1:50* / 1:24* 0:27*

*The radial gradient calibration scan time (31 sec for FB radial and 4.25 sec for BH radial)
is included.

In the phantom and in vivo pelvis experiments where there is no breath holding, both
fully-sampled Cartesian (R = 1) and 4-fold accelerated Cartesian (R = 4) with CAIPIRINHA (2-
fold acceleration along ky, 2-fold acceleration along k,)"** were compared to the fully-sampled
radial sequence (R = 1). In the liver, BH Cartesian R = 4 was compared to FB radial R = 1.
Radial with scan acceleration (R = 2, 3) was emulated during reconstruction (see subsection) for
all experiments and included in the comparisons. Imaging parameters for phantom and in vivo

pelvis experiments are similar to those for in vivo liver experiments (Table 3-1).
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3.2.5 Phantom Study

A PDFF phantom was constructed using nine 50mL test tubes each with different
volumes of fat and water to obtain PDFF varying from 0% to 100%. The water solution was
prepared with deionized water, 43mM of NaCl and 0.3mM of Gd-BOPTA (MultiHance) to
reduce the T, to approximately 600ms®®. Unrefined peanut oil was selected for fat due to

similarities between the peanut oil fat spectrum and the subcutaneous fat spectrum®®,

The phantom was scanned using the SVS, Cartesian R = 1 and R = 4, and radial R = 1
sequences in the coronal plane at a specified position along the anterior-posterior (A-P) direction
that resulted in a range of PDFF from 0% to 100% when eight coronal slices were combined to
form a slab. The Design PDFF for each test tube in the coronal slab was obtained by first
measuring the filling heights of fat and water on the axial and sagittal MRI images corresponding
to the SVS ROIs in OsiriX software version 6.0 (Pixmeo Sarl, Bernex, Switzerland) to calculate
the volume fat fraction (VFF). The VFF was then converted to Design PDFF by using the
molecular weight (MW), density (d) and number of protons (A) of peanut oil and water. The
constants used were: MWy = 18.015g/mol, MWy = 283.275g/mol, dw = 0.998g/mL, dr =

0.910g/mL, Aw = 2, and Ag = 33.926°%'%.

SVS was performed in each test tube with voxel size 15mm x 15mm x 40mm, five
echoes with TE = 12ms, 24ms, 36ms, 48ms, and 72ms, TR = 3000ms, mixing time = 10ms,
vector size = 1024, and bandwidth = 1200Hz/pixel. The total acquisition time for the SVS scan
was 0:15. 20 slices were imaged using radial R = 1, Cartesian R = 1, and Cartesian R = 4 with

scan times of 2:00, 0:55, and 0:14, respectively.
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3.2.6 In Vivo Pelvis Volunteer Study

In vivo pelvis scans of n = 5 (5 male) healthy subjects were performed to evaluate the
agreement of PDFF between the Cartesian, radial, and the SVS scans. Scans in the pelvis have
minimal inter-scan motion, which facilitates the comparison of fat quantification among these
techniques. Pelvis scans were acquired in the axial plane using the radial R = 1, Cartesian R = 1
and Cartesian R = 4 techniques with scan times of 3:08, 1:40, and 0:27, respectively. SVS was
performed in selected ROIs in the prostate, muscle, bone marrow and subcutaneous fat with a
10mm x 10mm x 15mm voxel size. The other parameters for the SVS scan were the same as in

the phantom study.

To assess the accuracy of gradient calibration and effectiveness of gradient correction,
two additional scans were performed in the pelvis of a healthy subject with the same scan
parameters as shown in Table 3-1, except that the bulk gradient delay (default 0.65ps,
corresponding to Ak, 4, Aky q) was prescribed to be 2.348us and 4.047us to induce additional
apparent k-space sample shifts of 1- and 2-samples, respectively (i.e., Ay 4q,AKy 4 and

AKx,+2' AKy,+2)-

3.2.7 In Vivo Liver Volunteer Study

In vivo liver scans of n = 11 (7 male) healthy subjects were acquired in the axial plane
using the FB radial R = 1 sequence and BH Cartesian R = 4 sequences. The scan time for these
acquisitions were 3:08 and 0:27, respectively. BH SVS was performed in six regions of interest
(ROIs) with a voxel size of 10mm x 10mm x 15mm in the muscle, bone marrow, subcutaneous
fat and the Couinaud-Bismuth segments II/IV, VII, and VIII in the liver*®!*’. These ROIs were

selected to avoid major blood vessels and bile ducts. The other parameters for the SVS scan were
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the same as in the phantom study.

To evaluate the performance of gradient calibration and correction, FB radial R = 1
images were reconstructed with and without gradient error correction in a subset of n =5 (4
male) subjects. The resulting PDFF maps were randomized and scored by an abdominal
radiologist blinded to the reconstruction technique on a quality scale of 1 to 4 (1: definite
artifacts that would confound PDFF estimation in a large extent of the liver; 2: definite artifacts
that would confound PDFF estimation in some regions of the liver; 3: mild artifacts that would
not confound PDFF estimation; 4: no discernable artifacts and would not confound PDFF
estimation.) In the remaining subjects, the gradient bulk delay in the sequence was adjusted to

account for the calibrated effective gradient delay and prospectively reduce gradient errors.

To evaluate the robustness of FB radial PDFF in the presence of motion, an additional
BH radial R = 1.92 scan was acquired in a subset of n = 5 (4 male) subjects and compared to a
FB radial scan that was retrospectively undersampled to R = 1.92 (i.e., only reconstructing the

first 53% of readouts).

3.2.8 Image and Statistical Analysis

All images and PDFF maps were converted to DICOM for viewing and analyzing in
OsiriX. For quantitative evaluation, ROIs corresponding to the SVS ROIs were drawn on the
Cartesian and radial PDFF maps. PDFF for all ROIs are reported as mean + standard deviation

(SD). Statistical analysis was performed in MATLAB and STATA software version 12.0.

For the phantom experiments, linear correlation and Bland-Altman analyses (see section
2.9) were performed between radial R = 1,2,3 and Cartesian R=1,4, SVS or Design PDFF. For

the in vivo pelvis experiments, separate Bland-Altman analyses for low (< 5%) and high (> 80%)
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PDFF regions were performed. For the in vivo liver experiments, linear correlation and Bland-
Altman analysis were performed. For all statistical comparisons, r and p. were tested for

significance . P < 0.05 was considered significant.

3.3 Results
3.3.1 Gradient Calibration and Correction

Prior to gradient calibration, the radial PDFF maps in the pelvis (Figure 3-4a) show
artifacts originating from gradient delays and eddy current effects. The Axyq, Akygq4

(corresponding to the default bulk gradient delay) for different channels from the same echo
ranged from 1- to 4.25-sample k-space shifts. This result supports the need to calibrate
independently for each channel. Effects of the prescribed additional 1-sample and 2-sample k-

space shifts were characterized by gradient calibration, obtaining Ak, ,q,Aky ., and
Axy 42, AKy 5, Tespectively. The incremental differences in apparent k-space sample shifts
(6K 41, 0Ky 11, 0Ky 42, 0Ky 15) were calculated by subtracting the calibrated apparent k-space
shifts (AKky 11, AKy 41, AKy 15,AKy 4 5) from the default apparent k-space shifts (Aky 4, Aky ). That
i, 8Ky 41 = AKy 41 — AKyq, OKy 4o = DKy iy — AKyg, OKyyp = AKy 4o — AKyg, 0Ky g =
Axy 1 — Axyq average of 8Ky 41, 6Ky 41, 6Ky 4, and 8k 4, over all channels was calculated for
each echo. Representative values of 6ky 4, for TE|-TEs were: 1.95 + 0.06, 2.03 + 0.06, 1.95 +

0.07, 2.03 £ 0.06, 1.95 + 0.06, and 2.07 + 0.08 samples, respectively. A two-tailed Student’s t-
test determined that the shifts averaged over all echoes were not statistically different from the

prescribed additional 2-sample k-space shifts (P > 0.5 for 8ky ,,, 8Ky ;). The same result was
obtained for 1-sample k-space shifts (P > 0.9 for 6k, 44, 6Ky 41). The gradient correction strategy

successfully removed the artifacts to produce accurate radial PDFF maps (Figure 3-4).
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k-space
shifts (Aky+2, AKy+2) and no gradient error correction. (b) The corresponding in vivo pelvis PDFF
map after gradient error correction.

The mean and SD of the average of all apparent k-space shifts across subjects, the range
of the apparent k-space shifts among channels, and the range of the apparent k-space shifts
among echoes were evaluated for the phantom, in vivo pelvis and in vivo liver data (Table 3-2).
For the axial in vivo liver and pelvis scans, the logical Gx and Gy correspond to the physical Gy
and Gy, while for the coronal phantom scan, the logical Gy and Gy correspond to the physical Gy
and G,. Similar mean apparent k-space sample shifts were observed for the phantom (Axx = 0.2
samples, Ak, = 0.2 samples), in vivo pelvis (Aky = —0.17 = 0.04 samples, Ak, = —0.18 + 0.05
samples), and in vivo liver experiments (Axx = —0.22 £+ 0.04 samples, Ax, = —0.21 + 0.04
samples). Higher mean apparent k-space sample shift values were observed for the n = 5 FB
radial scans acquired without prospective bulk gradient delay adjustment (Axx = 0.81 + 0.08
samples, Ak, = 0.86 + 0.09 samples). In addition, channel and echo variation in Ak, and Aky in
the in vivo pelvis and liver experiments was observed with a mean range of shifts of 0.71-1.56

samples and 0.53-0.93 samples, respectively.
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Table 3-2 The apparent k-space sample shifts for the phantom, in vivo pelvis, and in vivo
liver experiments reported as mean = standard deviation (p £ o) of the individual means
determined from each subject. In (a) the Mean represents the mean (paux, Many) 0f Akc and Ak, over
all subjects, channels, and echoes. In (b) and (c) the Mean Range represents the mean of the range
(1rxs Pry) Of AK, and Aky (b) over all subjects and echoes as a function of channels (i.e. channel
variability), and (c) over all subjects and channels as a function of echoes (i.e. echo variability). For
the coronal phantom scans, logical G, and G, correspond to physical G, and G, respectively. For
the axial in vivo scans, logical G, and G, correspond to physical G, and G,, respectively.

Ak, (Logical Gy) Ak, (Logical Gy)
(a) All Channels and Mean Mean
Echoes (Hanx % Gaity) (Hany % Ganry)
Phantom 0.02 0.02
Pelvis —0.17 £ 0.04 —0.18 £ 0.05
Liver —0.22 +£0.04 —0.21 £ 0.04
Liver* 0.81 +£0.08 0.86 = 0.09
(b) Mean Range Mean Range
Channel Variability (R £ ORy) (PRy £ ORy)
Phantom 0.42 0.56
Pelvis 1.11+0.39 1.14+0.42
Liver 0.90+0.16 0.71 £ 0.09
Liver* 1.56 +£0.73 0.89 +£0.43
(c) Mean Range Mean Range
Echo Variability (MR £ ORy) (Mry % ORy)
Phantom 0.16 0.18
Pelvis 0.65+0.13 0.63+0.17
Liver 0.93+0.21 0.77+0.13
Liver® 0.88+0.38 0.53+0.21

*The sequence bulk gradient delay was not adjusted prospectively.
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3.3.2 Phantom Study

The Design PDFF was calculated as 0%, 11%, 13%, 16%, 32%, 50%, 55%, 80%, and
100%. (Figure 3-5a-b) CSE-MRI reconstructed PDFF maps using Cartesian and radial methods
are presented in Figure 3-5¢ and 3-5d, respectively. The image quality and PDFF maps were
very similar between Cartesian R = 1 and radial R = 1,2,3. Linear correlation and Bland-Altman
plots for each comparison with radial R = 1 are shown in Figure 3-6. Full results from the linear

correlation and Bland-Altman analysis are shown in Table 3-3 for radial R = 1,2,3.

Sagittal View = =
£ C

Oil Oil oil | & &

5 =

13% 11% 0%

Coronal View Coronal View

@00 ©0¢

29% 15% 6 27%  14%
- \ = Ny

10% 9.0% 0.6% 9.8% 8.8% 0.8%

Cartesian R=1 Radial R=1

Figure 3-5 (a) Sagittal and (b) coronal views of the PDFF phantom design. A slab defined by
the dotted lines (a) is combined to form the PDFF values shown in the coronal view (b). The PDFF
maps for (c¢) Cartesian R =1 and (d) radial R = 1.
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Figure 3-6 Phantom study (a,c,e) linear correlation plots and (b,d,f) Bland-Altman plots.

For the comparison between (a-b) radial R =1 and Design PDFF (described in the phantom design
section of the methods) the MD = -2.32% and LoA = MD =+ 3.34%, (c-d) radial R =1 PDFF and
SVS PDFF the MD = 2.03% and LoA = MD + 4.53%, and (e-f) radial R =1 PDFF and Cartesian R
=4 PDFF the MD = 0.5% and LoA = MD % 3.15%. The correlation coefficients r and p. are
statistically significant in all cases (P < 0.001). The dashed lines represent y = x in the linear
correlation plots and y = 0 in the Bland-Altman plots.
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For the comparison between the radial R = 1 and Design PDFF (Figure 3-6a-b), the
results showed a significant linear correlation with r = 0.9988 (P < 0.001) and p. = 0.9962 (P <
0.001) for the mean PDFF. There was a mean difference of —2.32% between radial R = 1 and
Design PDFF. The linear correlation and Bland-Altman analysis show a constant difference that
does not depend on PDFF, which is likely due to un-modeled effects in the calculation of Design

PDFF.

Linear correlation and Bland-Altman plots for the comparison between the proposed
radial R = 1 and the non-invasive reference standard SVS (Figure 3-5c-d) also showed a
significant linear correlation with r = 0.9985 (P < 0.001) and p. = 0.9959 (P < 0.001) for mean
PDFF. The mean difference between radial R = 1 and SVS PDFF was 2.03%. This is likely due
to a combination of partial-volume effects and the difference in fat models used. The correction

for the SVS PDFF may not be sufficient to address all of the differences in the fat models.

The comparison between radial R = 1 and the conventional Cartesian R = 1 showed a
significant linear correlation for the mean PDFF. The correlation coefficients r and p. were
0.9994 and 0.9987, respectively (P < 0.001). These results were similar to the comparison
between radial R = 1 and Cartesian R = 4 (Figure 3-5e-f) which also had a significant linear
correlation with r = 0.9995 (P < 0.001) and p.= 0.9987 (P < 0.001). Comparing radial R = 1
versus Cartesian R = 1 and R = 4, the Bland-Altman plots show |mean differences| < 0.6% and
LoA < mean difference + 3.3%. Results from radial R = 2,3 are very similar to radial R = 1 for
all comparisons (Table 3-3). These results show that a radial CSE-MRI technique can provide

accurate PDFF results in a phantom.
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Table 3-3 Bland-Altman and linear correlation analysis results for the phantom
experiments. The mean difference (MD), limits of agreement (LoA), equation for the linear

regression, Pearson’s correlation coefficient (r) and Lin’s concordance coefficient (p.) for each

comparison are reported. All coefficients r and p. are significant with P < 0.001.

Phantom LoA (MD + Regression , D
1.96SD) (y=mx + b)

Cal;tisia“ O owass y=10372x-08712 09995  0.9987
Radia] C*Et:sia“ 0;‘29 382;/;’ ; y=1.0345x—0.7811  0.9994  0.9987
R=tvs. SVS 24(?53363(1)/(3) /oi y=09615x+33931  0.9985  0.9959
Design PDFF _23122772* y=09975x —2.2166  0.9988  0.9962
Cal;tf‘i‘a“ e y=10384x-08216 09995 09986
Radia] Cgt:sia“ O ere s y=10357x-0.7306 09994  0.9986
R=2vs SVS 225217 f;/;’ ) y=09626x+34488 09985 09957
Design PDFF _23"%2623,%(2* y=09988x —2.1735  0.9989  0.9965
C’Etisia“ 03?3652;{;’ ; y=1.0307x — 05954  0.9994  0.9988
Radial Caétisia“ e Y=10280x-0.5047 09992 0.9987
R=3ws. SVS 24(_’864?998/3 ' y=09555x+3.6401 09984 09955
Design PDFF _%)2321917(;//"0i y=09914x—1.9390  0.9988  0.9962
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3.3.3 In Vivo Pelvis Volunteer Study

The study population comprised n = 5 (5 male) healthy subjects with age = 29.20 + 2.86
years and body mass index (BMI) = 23.75 + 3.51 kg/m”. Representative CSE-MRI reconstructed
PDFF maps using Cartesian R = 1, Cartesian R = 4, and radial R = 1 methods are presented in
the axial and reformatted coronal orientations. (Figure 3-7) In all subjects, these three techniques
produce very similar PDFF maps without fat-water swaps. Similar image quality was observed
for radial R = 2,3 as was seen for radial R = 1. Bland-Altman plots were constructed separately
for the low (<5%) and high (>80%) PDFF regions because of the absence of ROIs with
intermediate PDFF values. Table 3-4 summarizes the Bland-Altman analysis for the low- and
high-PDFF regions for radial R = 1,2,3 versus SVS, radial R = 1,2,3 versus Cartesian R = 1, and

radial R = 1,2,3 versus Cartesian R = 4.

Cartesian R=1 Cartesian R=4 Radial R=1

Figure 3-7 Representative in vivo pelvis PDFF maps for Cartesian R = 1, Cartesian R =4
and radial R =1 for a representative subject in axial and coronal orientations. The red squares
indicate ROIs in the bone marrow, prostate, muscle, and subcutaneous fat for this subject.
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Table 3-4 Bland-Altman analysis results for the in vivo pelvis experiments. The mean

difference (MD) and limits of agreement (LoA) for each comparison are reported.

In Vivo Pelvis, Low PDFF (<5%)

LoA (MD + 1.96SD)

Radial R =1 vs.

Cartesian R =4
Cartesian R=1

SVS

—0.0770% + 1.7543%
0.2070% + 1.2888%
—0.7480% + 1.6433%

Radial R =2 vs.

Cartesian R =4

Cartesian R=1

SVS

0.8410% + 2.6306%
1.1250% + 2.5350%
0.1700% + 3.0261%

Radial R = 3 vs.

Cartesian R =4
Cartesian R=1

SVS

0.8480% + 2.9529%
1.1320% + 2.4274%
0.1770% + 3.1749%

In Vivo Pelvis, High PDFF (>80%)

LoA (MD + 1.96SD)

Radial R =1 vs.

Cartesian R =4
Cartesian R=1

SVS

3.6220% + 3.0983%
3.4210% + 3.7526%
4.4790% + 5.0454%

Radial R =2 vs.

Cartesian R =4
Cartesian R=1

SVS

3.5960% =+ 3.5936%
3.3950% +4.0773%
4.4530% £ 5.1190%

Radial R = 3 vs.

Cartesian R =4
Cartesian R=1

SVS

3.7050% + 4.1526%
3.5040% + 4.6885%
4.5620% + 5.5879%

For the low-PDFF regions: radial R = 1 versus Cartesian R = 1 and R = 4 had |mean
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differences| < 0.21% and LoA <MD = 1.76%; radial R = 1 versus SVS had |mean differences| <
0.75% and LoA = MD =+ 1.65%. For the high-PDFF regions: radial R = 1 versus Cartesian R = 1

and R = 4 had |mean differences| < 3.7% and LoA < MD =+ 3.8%; radial R = 1 versus SVS had



|mean differences| < 4.5% and LoA = MD =+ 5.1%. These results illustrate agreement in mean
PDFF for in vivo pelvis data between radial R = 1, the conventional Cartesian R = 4 and radial R
= 1, and the reference standard SVS. Similar results were observed for radial R = 2,3 as was seen

forR=1.

3.3.4 In Vivo Liver Volunteer Study

The study population comprised n = 11 (7 male) healthy subjects with age = 26.09 + 2.84
years and BMI = 23.17 + 4.21 kg/m’. Representative axial, reformatted coronal and reformatted
sagittal PDFF maps from FB radial R = 1,2,3 and BH Cartesian R = 4 are shown in Figure 3-8.
The PDFF maps from FB radial R = 1,2,3 and BH Cartesian R = 4 are very similar, but have
slight differences in liver position due to breath holding. Radial readouts of the same angle were
acquired for all k, encoding steps (along the superior-inferior direction for axial scans) prior to
azimuthal angle rotation. Since the time to acquire all readouts of the same angle is small
(=389ms), there is limited motion along the Cartesian encoding direction k, prior to each angle
rotation. The effects of the motion are therefore distributed predominantly in the in-plane ky-ky
directions and manifest as radial incoherent motion aliasing artifacts, thereby minimizing
Cartesian-encoded through-plane coherent motion artifacts. This is confirmed by inspecting
reformatted sagittal and coronal images of the 3D axial dataset (example in Figure 3-8). Mean
PDFF results from corresponding ROIs using FB radial R = 1, BH Cartesian R =4 and BH SVS
are compared in linear correlation and Bland-Altman analysis (Figure 3-9). Full Bland-Altman

and linear correlation results for all comparisons in the liver experiments are shown in Table 3-5.
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Figure 3-8 Representative in vivo pelvis PDFF maps for Cartesian R = 1, Cartesian R =4
and radial R =1 for a representative subject in axial and coronal orientations. The red squares

indicate ROIs in the bone marrow, prostate, muscle, and subcutaneous fat for this subject
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Figure 3-9 In vivo liver study (a,c,e) linear correlation plots and (b,d,f) Bland-Altman plots
for PDFF of ROIs in the subcutaneous fat (SCF), bone marrow (BM), muscle (M), and Couinaud-
Bismuth segments I1I/IV, VII, and VIII. The comparison of (a-b) FB radial R = 1 versus SVS had
mean difference (MD) = 0.95% and LoA = MD % 9.74%, (c-d) FB radial R = 1 versus Cartesian R =
4 had MD = 0.82% and LoA = MD + 4.9%, and (e-f) FB radial R = 1.92 versus BH radial R = 1.92
had MD = 0.58% and LoA = MD = 2.97%. The correlation coefficients r and p. were significant in
all cases with P < 0.001. The dashed lines represent y = x in the linear correlation plots and y =0 in
the Bland-Altman plots.
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Table 3-5 Bland-Altman and linear correlation analysis results for the in vivo liver
experiments. The mean difference (MD), limits of agreement (LoA), equation for the linear
regression with slope (m) and intercept (b), Pearson’s correlation coefficient (r) and Lin’s
concordance coefficient (p.) for each comparison are reported. All coefficients r and p. are
significant with P < 0.001.

. . LoA (MD % Regression
In Vivo Liver 1.96SD) (y=mx + b) r Pe
3 0
BH (lia_“:m“ 04891522 4/0"/i y=1.0206x + 03409 09972  0.9966
FB Radial - : 0
R=1vs.
0.9474% +
= +
BH SVS o y=10349x+0.1460 09888  0.9873
1 0
BH (lia_”js‘a“ 05833762‘7/3/i y=1.0211x +0.3487  0.9966  0.9960
FB Radial - : 0
R=2v BH SVS 0.9656% ~1.0360x +0.1382  0.9889  0.9873
9.7243% Y ‘ ‘ ‘
3 0
BH ﬁaft:s‘a“ 0566252:;(‘,’/i y=10190x +0.1841 09962  0.9958
FB Radial - : 0
R=3vs. 0.7517% +
BH SVS o y=10320x+00158 09867 09854
. 0

FB Radial BH Radial 0.5839% +

R =1.92 vs R=1.92 2 9721% y =0.9958x + 0.6665 0.9987  0.9985
— 1. . — 1. . (V]

The results show a significant linear correlation with r = 0.9888 and p. = 0.9873 between
FB radial R = 1 and BH SVS (Figure 3-8a) and with r = 0.9972 and p. = 0.9966 between FB
radial R = 1 and BH Cartesian R = 4 (Figure 3-8c). The Bland-Altman plots show a |mean
difference| < 0.9% for FB radial R = 1,2,3 versus BH Cartesian R = 4 and a |mean difference| <
1% for FB radial R = 1,2,3 versus BH SVS. These results demonstrate that even with motion,
accurate fat quantification can be achieved in the liver and abdomen using a FB radial (R =

1,2,3) technique.

In the subset of n = 5 (4 male) healthy subjects with and without gradient error correction
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in FB radial reconstruction, PDFF maps with gradient error correction successfully suppressed
artifacts and demonstrated substantially higher quality (score = 4 + 0) than without gradient error
correction (score = 1.6 £+ 0.55). Representative results are shown in Figure 3-10 In vivo liver FB
radial PDFF maps reconstructed with and without gradient error calibration and correction.
Apparent k-space sample shifts were on average 0.8 samples. Gradient correction substantially

improves the quality of the PDFF maps.
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Figure 3-10 In vivo liver FB radial PDFF maps reconstructed with and without gradient
error calibration and correction. Apparent k-space sample shifts were on average 0.8 samples.
Gradient correction substantially improves the quality of the PDFF maps.

In the subset of n = 5 (4 male) healthy subjects with both FB radial and BH radial
acquisitions, the PDFF maps showed similar quality (Figure 3-11). The linear correlation
analysis between the FB radial PDFF and BH radial PDFF showed a significant linear correlation

with r = 0.9987, p. = 0.9985, mean difference = 0.58% and LoA = MD =+ 2.97% (Figure 3-9e-1).
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Figure 3-11 In vivo liver FB radial R = 1.92 and BH radial R = 1.92 PDFF maps. The PDFF
maps are very similar with only slight differences in liver positioning due to breath holding.

3.4 Discussion

Our results demonstrate that accurate fat quantification can be performed during free-
breathing for the entire 3D liver volume using a bipolar multiecho 3D stack-of-radial technique
within a fast 1-2 minute scan. PDFF calculated from FB radial scans, with and without
acceleration (R = 1,2,3), had significant linear correlations and < 1% mean differences compared
to both conventional BH Cartesian and reference standard BH SVS techniques in the liver and
abdomen. BH Cartesian CSE-MRI methods have been previously established for fat
quantification, and this is the first study to propose a FB radial technique and evaluate its

accuracy with respect to established BH techniques.

In the phantom experiments where there was no motion and the medium was relatively
homogeneous, the mean apparent k-space sample shifts due to logical Gy and logical Gy were
small (0.02); however, there were still differences among channels (range of k-space sample
shifts of 0.42 and 0.56 samples for gradient G, and Gy, respectively) and among echoes (range of
k-space sample shifts of 0.16 and 0.18 samples for gradient G« and Gy, respectively) (Table 3-2).
In the in vivo liver experiments where there was motion and inhomogeneous tissue types,

gradient calibration showed larger differences among channels (range of k-space sample shifts of
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0.90 and 0.71 samples for gradient G, and Gy, respectively) and among echoes (range of k-space
sample shifts of 0.93 and 0.77 samples for gradient G, and Gy, respectively) (Table 3-2). These
observed differences support the need to calibrate independently for each echo and channel.
Possible factors that caused the observed differences in apparent k-space sample shifts between
different echoes and channels could include eddy current effects, local off-resonance effects,
concomitant gradients, gradient cross terms, the existence of a non-linear gradient field, non-
linear gradient amplifier amplification and limited gradient amplifier frequency response'*®.
Some of these effects can vary depending on the patient'>®. For example, local off-resonance in a
near a particular coil element would cause phase variation in the MRI image, which would
manifest as an observed apparent k-space sample shift. Since in vivo liver images have more
inhomogeneous tissue types and motion, this will induce greater off-resonance and could explain
the larger channel variation. In addition, eddy current effects may be different for different
echoes and this may cause differences in the phase and observed apparent k-space sample shifts.

Investigating the potential causes of channel and echo variation will be a topic of future work.

For all experiments, when comparing Cartesian PDFF to radial PDFF, imaging
parameters were matched as much as possible, including TE, bandwidth, spatial coverage,
resolution, and the signal model. Note that echo times for the radial technique were chosen to
match the Cartesian technique; however, they may not be the optimal echo times for maximizing
the effective number of signal averages’’. The inline scanner reconstruction method for Cartesian
data uses a mixed fitting algorithm while radial data is reconstructed offline using complex
fitting. It has been shown that CSE-MRI PDFF maps reconstructed from the same dataset with
mixed fitting and complex fitting are highly concordant with each other and achieve significant

42,44

correlation and agreement with SVS PDFF™™. In addition, many studies have shown that PDFF
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36-38,41,87,88,121 56,93,139

from both complex and mixed fitting methods achieve a significant
correlation to SVS or known fat fraction phantoms. In this study, all ROIs were drawn by the
same individual to correspond to the SVS ROIs, thereby limiting intra- and inter-observer
variability. Future work will look at the effect of intra- or inter-observer variability for PDFF

quantification.

For NAFLD diagnosis and monitoring, the accuracy of PDFF measurements for low-
PDFF regions is important since the reference guideline for defining fatty liver is having liver
PDFF > 5.6%'®''® and clinically relevant liver PDFF usually ranges from 0%-30%""'*"'*_ For
low-PDFF regions (< 5%), in vivo pelvis experiments showed |mean difference| < 0.21% when
comparing PDFF between radial R = 1 and Cartesian R = 1,4. Additionally, in vivo liver
experiments in healthy subjects showed a significant correlation with mean difference < 0.9%
between FB radial R = 1,2,3 and BH Cartesian R = 4. These results provide promising evidence
that the proposed FB radial technique can achieve accurate fat quantification in the liver for

diagnosis of NAFLD.

For the in vivo liver experiments, the BH Cartesian R = 4 PDFF maps had some minor
motion aliasing artifacts depending on the BH ability. Also, in the pelvis and liver, due to
Cartesian R = 4 acceleration, there was increased noise compared to Cartesian R = 1 and radial R
= 1. The Cartesian aliasing artifacts and increased noise with acceleration can potentially lead to
errors in PDFF for low-fat regions, which could be exacerbated for patients who have more
problems holding their breath compared to healthy subjects. The proposed FB radial approach

may be more favorable to overcome these challenges.

Our study had several limitations. The prototype SVS inline reconstruction on the

scanner does not fully account for the complexities in the fat spectrum: the fat peak in the a priori
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7-peak fat spectral model near the water resonance is counted towards the integrated water
signal, and not towards the fat signal. This resulted in differences in the PDFF measurements. To
account for this, the SVS PDFF was corrected prior to comparison with radial and Cartesian
CSE-MRI to reduce differences. However, the correction may not have removed all sources of
differences in the fat models. In addition, SVS is subject to errors due to partial-volume effects
and motion, which were not corrected. A second limitation is that inter-scan motion hinders
PDFF comparisons between techniques due to changes in tissue ROI position. For example,
variability in liver positions between BH and FB scans result in inter-scan liver positional
changes. To account for this, all ROIs were placed in corresponding anatomical locations on the
Cartesian and radial PDFF maps. A third limitation is that the scan time for the radial acquisition
is increased by 31 seconds due to the addition of calibration spokes. In this study 20 calibration
spokes were averaged to increase SNR for calibration; however an optimal number of calibration
spokes to decrease the calibration scan time has not been determined. Finally, only healthy
subjects were included in this study for preliminary evaluation. NAFLD patients have higher
hepatic fat content compared to healthy subjects and may have more variable breathing patterns.
Therefore, the proposed FB radial technique needs to be further evaluated in patient populations

for fat quantification.

In this work, we leveraged the inherent robustness of radial trajectories to motion and no
data rejection or binning was done prior to reconstruction. Since the radial acquisition was
performed throughout free breathing and without motion gating, image data reflected an average
of all respiratory motion states, which may result in slight blurring in the radial PDFF maps;
however, this did not affect PDFF quantification. In addition, experiments comparing PDFF

between FB radial and BH radial demonstrate that fat quantification using the FB radial
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technique exhibits robustness to motion. Recent research has proposed using a 3D stack-of-radial
trajectory with motion correction techniques for additional robustness to motion and removal of
motion artifacts”. It may be advantageous to combine similar motion correction strategies for
radial fat quantification. This work has shown that although the radial R = 2 and R = 3 PDFF
maps may have increased noise and streaking compared to the radial R = 1 PDFF maps, the fat-
water separation quality and PDFF accuracy is maintained. Further work includes combining this
technique with non-Cartesian parallel imaging to improve undersampled source image quality by
decreasing streaking artifacts, further decreasing scan time, and improving SNR for fat

quantification.

3.5 Conclusion

We have demonstrated that rapid one- to two-minute 3D fat quantification of the entire
liver can be performed using a new free-breathing bipolar multiecho stack-of-radial technique.
This technique demonstrates agreement to the conventional BH Cartesian CSE-MRI technique
and reference standard BH single-voxel MR spectroscopy, and may improve patient compliance

and fat quantification for management of NAFLD.
This work has been published as:

Armstrong T, Dregely I, Stemmer A, Han F, Natsuaki Y, Sung K, Wu HH. Free-
breathing liver fat quantification using a multiecho 3D stack-of-radial technique. Magnetic

Resonance in Medicine 2018; 79(1):370-382. doi: 10.1002/mrm.26693
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4 EVALUATION OF A FREE-
BREATHING RADIAL MRI
TECHNIQUE FOR HEPATIC FAT
(QUANTIFICATION IN
CHILDREN

4.1 Introduction

In the United States, 12.7 million children are obese'** and 38% of obese children have
NAFLD'”. Liver biopsy is the gold standard for diagnosing and staging NAFLD in children'®'".
However, biopsies are invasive, limited by sampling bias, require anesthesia, and can be

associated with complications. Biopsies are also technically challenging'*"?

, particularly in obese
children. Complicating matters, inter-observer agreement among pathologists for NAFLD

scoring can be variable'>'**'*’_ For these reasons, there is a need for a non-invasive technique to

accurately measure hepatic fat in children.
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Magnetic resonance spectroscopy (MRS) is regarded as the non-invasive reference

14,15 16-18

standard for fat quantification in children and accurately quantifies hepatic steatosis
However, MRS only measures fat content in a single spatial location (i.e., voxel) and is limited
by spatial sampling bias'*'">. CSE-MRI methods have mainly been investigated in adults with a

45-48

few studies in children™ . In adults, CSE-MRI PDFF accurately detects and quantifies hepatic

steatosis when compared to MR spectroscopy** and liver biopsy’>".

Conventional MRI techniques, including CSE-MRI methods™****>

, typically employ
Cartesian trajectories for MR image acquisition*>***. Cartesian trajectories require a breath-hold
(see section 2.6). However, breath-holding is limited or not feasible in many patients (adults and
children)***. Even when children are able to suspend respiration, inconsistency and reduced
breath-hold capacity compromise diagnostic information. While respiratory gating and self-
navigation strategies for Cartesian MRI sequences can be used to mitigate motion artifacts®*'",
these strategies require longer and potentially variable scan times, and image quality may still
suffer”. For these reasons, children may be sedated for abdominal MRI scans. However,
sedation can have negative side effects and complications, particularly in children™'**. As a

result, there is a need for new free-breathing MRI techniques that overcome the challenges of

traditional breath-held MRI and avoid the need for sedation.

Non-Cartesian trajectories provide an alternative for MR imaging in children that
eliminates the need for a breath-hold and sedation. Non-Cartesian 3D stack-of-radial trajectories
(also known as stack-of-stars) have dispersed motion artifacts in the radial encoding direction
(in-plane) that do not obscure the anatomy, making radial trajectories more robust to breathing

43,58,59.,61,

motion (see section 2.7) 62199 " As a result, radial MRI scans can be acquired while free-

breathing, allowing for greater liver coverage, higher spatial resolution, and/or increased SNR.
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Recently, a new free-breathing multiecho 3D stack-of-radial MRI technique (FB radial) with
gradient error calibration and correction was developed for PDFF quantification in adults'®. This
technique acquires MRI data continuously during a free-breathing scan, reconstructs images, and
calculates PDFF maps. The hepatic PDFF measurements generated by FB radial PDFF
demonstrated a high degree of agreement to standard breath-held single-voxel MR spectroscopy
(BH SVS) and breath-held Cartesian (BH Cartesian) CSE-MRI techniques'®. However, to date,
there is no research on free-breathing hepatic fat quantification in children. Accordingly, this
study’s purpose is to compare the image quality, accuracy, and repeatability of this FB radial
technique'*’ to conventional BH Cartesian and BH SVS techniques for hepatic fat quantification

in children.

4.2 Methods
4.2.1 Pediatric Study Population

This study was approved by our local institutional review board. Parents/legal guardians
provided informed consent and children provided assent. Healthy children and children with
NAFLD, ages 7-17 years, were enrolled. Exclusion criteria included known liver disease
(excluding NAFLD for children with NAFLD), infections, diseases, or congenital anomalies
known to affect the liver, contra-indications to MRI, and inability to comply with BH

instructions.

4.2.2 Pediatric Liver MR Experiments

MRI experiments were performed on a 3 T scanner (MAGNETOM Skyra or Prisma,
Siemens, Erlangen, Germany) using a spine array coil and body matrix array. Sequences

acquired during the scan included a commercially available BH 3D Cartesian CSE-MRI’® with
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controlled aliasing in parallel imaging results in higher acceleration (CAIPIRINHA)"*

reconstruction (qDixon, the LiverLab package, software version VE11, Siemens, Erlangen,
Germany), a commercially available BH single-voxel MR spectroscopy (SVS)'* (HISTO, the
LiverLab package, software version VE11, Siemens, Erlangen, Germany), and FB radial'®
sequences. Each sequence was repeated for each subject in random order within each scan
session to evaluate repeatability. Except for the acceleration factor and the number of slices, the
same imaging parameters were used for BH Cartesian and FB radial to enable a fair comparison
between techniques (Table 4-1). The SVS voxel size was 25mm x 25mm x 25mm with a total
acquisition time of 15 seconds. SVS imaging parameters included echo times of 12ms, 24ms,
36ms, 48ms, and 72ms, a repetition time of 3000ms, a mixing time of 10ms, a vector size of
1024, and a bandwidth of 1200Hz/pixel. Additional MRI scans were repeated if motion artifacts
resulted in non-diagnostic images. The BH SVS region of interest (ROI) was positioned to avoid

regions with image artifacts on BH Cartesian, large blood vessels, and bile ducts.
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Table 4-1 Representative sequence parameters for in vivo pediatric liver experiments. A

slice-oversampling factor of 18-25% was used for the acquisitions. Imaging parameters for free-
breathing (FB) radial and breath-hold (BH) Cartesian were matched as much as possible for each
subject. The number of slices was adjusted depending on scan time and the subjects’ BH ability.
TE, echo time; TR, repetition time.

Imaging Parameters BH Cartesian FB Radial
TE (ms) 1.23, 2.46, 3.69, 1.23,2.46, 3.69,
4.92,6.15, 7.38 4.92,6.15, 7.38
ATE (ms) 1.23 1.23
TR (ms) 8.85 8.85

Matrix (N, x N,)
Field of View (mm, x mm,)
Resolution (mm, x mm,)
Slice Thickness (mm)
Number of Slices
Radial Spokes
Flip Angle (degrees)
Bandwidth (Hz/pixel)
Acceleration Factor

Scan Time (min:s)

160-288 x 160-288
280-500 x 280-500
1.67-1.94 x 1.67-1.94
5
20-40
N/A
5
1080-1160
4

0:16-0:25

160-288 x 160-288
280-500 x 280-500
1.67-1.94 x 1.67-1.94
5
36-52
252-453
5
1080-1160
1

2:09%-4:43*

*The FB radial gradient calibration scan time (31-45s) is included.

*Based on Nyquist criteria to collect fully-sampled data with N, x 72 spokes.

4.2.3 MR Image Reconstruction and PDFF Calculation

BH Cartesian acquisitions were reconstructed’® and PDFF maps were determined by a

Erlangen, Germany). The BH Cartesian PDFF maps were calculated using a 7-peak fat mode

56

prototype scanner software (Work-In-Progress package 963, software version VE11, Siemens,

196

and single effective R," per voxel’®; BH SVS PDFF was calculated by the scanner software using
T, correction'”. FB radial datasets (fully-sampled based on Nyquist criteria) were reconstructed,

without discarding data or employing parallel imaging reconstruction techniques. FB radial



PDFF maps were calculated offline (see section 3.2.3)'* in MATLAB R2016b (MathWorks,
Natwick, MA, United States) using the same signal model used for BH Cartesian™®, complex

34,35,132

fitting with a graph cut algorithm , and magnitude discrimination®'.

4.2.4 Image Analysis

All reconstructed images and PDFF maps were converted to DICOM for analysis in
OsiriX. Image quality was evaluated by an experienced pediatric radiologist (S.G., >10 years of
experience) masked to the trajectory (Cartesian or radial) and subject, by scoring the first echo
time images (TE = 1.23ms) and PDFF maps in axial and coronal orientations. Images were
scored on a scale of 1-4 for motion artifacts, other imaging artifacts, and image blurring. Motion
artifacts included coherent aliasing artifacts on BH Cartesian images and radial streaking on FB
radial images. Other artifacts included CAIPIRINHA reconstruction artifacts on BH Cartesian
images and any additional non-motion-related artifacts on BH Cartesian and FB radial images.
Motion blurring referred to blurring of blood vessels, abdominal wall, or liver dome on BH
Cartesian and FB radial images. The criteria for a score of 1 was non-diagnostic images with
significant artifacts that confound PDFF (i.e. bad image quality); 2 indicated diagnostic images
with artifacts that confound PDFF; 3 indicated diagnostic images with artifacts that did not
confound PDFF; 4 indicated no artifacts (i.e. good image quality). The percentage of images that
fell into each score category was determined. To characterize liver coverage, the number of
slices that contained the liver using the BH Cartesian scan (Nsl¢) and the FB radial scan (Nslg)
was counted. FB radial scans were always prescribed to cover the entire liver. The liver slice
coverage (Lsl) was then calculated as the percentage of liver slices covered using BH Cartesian
relative to FB radial (i.e. Lsl = Nsl¢/Nslg *x 100%) and reported as mean + standard deviation

(SD). To evaluate quantitative hepatic PDFF accuracy, one ROI was drawn on each of the BH
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Cartesian and FB radial PDFF maps in an anatomical location corresponding to the BH SVS ROI

that was placed during the MR scan, and PDFF was recorded as mean + SD.

4.2.5 Statistical Analysis

Age was described between healthy subjects and NAFLD subjects and the median values
and interquartile range (IQR) was compared using a nonparametric two group Mann-Whitney
UP"P! test due to the limited sample size. Paired differences in image quality scores between
BH Cartesian (i.e. conventional reference) and FB radial, were assessed using McNemar-Bowker
tests for dependent categorical data to compare the distribution of scores by cohort (healthy
cohort and NAFLD cohort) and artifact category (motion artifacts, other artifacts, and motion

blurring)'**.

Linear regression and Bland-Altman analysis''> was performed to assess differences
between FB radial and BH techniques (see section 2.9). Repeatability analysis'>''* was
performed using back-to-back scans during a single scan session for each technique (see section

2.10). Statistical analyses were performed in STATA and MATLAB. A P-value < 0.05 was

considered significant.

4.3 Results
4.3.1 Pediatric Study Population

Ten healthy subjects and ten NAFLD subjects were enrolled. Of these subjects, all ten
healthy subjects (six male, median age (£ IQR), 10.9 (+ 3.3) years) and nine NAFLD subjects
(seven male, age, 15.2 (£ 3.2) years) completed the study. The median age between the two

groups was significantly different (P < 0.05). One NAFLD subject did not complete the study

because the MRI field of view (FOV) was not adequate to cover his/her body habitus. All of the
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NAFLD subjects were confirmed by BH SVS or BH Cartesian to have hepatic PDFF >

5.6%'*'"% consistent with a diagnosis of NAFLD.

4.3.2 Image Quality

If the BH Cartesian images showed significant aliasing artifacts due to motion or if the
BH liver position changed such that the images from the BH Cartesian scan did not adequately
cover the liver volume, BH Cartesian scan(s) were repeated. For some subjects, motion-induced
aliasing or other artifacts were still observed on BH Cartesian images even when repeated. The
number of repeated BH Cartesian scans ranged from 0-2 for all subjects. Specifically, the mean
number of repeated BH Cartesian scans performed was 0.40 + 0.70 in healthy subjects and 0.89
+ 0.93 in NAFLD subjects. In contrast, the FB radial was only repeated once for one healthy

subject.

The FB radial technique demonstrated robustness to motion with good image quality and
quantitative PDFF maps. Representative images of BH Cartesian and FB radial acquisitions with
motion artifact image quality scores ranging from 1-4 are shown in Figure 4-1. Figure 4-2 shows
an example of BH Cartesian and FB radial images and PDFF maps from a representative subject

where major and minor motion occurred during a BH Cartesian scan.
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NAFLD subject NAFLD subject Healthy subject Healthy subject
Male, age: 15 years Male, age: 16 years Male, age: 13 years Female, age: 11 years

‘ "’J’z./ j'
~(w~
‘ﬁ‘hn SRS

Score=1 Score =2 Score =4

Coronal reformat

Healthy subject NAFLD subject Healthy subject
Male, age: 10 years Female, age: 15 years Male, age: 8 years

ﬁ‘

Coronal reformat

Score =4

Figure 4-1 Representative images in the axial and coronal reformat orientations at an echo
time of 1.23ms with motion artifacts scores of 1-4 for (a) breath-hold (BH) Cartesian and 2-4 for (b)
free-breathing (FB) radial acquisitions. If BH Cartesian exhibited severe motion artifacts leading to
non-diagnostic images (score of 1), additional scans were repeated during the scan session. FB
radial did not have a representative image with an image quality score of 1. See the Image Analysis
section of the Methods for the description of the image quality scores.

60



BH Cartesian (0:22) BH Cartesian (0:22) FB Radial (3:42)
Severe motion artifacts Mild motion artifacts

wv
€
(2]
N
1l
58]
-

Figure 4-2 Images and proton-density fat fraction (PDFF) maps for the free-breathing (FB)
radial and breath-hold (BH) Cartesian scans for a representative subject (male, age: 15 years) in
axial orientation. Due to severe motion artifacts (non-diagnostic image quality) in the BH Cartesian
scan (motion artifact score = 1), it was repeated. However, mild motion artifacts (motion artifact
score = 3) were still present in the repeated scan. Arrows indicate artifacts that affect hepatic fat
quantification. The FB radial scan did not exhibit coherent motion artifacts in the liver (motion
artifact score = 3). The scan time for each technique is reported as minutes:seconds.

Axial, reformatted coronal, and reformatted sagittal PDFF maps from FB radial and BH
Cartesian techniques for a representative healthy subject and NAFLD subject are shown in
Figure 4-3 and Figure 4-4, respectively. The PDFF maps from FB radial and BH Cartesian are
similar, but have slight differences in liver position due to the BH. Additionally, in some
subjects, hepatic PDFF heterogeneity was observed using both BH Cartesian and FB radial

techniques (Figure 4-5).
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Figure 4-3 Proton-density fat fraction (PDFF) maps for breath-hold (BH) Cartesian and
free-breathing (FB) radial scans for a representative healthy subject (male, age: 9 years) in axial,
coronal, and sagittal orientations. The liver slice coverage was 100% using the BH Cartesian
technique for this subject. Representative regions of interest (ellipses) and mean PDFF values are
shown in the axial orientation. FB radial and BH Cartesian have slight differences in liver position
due to breath-holding. The scan time for each technique is reported as minutes:seconds.
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Figure 4-4 Proton-density fat fraction (PDFF) maps for breath-hold (BH) Cartesian and
free-breathing (FB) radial scans for a representative non-alcoholic fatty liver disease (NAFLD)
subject (female, age: 14 years) in axial, coronal, and sagittal orientations. The liver slice coverage
was 68% using the BH Cartesian technique for this subject. Representative regions of interest (box)
and mean PDFF values are shown in the axial orientation. FB radial and BH Cartesian have slight
differences in liver position due to breath-holding. The scan time for each technique is reported as
minutes:seconds.
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Figure 4-5 Proton-density fat fraction (PDFF) maps for breath-hold (BH) Cartesian and
free-breathing (FB) radial scans for a representative non-alcoholic fatty liver disease (NAFLD)
subject (male, age: 10 years) with hepatic PDFF heterogeneity. The liver slice coverage was 97%
using the BH Cartesian technique for this subject. Representative regions of interest (box) and
mean PDFF values are shown in three liver segments. FB radial and BH Cartesian have slight
differences in liver position due to breath-holding. The scan time for each technique is reported as
minutes:seconds.

In healthy subjects, the BH Cartesian scan achieved full liver slice coverage with the
resolution used in this study. However, in most NAFLD subjects, full liver slice coverage was
not achieved using the BH Cartesian technique. In NAFLD subjects, the liver slice coverage was
100% =+ 0% for FB radial while it was 74% + 17% for BH Cartesian. To maintain similar
resolution between all subjects, many NAFLD subjects required a larger matrix size than healthy
subjects due to a larger FOV. Furthermore, some NAFLD subjects had limited BH ability and
the volumetric coverage needed to be reduced further to decrease the BH time. Table 4-2 shows
that for NAFLD subjects, FB radial had a significantly higher proportion of good motion artifact
and other artifact image quality scores compared to BH Cartesian (P < 0.05). In both NAFLD

and healthy subjects, the proportion of image blurring scores was not significantly different
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between FB radial and BH Cartesian.

Table 4-2 Radiologist image quality scores for the breath-hold (BH) Cartesian and free-
breathing (FB) radial first echo time images and proton density fat fraction (PDFF) maps for
motion artifacts, other artifacts, and image blurring for the healthy and NAFLD pediatric subjects.
Images were scored on a scale of 1-4 where a score of 1 indicates bad image quality and 4 indicates

good image quality.

Healthy Subjects (n = 10)

NAFLD Subjects (n =9)

Motion Artifacts

BH Cartesian* FB Radial* BH Cartesian* FB Radial*
1 (bad) 0% 0% 0% 0%
2 0% 5% 56% 11%
3 40% 80% 28% 83%

4 (good) 60% 15% 17% 6%
Other Artifacts BH Cartesian FB Radial BH Cartesian* FB Radial*
1 (bad) 0% 0% 0% 0%

2 0% 0% 61% 0%
3 70% 85% 33% 89%

4 (good) 30% 15% 6% 11%
Image Blurring BH Cartesian FB Radial BH Cartesian FB Radial
1 (bad) 0% 0% 0% 0%

2 0% 0% 0% 0%
3 60% 85% 50% 44%
4 (good) 40% 15% 50% 56%

*Statistically significant differences (P < 0.05) in the distribution of image quality scores
between BH Cartesian and FB radial techniques.

4.3.3 Hepatic PDFF Quantification Accuracy

To avoid PDFF errors due to coherent Cartesian aliasing artifacts, all ROIs measured on

the BH SVS, FB radial images, and BH Cartesian images were positioned away from these
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Cartesian MRI artifacts for quantitative analysis. The results showed a linear relationship
between BH Cartesian PDFF, BH SVS PDFF and the proposed FB radial PDFF. All
comparisons had a significant r and p. > 0.99 (P < 0.001) and MD < 0.7%. The linear correlation
and Bland-Altman plots are shown in Figure 4-6. The comparison between the proposed FB
radial versus BH Cartesian showed a slope of 1.03 for the linear regression and correlation
coefficients r and p. were 0.996 and 0.994, respectively. For the proposed FB radial versus BH
SVS, the slope of the linear regression was 0.97 and the correlation coefficients r and p. were
0.997 and 0.995, respectively. The conventional BH Cartesian versus the reference BH SVS
comparison showed a slope of the linear regression of 0.94 and the correlation coefficients r and
pc were 0.997 and 0.995, respectively. The MD between FB radial and BH Cartesian was 0.65%
+ 2.56%, the MD between FB radial and BH SVS was 0.64% + 2.31%, and the MD between the
conventional BH Cartesian and reference BH SVS was 0.23% + 2.56%. FB radial, BH Cartesian,
and BH SVS also demonstrated repeatability with MDyimhin = 0.25%, -0.09%, and -0.30%,
respectively; SDyitin = 0.55%, 0.32%, and 1.35%, respectively; CR = 1.53%, 0.89%, and 3.74%,

respectively. A summary of the repeatability analysis is shown in Table 4-3.
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Figure 4-6 Liver study (a,c,e) linear correlation plots and (b,d,f) Bland-Altman plots for
proton-density fat fraction (PDFF) of each region of interest (ROI) in the liver corresponding to
single-voxel magnetic resonance spectroscopy (SVS) ROIs. The comparison of (a-b) free-breathing

(FB) radial versus breath-hold (BH) Cartesian had mean difference (MD) = 0.65% =+ 2.56% (c-d)
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FB radial versus BH SVS had MD = 0.64% =+ 2.31%, (e-f) BH Cartesian versus BH SVS had MD =
0.23% +2.56%. The correlation coefficients r and p. were significant in all cases with P < 0.001.
The dashed lines represent y = x in the linear correlation plots and y = 0 in the Bland-Altman plots.

67



Table 4-3 The analysis of repeatability results. The mean difference (MDyjhin), Within-
subject standard deviation (SDy;min), and the coefficient of repeatability (CR) are reported between
repeated scans for the breath-hold (BH) single-voxel magnetic resonance spectroscopy (SVS), BH
Cartesian and free-breathing (FB) radial techniques.

Technique MD,,; i (%) SD,,nin (%) CR =1.96 X V2 X SD, ;inin (%)
FB Radial 0.2521 0.5520 1.5300
BH Cartesian -0.0911 0.3210 0.8897
BH SVS -0.2969 1.3496 3.7408

4.4 Discussion

This is the first study to evaluate the accuracy and repeatability of 3D hepatic PDFF
quantification using a FB radial MRI technique with respect to established BH techniques in a
pediatric population. This study provides evidence that accurate and repeatable FB hepatic fat
quantification can be performed in children for the entire 3D liver volume using a multiecho 3D
stack-of-radial technique. Hepatic PDFF calculated from FB radial scans had significant linear
correlation, significant concordance, and low mean differences < 0.7% compared to the
conventional BH Cartesian and the reference standard BH SVS techniques. FB radial, BH
Cartesian and BH SVS demonstrated repeatability with MDyimin < 0.3%. FB radial and BH
Cartesian demonstrated repeatability with CR < 2%. BH SVS had a larger CR of 3.74% likely
due to variation in the BH position and actual voxel position between BH SVS scans. While the
mean PDFF differences between FB radial and BH techniques were very small, they may reflect
differences due to BH position, SVS partial volume effects, and the effect of motion on the

images. However, in NAFLD subjects, FB radial demonstrated a significantly higher proportion
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of good image quality scores compared with BH Cartesian. We speculate that NAFLD subjects
may have had more difficulty performing a breath-hold than their healthy peers because they
were overweight. The median (= IQR) body mass index in the NAFLD cohort was 33.2 (= 7.1)
kg/m®. In contrast, the body mass index in the healthy cohort was normal at 17.4 (£ 2.0) kg/m”.
Therefore, compared to the conventional BH Cartesian technique, FB radial may provide
improved image quality and hepatic PDFF quantification for the evaluation of steatosis in this
target population.

There have been a few studies evaluating BH Cartesian CSE-MRI techniques for hepatic

45-48

PDFF quantification in children™ ™. Two studies used dual-echo and triple-echo methods for

PDFF quantification®**

. However, dual-echo and triple-echo approaches do not correct for
confounding factors (such as T,* bias) and, as result, hepatic PDFF quantification may be
inaccurate”. Since the signal model includes many parameters, at least four echoes are
recommended to account for confounding factors such as T,* bias and the multi-peak spectrum
of fat (e.g. not correcting for To* will cause an underestimated hepatic fat fraction)’”'*!. Other
studies utilized a six-echo technique with magnitude-based fitting for PDFF estimation in the
liver and found agreement between BH Cartesian PDFF and BH SVS PDFE*, correlation
between BH Cartesian PDFF and histopathology®’, and associations between BH Cartesian
PDFF and clinical characteristics®. These studies employed a 2D BH Cartesian MRI

45-48

technique™ ", which may have limited spatial coverage or resolution and motion artifacts.

In this study, variation in the distribution of image quality scores between BH Cartesian
and FB radial was dependent upon the artifact category and subject population. Blurring was
observed in BH Cartesian and FB radial images with no statistically significant differences in the

distribution of scores for both healthy subjects and NAFLD subjects, and this did not affect
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PDFF quantification. In the motion artifact category, BH Cartesian images have coherent
aliasing artifacts that may confound hepatic PDFF while FB radial images have radial streaking
artifacts that interfere less with hepatic PDFF. In NAFLD subjects, the percentage of bad image
quality scores for motion artifacts was higher for BH Cartesian than for FB radial. We believe
this is because children with NAFLD may have difficulty performing a BH due to impaired lung
function secondary to their overweight/obesity status. Additionally, in NAFLD subjects, BH
Cartesian scans showed a higher percentage of bad image quality scores for other artifacts. One
of the main sources of these artifacts is related to under-sampling and CAIPIRINHA
reconstruction errors. This is most likely due to the fact that the center of the FOV’s coil
sensitivity is reduced by a large body size. In order to improve Cartesian image quality for
NAFLD subjects, less undersampling may be required, which would increase scan time, reduce
volumetric coverage, and/or reduce spatial resolution. On the other hand, FB radial does not
necessarily require parallel imaging or have BH scan time limitations. Therefore, image quality

can be improved by allowing for longer FB acquisition times for NAFLD subjects.

In this study, BH Cartesian required four-fold undersampling to reduce the scan time to
within a BH. For this reason, volumetric coverage was limited. As a result, for children with
hepatomegaly, full liver slice coverage with the desired spatial resolution may not be achievable
within a BH. FB radial can achieve greater volumetric coverage and/or spatial resolution
compared to BH Cartesian, thereby improving 3D spatial characterization of hepatic PDFF and
liver disease. This may be important for cases where hepatic PDFF is heterogeneous, as depicted

153-155 and

in Figure 4-5. Other studies have reported heterogeneous hepatic PDFF in adults
children'®, and recent evidence suggests heterogeneity in reduction of hepatic fat following

bariatric surgery'”’. However, additional studies are required for a full understanding of the
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spatial distribution of PDFF in patients with NAFLD. In addition, full liver coverage achieved by
FB MRI may have additional clinical applications including the evaluation of hepatic masses or
other diseases. Traditionally, complex hepatic diseases require sedation or general anesthesia for
MRI in order ensure full liver coverage and adequate resolution. FB MRI technology eliminates
this requirement, and at the same time can yield diagnostically useful information. Each FB
radial acquisition in this study was performed with the same image resolution for children with
either a small or large body habitus, and the number of slices was chosen to cover the entire liver
volume. For these reasons, fully-sampled FB radial acquisitions were approximately 3-5 minutes
depending upon the subject’s size (Table 4-1). The FB radial scan time could be shortened if less
slices are acquired or a lower resolution is used. On the other hand, higher resolutions may
improve diagnostic information when performing MRI scans, but this may require longer scan
times or reduced liver slice coverage. While the radial trajectory was fully-sampled in this study,
radial undersampling can be performed in combination with non-Cartesian parallel imaging
reconstruction'>*. Previous work in adults showed similar PDFF quantification results using an
undersampled FB radial technique, potentially reducing the scan time to less than one and a half

minutesl49’159.

In addition to the constraints of BH Cartesian with respect to liver coverage and spatial
resolution, patient motion leads to artifacts and reduces image quality. Previous studies have

developed respiratory gating and self-navigation strategies for hepatic fat quantification using

64,100

Cartesian MRI sequences to reduce motion artifacts in adults . To our knowledge, these

strategies have not been evaluated for hepatic fat quantification in children. In adults, these
strategies have shown similar image quality and fat quantification accuracy compared to BH

64,100

techniques . However, these strategies require longer scan times for image acquisition and
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are well suited for patients with regular respiratory patterns, but may not be appropriate for

6 1n fact,

children who require shorter scan times and have heavy or irregular breathing
respiratory gating and self-navigation strategies may benefit from the incorporation of non-
Cartesian trajectories, such as 3D stack-of-radial, to accommodate patients with heavy or
irregular breathing. Although self-navigation using FB radial was not evaluated in the current
study, the 3D stack-of-radial trajectory allows for self-navigation and improved image quality in

- 98,160
the presence of motion™ "".

The signal model used in this study includes fitting for R,", which can be used to assess
hepatic iron content’”'®' "' Severe hepatic iron overload may hinder PDFF quantification due
to rapid signal decay prior to acquiring the first echo time’’. Recent work includes ultra-short

d'**1% In this study,

echo time sequences for Ry mapping in patients with severe iron overloa
there were no subjects with severe iron overload. Therefore, hepatic PDFF quantification was not

confounded by high R, values.

Our study has limitations. First, partial-volume effects and motion can confound BH
SVS, which were not corrected. Second, inter-sequence motion and non-rigid changes in liver
tissue during a BH and while FB, may hinder PDFF comparisons between techniques. To
address this limitation, ROIs were placed in corresponding anatomical locations on BH Cartesian
and FB radial PDFF maps. Third, the scan time for the radial acquisition is increased by 31-45
seconds due to the addition of a calibration scan for radial MRI and the number of radial
readouts needed for calibration was not optimized to reduce scan time. Finally, the sample size is
small and this study was performed at a single site. However, the results of this study indicate
that FB radial is not only comparable to conventional BH MR techniques, but also has some

additional advantages for hepatic fat quantification in children.
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4.5 Conclusion

In this study of healthy children and children with NAFLD, FB hepatic fat quantification
using a new 3D stack-of-radial MRI technique was accurate and repeatable. FB radial
demonstrated significantly less image artifacts than BH Cartesian in NAFLD subjects. These
results show that FB radial may potentially improve pediatric patient compliance and 3D
spatially resolved characterization of hepatic steatosis. Moreover, in this study, FB radial
eliminated the need for breath-holding and did not require sedation for fat quantification. FB
radial represents a promising tool that could help clinicians diagnose and manage children with

NAFLD.
This work has been published as:

Armstrong T, Ly KV, Murthy S, Ghahremani S, Kim GHJ, Calkins KL, Wu HH. Free-
breathing quantification of hepatic fat in healthy children and children with nonalcoholic fatty
liver disease using a multi-echo 3-D stack-of-radial MRI technique. Pediatric Radiology 2018;

48(7):941-953. doi: 10.1007/s00247-018-4127-7
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5 FREE-BREATHING RADIAL
MRI QUANTIFICATION OF
BODY COMPOSITION AND
HEPATIC FAT IN INFANTS

5.1 Introduction

The pediatric obesity epidemic highlights the need to better understand the amount,

721 Two types of fat,

distribution, and content of adiposity in children, beginning at an early age
white adipose tissue (WAT) and brown adipose tissue (BAT), are of interest because WAT
stores triglycerides and BAT metabolizes fat to produce heat'®’. In the abdomen, WAT is
categorized as either visceral adipose tissue (VAT), located inside the abdominal cavity, or
subcutaneous adipose tissue (SAT), located outside the abdominal cavity'®’. Brown adipose

tissue (BAT) is generally located in the axillary, cervical, perirenal, and periadrenal regions'®’.

Tissue fat content is related to the proportion of different types of fat; higher fat content may
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indicate “WAT-like” tissue and lower fat content may be associated with “BAT-like”

. 50,51,168
tissue™ .

The hepatic manifestation of metabolic syndrome, non-alcoholic fatty liver disease, is
characterized by hepatic steatosis, abnormally high hepatic fat content. In older children and
young adults, abnormal hepatic fat content is associated with future metabolic syndrome™’”'*’;
however, additional longitudinal studies are needed to determine its predictive value in infants.
There have been studies observing increased hepatic fat in infants born to obese mothers with

and without gestational diabetes, which are risk factors for future metabolic syndrome'’*'"".

Magnetic resonance spectroscopy (MRS) and magnetic resonance imaging (MRI) are
non-invasive techniques that can be utilized to quantify body composition and hepatic fat content
in early infancy™'** 7371167169175 NRT and MRS are well suited for children since they do not

19,71

involve ionizing radiation >'". MRS is regarded as the non-invasive reference standard for

quantifying hepatic fat content in children and adults'*'>'"

. However, MRS techniques have
limitations due to partial volume effects, spatial sampling bias, and motion. MRS techniques
only measure fat content in a specified voxel and do not provide information about fat
distribution. MRI has excellent soft tissue contrast and can obtain high-resolution 3D images'”’".
Intensity-based MRI techniques can provide spatially resolved information about fat distribution
and volume™'"*'" but do not provide information about fat content. Chemical-shift-encoded
MRI (CSE-MRI) techniques can provide spatially resolved information about fat distribution,
volume, and content’"> by quantifying proton-density fat fraction (PDFF), a standardized MRI
biomarker’’. In general, conventional MRI scans are performed using Cartesian sampling®"
53,168,170-175

, which is limited by sensitivity to motion-induced coherent aliasing artifacts that can

obstruct the anatomy of interest, degrade image quality, and hinder quantification (see section
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2.6). Therefore, scans using Cartesian trajectories are typically performed while breath-holding.
However, infants cannot hold their breath, often breathe heavily and irregularly, and may

177-180
77 F

become anxious and cry during the MRI exam. This leads to increased motion artifacts or

these reasons, sedation or anesthesia is prescribed, which introduces additional risks and costs'’~
180 " As a result, there are a limited number of MRI studies investigating VAT, SAT, BAT, and

hepatic fat in infants® >>'7%"'7,

Compared to Cartesian MRI, non-Cartesian MRI based on 3D stack-of-radial sampling
may provide greater robustness to motion, due to the dispersed distribution of motion

63,149

artifacts (see section 2.7). The 3D stack-of-radial trajectory allows for considerably less

obtrusive motion artifacts that do not obscure the anatomy of interest, allowing for the MRI scan

to be performed during free-breathing (FB)'**'®'

. In older children, when compared to
conventional breath-held Cartesian MRI, a recently developed non-sedated FB 3D stack-of-
radial MRI technique (FB radial) produced high quality images and accurate, repeatable hepatic
fat content quantification with increased volumetric coverage'®'. This FB radial MRI technique
may be a promising method to quantify body composition and ectopic fat content in infants who
are incapable of breath-holding. Hence, this study’s purpose was to 1) compare the image quality
of FB radial MRI technique'* to conventional Cartesian MRI and 2) evaluate the feasibility of

using the FB radial MRI technique'* for body composition and hepatic fat quantification in

infants.

5.2 Methods
5.2.1 Infant Study Population

This study was approved by our institutional review board. Parents/legal guardians
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provided informed consent. Healthy infants aged 1-12 months were eligible for participation.
Exclusion criteria included known liver diseases, infections that affect the liver (i.e.,
Toxoplasmosis, Rubella, Cytomegalovirus, Human Immunodeficiency Virus, or Herpes Simplex
Virus), major congenital anomalies or diseases that involve the liver, inborn errors of

metabolism, and contraindications for MRI.

5.2.2 Infant Preparation and MRI Experiments

Preparation and scanning procedures were adapted from previous recommendations'’’
180 Preparation time for the MRI scan began when the infant entered the MRI suite and included
feeding, swaddling, and rocking the infant until he/she became sleepy. Earplugs and earmuffs
(MiniMuffs, Natus Medical Incorporated, Pleasanton, CA) were placed on the infant’s ears for
hearing protection. Next, infants were placed on a vacuum immobilizer on the MRI table (Med-
Vac, CFI Medical, Fenton, MI, United States), and the clips on the immobilizer were fastened
(Figure 5-1a). A head array coil was placed on the infant at this time (Figure 5-1b). Finally, the
anterior portion of the head coil was attached. If the infant cried, the anterior portion of the head
coil was removed. After all of the coils were positioned, the MRI table and the infant were

advanced into the MRI bore and the total preparation time was recorded. A diagram of the infant

preparation procedures is shown in Figure 5-1.
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Initial Preparation for Infant MRI Scan

1. Feed and swaddle infant
2. Apply hearing protection (earmuffs and earplugs)
3. Place infant on vacuum immobilizer

Swaddle infant

—_—

v\ Earplugs and

Vacuum immobilizer/'
earmulffs

H
H
4. Fasten clips on vacuum immobilizer
Vacuum immobilizer clips

i;— %

&

.\

5

a Vacuum cap

Preparation on MRI Table

5. Place infant on table

6. Add blankets

7. Place body matrix array

8. Place top of head coil
. |

b

Figure 5-1 Infant MRI procedures. (a) Initial preparation for the infant scan. (b)
Preparation on the MRI table.

—

After advancing the table and infant into the bore, the start time for the scan was
recorded. If the infant cried during the first MRI scan and did not stop crying or the
parent(s)/legal guardian(s) requested to stop the scan, the infant was removed from the scanner
and comforted in the immobilizer. If the infant settled down, the infant was placed on the MRI

table again and set-up procedures on the MRI table (Figure 5-1b) were repeated. The total scan
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time was calculated after completing the MRI scan protocol.

The infant MRI experiments were performed on a 3 T scanner (MAGNETOM Skyra or
Prisma, Siemens Healthineers, Erlangen, Germany) using a 20-channel head array coil, 32-
channel spine array coil and 18-channel body matrix array. A FB RF-spoiled bipolar multiecho
gradient-echo 3D stack-of-radial sequence with golden angle ordering® and gradient error and

19 (FB radial) (see sections 3.2.1 and 3.2.2) was used to acquire

eddy current correction
abdominal and head and chest scans. The 3D slabs for the head and chest scan were prescribed to
overlap slightly with the abdominal scan for each infant to cover the body contiguously. FB
radial abdominal scans were repeated to assess intra-session repeatability (scan 1 and scan 2). A
commercially available RF-spoiled bipolar multiecho gradient 3D Cartesian sequence™® with
four-fold undersampling and controlled aliasing in parallel imaging results in higher acceleration
(CAIPIRINHA)"* reconstruction (qDixon, The Liver Lab, software version VEI1, Siemens
Healthineers, Erlangen, Germany) was acquired. All scans were performed without breath-

holding or sedation. Imaging parameters for the FB radial and Cartesian scans are reported in

Table 5-1.
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Table 5-1 Imaging parameters for infant abdominal and head and chest MRI scans. All
acquisitions used 20% - 25% slice oversampling. Cartesian scans were acquired without breath-

holding. FB radial abdominal scans were acquired twice to assess repeatability.

Imaging Parameters Cartesian: FB Radial: FB Radial:
Abdomen Abdomen Head & Chest
TE (ms) 1.23, 2.46, 3.69, 1.23, 2.46, 3.69, 1.23, 2.46, 3.69,
4.92,6.15,7.38 4.92,6.15,7.38 4.92,6.15,7.38
ATE (ms) 1.23 1.23 1.23
TR (ms) 8.85 8.85 8.85
Matrix (N_x Ny) 96-128 x 96-128  96-128 x 96-128 128_1?2(; 128-
Field of View (mm_ x 150-200 x 150-  150-200 x 150-  200-250 x 200-
mmy) 200 200 250
Resolution (mm_ x mmy) 1.56 x 1.56 1.56 x 1.56 1.56 x 1.56
Number of Slices 40 40-44 60-80
Slice Thickness (mm) 3 3 3
Bandwidth (Hz/pixel) 1150-1155 1150-1155 1150-1155
Flip Angle (degrees) 5 5 5
Radial Spokes N/A 151¢-202¢ 202¢-252¢
Acceleration Factor 4 1 1
Scan Time (min:s) 0:11-0:14 1:38%*-2:10%* 3:20%%-4:43%*

*The number of spokes was adjusted to acquire fully-sampled data based on Nyquist
sampling criteria (i.e. Number of Radial Spokes = N, x 7/2). FB, free-breathing; TE, echo time; TR,

repetition time.

*Includes gradient calibration acquisition time of 34-37s.

**Includes gradient calibration acquisition time of 51s-68s.

5.2.3 Image Reconstruction and PDFF Calculation

FB radial images and PDFF maps were generated offline in MATLAB version R2017b
(MathWorks, Natwick, MA, United States). FB radial images were reconstructed fully-sampled
(according to the Nyquist criteria) using gradient and eddy current correction'® (see sections

3.2.1 and 3.2.2), linear density compensation, gridding, and adaptive coil combination. PDFF

80



maps were determined by fitting the multiple echo time images to the gradient-echo signal model
with multiple fat peaks” to solve for the field map, single effective Ry*, water-only, and fat-only

maps with complex fitting using a graph cut algorithm>**>!*?

(see section 3.2.3). Magnitude
discrimination was used to minimize noise bias to calculate PDFF maps from the water- and fat-
only images*'. Cartesian MR images and PDFF maps were calculated on the scanner using a

prototype reconstruction method with the same signal model (prototype version 963, gqDixon,

The Liver Lab, Software version VE11, Siemens Healthineers, Erlangen, Germany).

5.2.4 Image Quality Analysis

All reconstructed images and PDFF maps were converted to DICOM for analysis in
OsiriX software version 6.0 (Pixmeo Sarl, Bernex, Switzerland). Image quality was evaluated by
an experienced pediatric radiologist (S.G., > 10 years of experience) who was blinded to the
trajectory (Cartesian or radial) on a scale of 1-3 for motion artifacts. The criteria for a score of 1
was non-diagnostic images with significant artifacts in the liver (i.e. bad image quality); 2
indicated minor motion artifacts in the liver; 3 indicated no motion artifacts in the liver (i.e. good

image quality). The percentage of images that fell into each score category was determined.

5.2.5 Body Composition Analysis

Fat composition was defined as VAT, SAT, and BAT volumes (cm’). Fat content was
defined as the PDFF (0-100%). Body composition was measured and analyzed in Horos software
version 3 (The Horos Project, horosproject.org). The VAT, SAT, and BAT were segmented
using the 2D region growing segmentation and brush tools on the FB radial PDFF maps (all
53,71

slices in the 3D volume). VAT was defined as adipose tissue in the intra-abdominal area

SAT was defined as adipose tissue above the muscle fascia and below the skin in the abdomen’".
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VAT and SAT were subjectively delineated on all abdominal axial slices avoiding blood vessels,

53,71

bones, intramuscular fat, and organs’>’". BAT was analyzed on three consecutive reformatted

49,50,174

coronal slices of the supraclavicular region . Areas of BAT were defined as any

accumulation of adiposity in the supraclavicular area found in the lower neck and the axillary

493017 "The number of slices and time to contour all the slices to determine VAT, SAT,

regions
and BAT for each subject was recorded and was reported as median + SD. All of the segmented
areas of VAT, SAT, and BAT were summed per pixel count to compute the volume and the
mean PDFF. All body composition measurements were performed by the same study coordinator

(K.L.) for consistency. All slices and segmentations were reviewed and validated by a pediatric

radiologist (S.G., > 10 years of experience).

5.2.6 Hepatic Fat Quantification

Hepatic fat was measured on a single 15 x 15 x 15 mm’ cubic region of interest
encompassing five 3 mm slices on FB radial PDFF maps. These regions of interest were placed
to avoid large blood vessels and bile ducts and in anatomically corresponding regions in the liver

to reduce variations in position due to motion.

5.2.7 Statistical Analysis

Descriptive statistics were reported as median + interquartile range and range (minimum,
maximum) or percentage (number). Differences in the distribution of image quality scores
between FB radial scan 1, FB radial scan 2, and Cartesian scans of the abdomen were compared
using McNemar-Bowker statistical tests for dependent categorical variables in STATA software
version 12 (StataCorp LLC, College Station, TX, United States). A P-value < 0.05 was

considered significant. Repeatability of FB radial hepatic PDFF was assessed in MATLAB by
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calculating the mean difference (MD), absolute mean difference (MD,ps), within-subject standard
deviation (SDwimin), and coefficient of repeatability (CR)'">"''* between repeated scans (scan 1
and scan 2) (see section 2.10). FB radial VAT, SAT, BAT (volume and PDFF), and hepatic
PDFF, were calculated for all subjects and reported as median + interquartile range among

subjects.

5.3 Results
5.3.1 Infant Study Population

10 infants were enrolled in the study, and 9 infants completed the entire study (90%
completion rate). One infant completed only one FB radial abdominal MRI scan because of
crying. Characteristics for the study population are reported in Table 5-2. For 10 infants, the
median + interquartile range and range (minimum, maximum) preparation time was 32 + 7 min
(15 min, 81 min) and scan time was 24 £ 11 min (15 min, 34 min), respectively (Table 5-3).
Excluding the infant with the incomplete scan, the scan time was 24 + 11 min (20 min, 34 min).

Of the 10 subjects, 4 subjects were scanned without the anterior head coil attached.
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Table 5-2 Subject Characteristics. All information are reported as median + interquartile
range and range (minimum, maximum) or percentage (number).

Characteristic Infant Subjects (N = 10)
Age (months) 32+34,(2.3,6.9)
Sex - Male 50% (5)
Hispanic Ethnicity 30% (3)
Race -
White 70% (7)
Asian 10% (1)
More Than One Race 20% (2)
Weight (kg) 7.0+1.6(3.7,9.9)
Height (cm) 59.6 £7.9 (49.5, 69.9)

Table 5-3 Subject characteristics and procedure times reported as median + interquartile
range and range (minimum, maximum) for 10 infants.

Subject Preparation Time (min) Scan Time (min)

1 26 20

2 15 21

3 34 24

4 33 24

5 30 33

6 30 27

7 47° 20

8 27° 32

9 35 15°

10 81 34
Median 31.5+7.0 24.0 + 10.5°
Range (15, 81) (15°, 34)°

"Preparation of subject 8 was done during the scan of subject 7.
Incomplete scan.

‘The scan time excluding subject 9 with the incomplete scan was 24.0 + 11.0 (20, 34).
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5.3.2 Infant Image Quality

Representative axial and coronal reformat images of the liver with image quality scores
ranging from 1-3 are shown in Figure 5-2. FB radial abdominal images demonstrated higher
image quality scores than Cartesian abdominal images (P = 0.011). Compared to FB radial scan
1, FB radial scan 2 showed a higher proportion of image quality scores of 3 (89% vs. 30%, P =
0.025). A summary of the proportion of FB radial (scan 1 and scan 2) and Cartesian images
receiving each score is shown in Table 5-4. 100% of Cartesian abdominal images received non-
diagnostic image quality scores of 1 due to severe motion aliasing artifacts. In contrast, 0% of FB
radial (scan 1 and scan 2) abdominal images received image quality scores of 1. FB radial had
minor motion artifacts that affected the liver less (image quality score of 2) or no motion artifacts

that affected the liver (image quality score of 3).
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Cartesian (14s) FB Radial Scan 1 (2min) FB Radial Scan 2 (2min)
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Figure 5-2 Representative Cartesian and free-breathing (FB) radial infant abdominal MR
images from subject 3. This infant was female and 6.4 months of age. These examples have image
quality scores of 1-3. 1 represents non-diagnostic images (i.e. bad image quality), 2 represents
diagnostic images with minor motion artifacts in the liver, and 3 represents diagnostic images with
no motion artifacts in the liver. Red filled-in arrowheads point to severe motion artifacts; orange
filled-in arrowheads with dashed lines point to small structures with minor motion blurring on FB
radial resulting in a image quality score of 2; yellow open arrowheads point to small structures that
appear sharp resulting in an image quality score of 3.

Table 5-4 Summary of the image quality scores. Infant free-breathing (FB) abdominal MR
images were scored for motion artifacts by an experienced radiologist using axial and coronal
reformatted source images at the first echo time (TE = 1.23ms). FB radial scans (scan 1 and scan 2)
were scored separately.

Score FB Radial Scan 1** | FB Radial Scan 2** Cartesian®
(N=10) N=9) (N=9)
1 (bad) 0.0% 0.0% 100.0%
2 70.0% 11.1% 0.0%
3 (good) 30.0% 88.9% 0.0%

*Statistically significant differences (P = 0.011) in the distribution of image quality scores
between Cartesian and FB radial scan 1 and scan 2.

#Statistically significant differences (P = 0.025) in the distribution of image quality scores
between FB radial scan 1 and scan 2.




5.3.3 Body Composition Analysis and Hepatic PDFF Quantification

VAT, SAT and BAT (volume and PDFF) and hepatic PDFF for all infants are listed in
Table 5-5. The median + SD (min, max) number of slices used to contour SAT and VAT was 40
+ 3.2 (32, 44) and in all subjects 3 slices were used to contour BAT. The median + SD (min,
max) time to contour VAT, SAT and BAT was 92 + 37 min (42, 146) min, 20 + 6 min (10, 30)
min, and 38 + 11 min (32, 70) min, respectively. PDFF maps from the infant with the lowest
VAT, VAT-PDFF, SAT, SAT-PDFF, BAT and BAT-PDFF are shown in Figure 5-3. This was a
2.5 month old preterm infant born with intrauterine growth restriction. The hepatic PDFF for this
infant (3.8%) was close to the median hepatic PDFF (3.4%). In contrast, PDFF maps from the
infant with the highest hepatic PDFF are shown in Figure 5-4. This 3.2 month-old infant had a
family history notable for non-alcoholic fatty liver disease. Hepatic PDFF quantification using
FB radial abdominal scans demonstrated repeatability with MD = 0.22%, MDgys = 0.55%, SD =

0.66%, and CR = 1.84%.
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Table 5-5 Infant hepatic fat and body composition measurements. The FB radial visceral
adipose tissue (VAT) volume (cm3), VAT proton-density fat fraction (PDFF) (%), subcutaneous
adipose tissue (SAT) volume (cm?), SAT-PDFF (%), brown adipose tissue (BAT) volume (cm’®),
BAT-PDFF (%), and hepatic PDFF (%), calculated as the average of FB radial scan 1 and scan 2,
measurements for the 10 infant subjects. Median * interquartile range among subjects are
reported. N/A, not available.
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Hepatic
VAT- SAT- BAT- I
Subject VAT | pDFF SAT porr | BAT | pppp | PDFF (%)

(cm”) (%) (cm”) (%) (cm”) (%) (Scan 1,

Scan 2)
1 36.0 39.9 385.9 89.6 1.0 26.1 4.0

' ' : ' ' ' (3.7, 4.3)
6.0

2 63.5 39.7 254.4 86.3 2.2 36.4 (5. 6.1)
24

3 48.2 43.9 324.6 88.2 2.4 44.2 (24 2.3)
22

4 53.4 43.9 278.5 87.8 1.0 25.7 27,16
28

5 61.6 40.5 256.8 85.1 1.5 22.0 (24 33)
2.9

6 50.6 44.8 162.0 79.6 1.4 28.2 (2.4 3.4)
3.8

7 17.0 342 148.4 77.8 0.7 17.3 (35, 37
43

8 28.3 46.5 177.3 83.6 1.0 22.0 (4.0, 46)
3.5

9 69.8 377 469.6 902 | NA | NA | 350
33

10 53.8 44.7 358.2 93.0 1.8 377 (32, 3.4

P ——- Mabb —————sNArtmoomo———_—_—————ttir
| 520+ | 422+ | 2677+ | 871+ | 14+ | 261+
Median |, 5 47 153.2 53 0.7 144 | 4L
(17.0, | (342, | (1620, | (778, | (0.7, | (173,
Range |\ cog)y | 465) | 4696) | 93.0) | 24) | 442y | @260




FB Radial (1min:34s), Subject 7
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Figure 5-3 Representative infant abdominal and head and chest proton-density fat fraction
(PDFF) maps (range: 0-100%) from subject 7. Abdominal images are shown in axial, and coronal
reformat orientations and head and chest PDFF map in the coronal reformatted orientation from
the subject with the lowest visceral adipose tissue (VAT) volume, VAT-PDFF, subcutaneous
adipose tissue (SAT) volume, SAT-PDFF, brown adipose tissue (BAT) volume, and BAT-PDFF.
The coronal reformat image was combined from the slabs from the abdomen scan and the head and
chest scan. Hepatic PDFF (HPDFF) in the liver is shown in a representative region of interest. VAT
and SAT fat compartments are contoured on axial abdominal images. The BAT fat compartment is
contoured on head and chest coronal reformatted images. This male infant was 2.5 months of age
and born preterm with intrauterine growth restriction. For this subject, VAT = 17.0 cm’, VAT-
PDFF = 34.2%, SAT = 148.4 cm’, SAT-PDFF = 77.8%, BAT = 0.7 cm’, and BAT-PDFF = 17.3%.
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FB Radial (2min:0s), Subject 2
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Figure 5-4 Representative infant abdominal and head and chest proton-density fat fraction
(PDFF) maps (range: 0-100%) from subject 2. Abdominal images are shown in axial, and coronal
reformat orientations and head and chest PDFF map in the coronal reformatted orientation from
the subject with the highest hepatic PDFF (HPDFF), second highest visceral adipose tissue (VAT)
volume, second highest brown adipose tissue (BAT) volume, and third highest BAT-PDFF. The
coronal reformat image was combined from the slabs from the abdomen scan and the head and
chest scan. HPDFF in the liver is shown in a representative region of interest. VAT and
subcutaneous adipose tissue (SAT) fat compartments are contoured on axial abdominal images.
The BAT fat compartment is contoured on head and chest coronal reformatted images. This male
infant was 3.2 months of age, born full term, and had a family history of non-alcoholic fatty liver
disease. For this subject, VAT = 63.5 cm’, VAT-PDFF = 39.7%, SAT = 254.4 cm’, SAT-PDFF =
86.3%, BAT = 2.2 cm®, BAT-PDFF = 36.4%.

5.4 Discussion

In this study, quantification of body composition and hepatic fat in infants was feasible
using non-sedated FB radial MRI. Moreover, FB radial had higher image quality in the liver
compared to Cartesian MRI. FB radial quantification of hepatic PDFF also demonstrated

repeatability with CR <2%.
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For all subjects in our study population, the preparation time was approximately 30 min
and scan time was approximately 25 min. The scan times in this study included the acquisition of
two FB radial abdominal scans, a FB radial head and chest scan, and an additional Cartesian
abdominal scan. For the infant with an incomplete MRI, only one single FB radial abdominal
scan was acquired and the scan time was 15 min. In this study, all of the FB radial abdominal
and head and chest scans were acquired with oversampling to ensure enough data was collected
during the MRI exam. Therefore, the scan time reported in this study was longer than if the data
was acquired prospectively as fully-sampled. If only a single fully-sampled FB radial abdominal
scan is acquired, the scan time for the MRI exam potentially could be reduced to 15 minutes. FB
radial imaging did not require sedation or anesthesia thereby eliminating additional cost and time
and potential complications. Considering the image quality and scan time, FB radial MRI could

be a practical research and clinical tool in infants.

Among 10 infants, the median (+ interquartile range) hepatic PDFF was 3.4% + 1.1%.
One infant’s hepatic PDFF was > 5.6%, and his/her VAT and BAT volumes and BAT-PDFF
were among the highest compared to other infants. This infant’s family history was notable for

non-alcoholic fatty liver disease and maternal history of insulin resistance. Infants of diabetic

182,183

mothers are at increased risk for metabolic syndrome . Previous studies reported significant

differences in hepatic PDFF between infants born to mothers with gestational diabetes versus

infants born to mothers without gestational diabetes, and hepatic PDFF positively correlated with

170,171

maternal body mass index . The results using our new FB radial technique are consistent

170,171

with previously reported hepatic PDFF values in infants . We speculate that hepatic PDFF in

infants may be an early indicator for later metabolic syndrome.
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The characterization of WAT, especially VAT and BAT are important for improving the
understanding and management of metabolic syndrome, a collection of symptoms that include

insulin  resistance,  dyslipidemia, hypertension, and non-alcoholic  fatty  liver

50,51,167,168,170,172,174

disease . Excessive WAT in infancy is linked to later onset of metabolic

167,170,172

syndrome . Beyond the newborn period, larger volumes of BAT in infants, children, and

167,174

young adults is associated with a decreased risk of metabolic syndrome . Furthermore, it has

been speculated that lower BAT fat content (PDFF) in infants and children may be associated

with decreased risk for metabolic syndrome later in life®*>"'%®

. In our study, an infant who was
born preterm with intrauterine growth restriction had the lowest VAT, SAT, and BAT (volume
and PDFF) compared to the other infants. Combined with VAT, SAT, and BAT fat compartment
volume and PDFF, measuring lean body mass may provide complementary information to assess
the risk of future metabolic syndrome. Increased insulin production and decreased insulin
sensitivity and lean body mass has been observed for infants born preterm, small or large for
gestational age, or with intrauterine growth restriction, which can increase the risk of future

184187

metabolic syndrome . When these metabolic perturbations are combined with rapid weight

gain in early childhood, these infants are at increased risk for later childhood or adult-onset
metabolic syndrome'®”'*’. Additional work is needed to decipher the relationship between
maternal, fetal, and neonatal body composition (volume and content) and hepatic PDFF with the

onset and well-known risk factors for metabolic syndrome.

There have been previous studies investigating body composition in fetus cadavers, the

19,190

gold standard for body composition . However, these methods are time consuming and

complex, and data on infants and children are limited'’. Recent studies have utilized MRI to

191,192 2,49-53,71,169-175

investigate body composition in fetuses and infants . These studies typically
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used turbo spin echo or spin echo T;-weighted imaging for body composition analysis. Although
T,-weighted, T»-weighted, and T,*-weighted imaging provide anatomical images for contouring
fat compartments based on signal intensity differences, these techniques do not provide
quantitative PDFF maps. Therefore, they may have limitations for measuring fat volume and

cannot quantify fat content.

Previous studies in newborns with a mean age < 2 weeks observed abdominal VAT
ranging from 11 cm’ to 44 cm’, and SAT ranging from 50 cm’ to 159 cm® '7*'"*!” Compared to
our results, VAT and SAT volumes observed in these newborn studies were lower than the
volumes observed in our study (median VAT = 52.0 cm’, median SAT = 267.7 cm’), most likely
reflecting age differences. Other studies in infants with a mean age of approximately 2 months
reported total body VAT and SAT measurements. Hence, VAT and SAT volumes observed in
these studies were higher than the values we obtained because these volumes were measured
from total body fat rather than abdominal fat alone'*’.

Two-echo and six-echo Cartesian CSE-MRI techniques have been used to quantify fat

49-53

content” . Two-echo techniques do not correct for confounding factors, such as the multi-peak

spectrum of fat, and may underestimate PDFF'*?

. On the other hand, six-echo techniques correct
for confounding factors, including the multi-peak spectrum of fat'”>. BAT-PDFF and SAT-PDFF
reported in our study were similar to studies in infants with a mean age of 1-2 months®'. Of

4959 and did not correct for

these studies, two studies used a two-echo CSE-MRI technique
confounding factors which may underestimate PDFF'*>. Our study, along with another study’’,
used a six-echo CSE-MRI technique which corrects for confounding factors. Determining fat

content for body composition by accurate quantification of PDFF may be clinically relevant.

Evidence suggests that a lower BAT-PDFF during infancy is associated with a lower risk of
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51,168

metabolic syndrome . Lower PDFF may be associated with increased metabolism of fat to

produce heat, a process known as non-shivering thermogenesis that is important for the

prevention of hypothermia®®>"'¢"-1%%

. Fat with a higher PDFF may function more like WAT,
while fat with a lower PDFF may function more like BAT**"'* Our PDFF results corroborate
these statements; in our study median VAT-PDFF was higher than median BAT-PDFF (42.2%

versus 26.1%).

Compared to FB radial scan 1, FB radial scan 2 showed a higher proportion of image
quality scores of 3 (89% vs. 30%, P = 0.025). These differences may be due to more motion,
irregular breathing, or heavy breathing during FB radial scan 1 compared to scan 2. FB radial
was typically performed first during the MRI exam. At the beginning of the scan, we observed
that infants were often startled and cried. We believe this is most likely secondary to the noises
generated by the MRI. Soon after, infants usually stopped crying, fell asleep, and moved less as
the exam progressed. Hence, during FB radial scan 2, infants may have fallen into a deeper sleep
and moved less compared to FB radial scan 1. In this study, no self-navigation, respiratory
gating, or motion compensation was performed. FB radial may be used to generate a self-
navigation signal, which may be incorporated in future work to further improve image

. 98,99,194
quality”™ > 7"

The practicality of MRI for infant scanning should be considered. First, MRI is expensive
compared to other imaging modalities. This may limit access to infant MRI for research purposes
or specific clinical scenarios. Second, MRI is loud due to rapidly changing gradients'”. To
reduce noise and avoid hearing damage during the MRI exam, earplugs and earmuffs are
required. Third, MRI can produce heating, characterized in terms of the specific absorption rate,

in the subject'”. To reduce the specific absorption rate, a low flip angle of 5 degrees was used
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for the FB radial and Cartesian acquisitions to produce a low whole body specific absorption rate

0f 0.08-0.10 W/kg and Bj4ms 0of 0.6 uT.

This study has limitations. First, the sample size was small and the range of hepatic PDFF
in this population was narrow. Larger sample sizes with a wider range of hepatic PDFF and
longitudinal studies are needed to elucidate associations between hepatic PDFF, VAT, SAT, and
BAT (volume and PDFF) with risk factors for later metabolic syndrome. Second, we did not
compare our hepatic fat results to the gold standard, liver biopsy or breath-held Cartesian scan.
Performing a liver biopsy for research purposes in healthy infants would be unethical. Breath-
held MRI scans were not possible in this study because infants cannot voluntarily perform a
breath-hold and sedation was not used. However, we assessed the repeatability of FB radial for
hepatic fat quantification and our technique demonstrated repeatability with CR < 2%. Third,
repeatability was not analyzed for abdominal body composition due to the lengthy analysis time.
Head and chest scans were not repeated due to scan time considerations. However, all of our
measurements were consistently performed by one coordinator and verified by a radiologist.
Fourth, preparation for infant MRI can be time consuming and requires staff training and
parental education. We demonstrated that with training the median preparation time and scan
time for an infant MRI exam was approximately 32 and 24 minutes, respectively. Finally, this
study required the infant to be asleep and/or calm during the MRI exam. If the infant began to
cry during the MRI exam, the exam may be incomplete. While our new FB radial technique is
robust to breathing motion, additional corrections may be needed for severe motion. To improve
the motion robustness of our FB radial technique, motion tracking using a self-navigation signal

. . 98,99,194
may be used to characterize and compensate for severe motion™ .
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5.5 Conclusion

In conclusion, non-sedated free-breathing quantification of infant body composition and
hepatic fat is feasible using a FB radial MRI technique within a median scan time of 24 minutes
and may be reduced to within 15 minutes if only a single FB radial abdominal scan is required.
FB radial demonstrated improved image quality compared to conventional Cartesian MRI and
quantified hepatic PDFF with repeatability of MD < 0.25% and CR < 2%. The new FB radial
technique may help unravel the early origins of metabolic diseases by providing accurate and

detailed information about body composition and hepatic fat in infants.
This work is under review:

Armstrong T, Ly KV, Ghahremani S, Calkins KL, Wu HH. Free-breathing 3D
quantification of infant body composition and hepatic fat using a stack-of-radial MRI technique.

Pediatric Radiology. (Under Review)
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6 FREE-BREATHING RADIAL
MRI QUANTIFICATION OF
PLACENTAL R,*

6.1 Introduction

Preeclampsia, intrauterine growth restriction (IUGR), and placenta abruption are
obstetrical conditions that account for 53% of all medically indicated preterm births less than 35
weeks in the United States™**%*'. Collectively, these outcomes are referred to as ischemic
placental disease (IPD) and are associated with abnormal placental vascular development,
resulting in malperfusion and hypoxia® 2°. Since preterm deliveries due to IPD contribute to
higher rates of infant and maternal morbidity and mortality>, development of accurate methods
to predict or detect IPD early in pregnancy would be of great importance to enable prevention
strategies and improve outcomes>’.

There are non-invasive methods for assessing placental complications, such as uterine

artery (UA) Doppler®’; however, UA Doppler has low sensitivity for the detection of IPD****,
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particularly during early gestation and for low risk pregnancies’®*. Furthermore, UA Doppler

. . . . . . 26
has inter-operator dependencies resulting in inter-operator bias™.

A promising non-invasive alternative for detecting IPD conditions is magnetic resonance
imaging (MRI). MRI can be used to characterize oxygenation in the placenta through
quantification of the transverse relaxation rate (R* = 1/T,*)°* . Ry* is known to increase due to
local field inhomogeneities caused by deoxyhemoglobin, the form of hemoglobin without
oxygen. Thus, Ro* is higher (or T»* is lower) in hypoxic tissues than in normoxic tissues™ .
Despite the potential of MRI as a diagnostic tool to detect IPD via R,* mapping, there is limited

understanding of the range of placental R,* across gestational age (GA), within the structure of

the placenta, and among normal and abnormal pregnancies.

Previous investigations of R,* mapping in the placenta have been performed typically at
later GAs from 20-40 weeks using a two-dimensional breath-hold (BH) Cartesian R,* mapping
technique>?; with only one very recent study including earlier GAs of 16-40 weeks™>. If IPD is
detected at later GA, intervention may not be possible or may have limited effectiveness®. In
addition, most investigations of R,* or T>* mapping in the placenta were performed using 1.5 T
MRI** . Some of these studies showed a significant decrease in nominal placental T,* as GA
increased®*"? but in one study quantifying R,*, this trend was not significant’>. Compared to
1.5 T, 3 T MRI may provide higher sensitivity to changes in R,* for detecting IPD. However, to
date, there have been limited studies reporting placental Ro* at 3 T®'. Therefore, additional

studies are needed to determine the range of placental R,* for normal and abnormal pregnancies

dueto IPD at 3 T.

There is evidence of differences in the proportion of abnormal outcomes between anterior

and posterior placenta implantation positions. Previous research has shown a higher prevalence
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196
. For

of IUGR and placental abruption for anterior placentas compared to posterior placentas
this reason, R,* characteristics for normal and abnormal pregnancies may differ depending on

placenta implantation position. Currently, there is no research reporting the normal or abnormal

R,* separately for anterior versus posterior placentas.

Together with expanding the knowledge of placental R,*, further work is needed to

overcome the technical challenges involved in R,* mapping in the placenta. In particular, MRI of

32,33,197,198 .
ART198 and the irregular

the placenta can be complicated by both maternal and fetal motion
position and shape of the placenta among subjects. A major limitation of previous studies is that
they used conventional MRI R,* mapping techniques based on 2D Cartesian sampling, which is
sensitive to motion-induced coherent aliasing artifacts (see section 2.6). To reduce motion

30-33

artifacts, scans are acquired during a BH to obtain a single slice™ *°. However, in pregnant

patients, involuntary motion can occur during the scan, such as uterine contractions and fetal

. 3233,197,198
motion 7 7

. In addition, a BH may not be possible for all patients, such as sick or mentally
impaired patients. Even for patients that can perform a BH, requiring a BH may reduce patient
comfort during the scan. Due to the limited acquisition time available during a BH (typically 10-
20 sec), the spatial coverage, spatial resolution, and image signal to noise ratio (SNR) may be
reduced. Finally, placentas can have a range of implantation locations and geometry. Therefore,
a free-breathing 3D technique may allow for improved detection of hypoxia throughout the
placenta.

Non-Cartesian trajectories, such as 3D stack-of-radial trajectories, have inherent

61,62,149

robustness to motion , potentially allowing for free-breathing (FB) R,* mapping

throughout the entire placenta®’ (see section 2.7). There have been a few studies performing R,*

165,166,199-201

mapping using stack-of-radial trajectories in the liver . Improved image quality using
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a FB stack-of-radial technique was previously observed for hepatic R,* mapping compared to
conventional BH Cartesian techniques in a population who could not perform a breath-hold'®.
One challenge to utilizing non-Cartesian stack-of-radial sampling is its sensitivity to gradient
errors™. To overcome this, a FB 3D stack-of-radial technique with gradient error calibration and

correction was recently developed for abdominal imaging'*.

In this study we propose to evaluate the accuracy and repeatability of a FB radial
technique for quantitative R,* mapping of the placenta in healthy pregnant subjects and

abnormal pregnancies due to IPD at early gestation and report R,* mapping findings at 3T MRI.

6.2 Methods
6.2.1 In Vivo Placenta Study Population

In this IRB-approved study, thirty-three pregnant subjects were recruited and informed
consent was obtained. Inclusion criteria were: 18 years of age or older, planning to deliver at a
hospital at our institution, carrying a viable pregnancy, not carrying a multifetal gestation
pregnancy, absence of known fetal chromosomal or structural abnormalities, no
contraindications to MRI, ability to provide consent, and availability for MRI scans during early
gestation at two time points: 1. between 14-18 weeks and 2. between 19-24 weeks gestational
age (GA). A summary of the study population’s clinical characteristics is shown in Table 6-1. A
premature or preterm delivery was defined as a liveborn or stillborn infant for any cause between
20 to 37 weeks’ gestation®. Pregnancies were classified as abnormal due to IPD if a subject
displayed at least one of three IPD conditions (preeclampsia, placental abruption, or IUGR) at
delivery (i.e., IPD subjects). Preeclampsia was defined as systolic blood pressure of 140 mm Hg

or higher, or diastolic pressure of 90 mm Hg or higher on two occasions at least 4 hours apart
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after 20 weeks of gestation in a woman with a previously normal blood pressure and proteinuria

% In the absence of proteinuria, preeclampsia was defined as

of 300 mg or more in 24 hours
new onset hypertension with new onset of thrombocytopenia, renal insufficiency (serum
creatinine greater than 1.1 mg/dL), impaired liver function (elevated liver transaminases to twice
normal concentration), pulmonary edema, or cerebral or visual symptoms”. Placental abruption
was defined as separation of the placenta from the inner wall of the uterus prior to delivery™*.
IUGR infants were defined at delivery as birth weight of less than the 10th percentile as expected
for corresponding GA. All other subjects were analyzed as subjects with normal pregnancies
(i.e., normal subjects). The normal subjects were also divided into subjects with anterior

placental implantation positions (i.e., anterior placenta) and posterior placental implantation

positions (i.e., posterior placenta) for separate analysis.
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Table 6-1 Summary of the characteristics for the subjects with normal pregnancies and the
subjects with abnormal pregnancies due to ischemic placental disease (IPD).

. Normal Subjects IPD Subjects
Maternal Characteristics (N = 30) (N =3)
Age at 14-18 Week MRI (Years) 3431 +£3.96 33.34 £ 6.05
Body Mass Index (BMI) (kg/m") 23.94+4.13 21.73+£2.53
BMI Status:
Underweight 2 (6.7%) 0 (0.0%)
Normal Weight 18 (60.0%) 3 (100.0%)
Overweight 7 (23.3%) 0 (0.0%)
Obese 3 (10.0%) 0 (0.0%)
GA at Delivery (Weeks) 39.43 £1.08 3933 +£1.44
Delivery Outcome:
Term 30 (100.0%) 3 (100.0%)
Premature 0 (0.0%) 0 (0.0%)
Delivery Type:
C-Section 8 (26.7%) 1 (33.3%)
Vaginal Spontaneous 20 (66.7%) 2 (66.7%)
Vaginal Extractor Vacuum 2 (6.7%) 0 (0.0%)
Weight Gain During Pregnancy 31.64 +12.51 25.57+4.19
(Ibs)
||
Infant Characteristics Norr(n; l=S;;))J ects IP%\? ibg)e cts
Sex (Male) 17 (56.7%) 2 (66.7%)
Weight (g) 3521.53 £384.64 2901.67 £502.75
Weight Percentile 50.0% +20.8% 16.7% + 15.9%
Weight Percentile Range 20% —>97% 7% —35%
Number of Infants With Birth 0 0
Weight Percentile <10" for GA 0(0.0%) 2 (66.7%)
Length (cm)l 51.89 +£2.27 46.97+5.21
Length Percenti]el 62.8% +26.7% 31.5% +40.3%
Length Percentile Range1 7% —>97% <3% — 60%
. Normal Subjects IPD Subjects
Placenta Characteristics (N = 27)! (N = 3)
Weight (g)’ 465.15 + 81.26 376.73 £ 46.14
Longest Diameter (cm) 21.65+3.64 20.33 +£1.53
Umbilical Cord Length (cm) 42.99 + 13.39 22.17+7.29

'One normal subject did not have characteristic(s) due to delivery in another location.
’One normal subject did not have characteristic(s) due to delivery in another location.

*Three normal subjects did not have characteristic(s) due to delivery in another location or
elected to keep placenta.

‘One normal subject had incomplete placental weight due to missing part of placenta.
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After delivery, thirty subjects were classified as normal subjects while three subjects
were classified as abnormal subjects with IPD. One IPD subject was diagnosed with
preeclampsia with severe features and two IPD subjects presented with [UGR. Baseline Ry*
characteristics were calculated separately for normal subjects (all, anterior placenta, posterior
placenta) and IPD subjects. Of the normal subjects, fifteen subjects had anteriorly implanted
placentas while fifteen had posteriorly implanted placentas. All of the IPD subjects had

anteriorly implanted placentas.

6.2.2 R;* Mapping using 3D Stack-of-Radial MRI

We used a previously developed multiecho gradient echo sequence based on the golden-

6319 to obtain images and R,* maps.

angle-ordered 3D stack-of-radial trajectory (FB radial)
Gradient calibration and correction was performed'® (see sections 3.2.1 and 3.2.2). To reduce
the scan time to approximately three minutes, all FB radial scans were acquired with two-fold
undersampling, as determined by the Nyquist criteria (i.e., number of spokes for fully-sampled
data = number of readout points x w2). Previous work determined that the R,* range in the
placenta at 3 T was approximately 5 — 25 s %; therefore, twelve echo times with 1.23 ms echo
spacing were utilized to improve fitting for this range. For the following phantom and in vivo
experiments (see subsections: R,* Phantom Study and In Vivo Placenta MRI Experiments),

all images were acquired on a 3 T MRI scanner (Skyra or Prisma MAGNETOM, Siemens

Healthineers, Erlangen, Germany) using a body matrix array and spine array coils.

6.2.3 3D Stack-of-Radial Reconstruction and R;* Mapping

Radial MRI reconstruction and signal model fitting were performed offline in MATLAB

R2016b (MathWorks, Natwick, MA, United States) using gradient correction'*’, 3D gridding, a
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linear density compensation function, and adaptive coil combination'*'. R,* was calculated using
a graph cut algorithm>**>'** by fitting the multiple echo time images to a gradient echo signal

Po14920% with a seven-peak fat spectrum” and a single effective Ry* per voxel®™ (see

mode
section 3.2.3). Cartesian multiecho images were reconstructed offline in MATLAB and R,*

mapping was performed using the same signal model and fitting algorithm that were used for the

radial images. T» HASTE images were reconstructed by the scanner software.

6.2.4 R;* Phantom Experiments

A Ry* phantom with ten 50mL test tubes containing an agar gel and ferumoxytol
(Feraheme, AMAG Pharmaceuticals Inc., Waltham, MA, United States) was constructed to
evaluate R,* mapping accuracy. The solution was composed of 43 mM (1.2565 g) sodium
chloride, 0.043 mM (43.267 pL) gadopentetate dimeglumine (Magnevist, Bayer in Radiology,
Warrendale, PA, United States), and 4 g of 3-4% high gel strength agar (Sigma-Aldrich, St.
Louis, MO, United States) dissolved in 500 mL of deionized water. Varying volumes of
ferumoxytol were added to each test tube to provide a Ry* range of 5 — 70 s™', emcompassing

values previously observed in the placenta at 3 T

The phantom was scanned in the axial orientation using the proposed radial MRI
sequence and a commercially-available standard multiecho gradient echo 3D Cartesian MRI
sequence (qDixon, the Liver Lab, Siemens, Erlangen, Germany) to evaluate radial R,* mapping
accuracy. A twelve-echo protocol was used for both sequences with imaging parameters matched
as much as possible to enable a fair comparison (Table 6-2). The radial sequence was repeated
back-to-back in the same session to assess repeatability (scan 1 and scan 2). A region of interest
(ROI) was drawn in each test tube to compare R,* mapping results between radial and Cartesian

sequences.
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Table 6-2 Representative sequence parameters for the in vivo placenta MRI experiments.
The acquisitions were obtained in the axial orientation. A slice oversampling factor of 9.1% was

used for all radial acquisitions.

Imaging Parameters T, HASTE Radial
Number of Echoes (TE) 1 12
First TE (ms) 92 1.23
ATE (ms) N/A 1.23
Last TE (ms) N/A 14.76
Echo Train Length 70 N/A
TR (ms) 3000 15.90
Matrix (N, X Ny) 272 x 512 224 x 224
Field of View (mm, X mmy) 265 x 500 380 x 380
Resolution (mm, x mmy,) 0.974 x 0.976 1.696 % 1.696
Slice Thickness (mm) 5 4
Number of Slices 45 44
Number of Radial Spokes N/A 176*
Flip Angle (degrees) 150 5
Bandwidth (Hz/pixel) 390 1175
Scan Time (min:s) 2:06 3:16

®Radial acquisitions were two-fold undersampled based on the Nyquist criteria (i.e.
Number of Radial Spokes = N x @w/2 x 1/2).

6.2.5 In Vivo Placenta MRI Experiments

In vivo placenta scans were acquired feet-first supine in each subject with one MRI exam
during the time frame of 14-18 weeks GA and then another MRI exam during the time frame of
19-23 weeks GA. Each MRI exam consisted of the axial FB radial sequence'” and a
commercially-available axial T, HASTE* sequence. Each FB radial scan was acquired with
two-fold undersampling and was repeated back-to-back in the same session to evaluate

repeatability (scan 1 and scan 2). Representative imaging parameters for FB radial (3D) and T
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HASTE scans (2D multi-slice) are shown in Table 6-2.

6.2.6 In Vivo Placenta Image Analysis

T, HASTE and FB radial images were converted to DICOM to be viewed and analyzed
in OsiriX 6.0 (Pixmeo Sarl, Bernex, Switzerland). Axial T, HASTE images were registered to
FB radial images using Advanced Normalization Tools (ANTSs) software’’ >, The ANTSs
registration was performed using 3D non-rigid registration with a mutual information metric
used for template matching. Due to low placenta contrast on FB radial images, ROIs were
delineated to contour the placenta on registered T, HASTE images for all slices. These ROIs
were then applied to FB radial images and R,* maps. An experienced abdominal radiologist
(R.M., with 10 years of experience) and an experienced maternal fetal medicine specialist (C.J.,
with 20 years of experience), both masked to the pregnancy outcome, confirmed the ROI
placement on the images and made adjustments if required. The confirmed ROIs were then used
to measure the R,* values over the entire placental volume for analysis. A diagram illustrating

the registration and image analysis steps is shown in Figure 6-1.
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2D Multi-Slice T2 HASTE 3D FB Radial 3D FB Radial R2* Maps

3D FB Radial 3D FB Radial R2* Maps

Figure 6-1 In vivo placenta MRI registration and analysis flowchart. (a) Axial 2D multi-
slice T, HASTE images were registered using 3D non-rigid registration to the axial 3D FB radial
dataset. (b) The registered T, HASTE images were used to aid in drawing regions of interest (ROIs)
to contour the full placenta volume. (¢) ROIs were then applied to the 3D FB radial images and R,*
maps, and were confirmed by an experienced radiologist and an experienced maternal fetal
medicine specialist. The mean placental R,* values were measured in the confirmed ROIs.

6.2.7 Statistical Analysis

A P-value (P) < 0.05 was considered significant for all statistical analyses. For the
phantom experiments, linear correlation and Bland-Altman analysis''> were performed between
radial Ry* and Cartesian Ry* (see section 2.9). All correlation coefficients were tested for
statistical significance. To assess repeatability for the radial technique repeatability analysis was

performed between scan 1 and scan 2'*?'? (see section 2.10).

Only normal subjects were used to determine baseline R,* characteristics. The mean and
range of R,* were reported. To assess inter-subject temporal variation, slope of the mean R,* as

a function of GA (AR,*), was calculated. To assess intra-subject spatial variation of R,*, the
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coefficient of variation (CV), calculated as the standard deviation divided by the mean, was
determined for each GA range. With the exception of the range of placental R,*, all baseline R,*

characteristics were reported as mean + standard deviation.

Previous research has shown a significantly higher prevalence of IUGR and placental
abruption for anterior placentas compared to posterior placentas'*®. Therefore, baseline R,*
characteristics were reported for all subjects analyzed together and then separately for two
groups (anterior placentas versus posterior placentas). Statistical tests were performed to evaluate
differences in mean R,* between 14-18 weeks GA and 19-23 weeks GA, or between anterior and
posterior placentas, using non-parametric Wilcoxon Signed-Rank and Wilcoxon Rank-Sum tests
for dependent and independent 2-sample data, respectively. The baseline inter-subject R,*
standard deviation was tested for significance difference using Pittman’s test for equality of

variances and a 2-sample F-test for dependent and independent data, respectively.

For each individual IPD subject, the mean R,*, AR,*, and CV were reported. Using these
values, the corresponding Z-score (Z) with respect to the normal subjects was calculated as the

estimate (X) minus the population mean () divided by the population standard deviation (o) (i.e.

X—
(o2

7 =="1), similar to previous work™.

6.3 Results

6.3.1 Accuracy and Repeatability of FB Radial R;* Mapping

Results from the phantom study found that R,* measured by Cartesian and radial
sequences (scan 1 and scan 2) were consistent (Figure 6-2a-b). Linear correlation analysis

demonstrated a significant correlation between radial R,* (scan 1) and Cartesian Ry* (r = 0.996,
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P <0.001; p. = 0.996, P < 0.001), and between radial R,* (scan 2) and Cartesian R,* (r = 0.998,
P <0.001; p. = 0.998, P < 0.001) (Figure 6-2¢). Bland-Altman analysis showed a MD = -0.19 5™
and LoA =[-3.93 s, 3.56 s™'] between radial R,* (scan 1) and Cartesian Ro*, and a MD = 0.03 s
"and LoA =[-2.79 s, 2.86 s™'] between radial R,* (scan 2) and Cartesian Ry* (Figure 6-2d). The
proposed radial technique demonstrated R,* mapping repeatability between scan 1 and scan 2

with MDyithin = 0.23 s, MDabs = 0.90 s, SDyitin = 1.41 s and CR =3.90 s

In normal subjects, placental R,* measured by FB radial scan 1 and scan 2 demonstrated
stronger repeatability for 14-18 weeks GA (MDyiin = 0.32 8™, MDgps = 0.84 s, SDyitin = 1.05
s' and CR =2.92 s™) than for 19-23 weeks GA (MDyigin = 0.98 5™, MDyps = 1.73 5™, SDyithin =
2.97 s and CR = 8.24 s™'). This was due to two outliers from scans in subjects with posterior
placentas during 19-23 weeks GA (see Discussion). A summary of the in vivo placental R,*

mapping repeatability results is shown in Table 6-3.
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Figure 6-2 R,* maps of the ferumoxytol phantom acquired using the (a) Cartesian and (b)
radial MRI sequences at 3 T in the axial orientation. Test tubes are labeled with their
corresponding R,* values in s'. R,* phantom (c) linear correlation and (d) Bland-Altman analysis
results for radial R,* (scan 1) vs. Cartesian R,*, and radial R,* (scan 2) vs. Cartesian R,* at 3 T.
*Statistically significant with P < 0.001.
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Table 6-3 Representative sequence parameters for the in vivo placenta MRI experiments.
The acquisitions were obtained in the axial orientation. A slice oversampling factor of 9.1% was
used for all radial acquisitions.

GA (Weeks) | MDyinin (8) | MDyps 5™) | SDyicnin 8) | CR (s7)
All Subjects 14-18 0.32 0.84 1.05 2.92
(N=30) 19-23 0.98 1.73 2.97 8.24
Anterior 14-18 0.48 1.05 1.21 3.37
(N=15) 19-23 0.24 1.23 1.66 4.60
Posterior 14-18 0.15 0.63 0.87 242
(N=15) 19-23 1.73 2.23 3.79 10.50

®Radial acquisitions were two-fold undersampled based on the Nyquist criteria (i.e.
Number of Radial Spokes = Ny x 7t/2 x 1/2).

6.3.2 In Vivo Placenta Study: Baseline R,* Characteristics

In vivo placental R,* maps were successfully obtained from normal subjects (example in
Figure 6-3) and IPD subjects (example in Figure 6-4) with the FB radial technique during early
gestation at 3 T. FB radial achieved full volumetric coverage of the placenta in approximately
three minutes for all subjects at both time points, except for one normal subject at the second GA
time point. This subject had a placenta that extended for more than 176 mm along the superior-
inferior direction. Using the same parameters for FB radial as all other subjects (Table 6-2), 90%
of the placenta volume was covered in this subject. Intra-subject spatial heterogeneity of R,* in
the placenta volume was seen on the axial, coronal, and sagittal R,* maps. For all normal
subjects, the inter-subject mean and range of placental R,* values at 3 T for 14-18 weeks GA
was 12.94 s £2.66 s and 7.91 s —20.29 s, respectively; and 13.19 s + 1.87 s and 9.64 5™
—16.88 5! for 19-23 weeks GA (Table 6-4). The mean R,* for all subjects at 14-18 weeks and
19-13 weeks GA was not significantly different (P = 0.530). The inter-subject standard deviation

(SD) of 1.87 s was smaller for 19-23 weeks, compared to SD of 2.66 s for 14-18 weeks,
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however this difference was not significant (P = 0.070). The mean R," for anterior and posterior
placentas for 14-18 weeks was 12.93 s +2.06 s and 12.94 s + 3.22 5™ (P = 0.507), both of
which were similar to the mean R,* across all subjects. The mean R,* for anterior and posterior
placentas for 19-23 weeks GA was slightly higher for anterior placentas (13.64 s + 1.67 s™)
compared to posterior placentas (12.73 s™ + 2.01 s™), but this was not significant (P = 0.171). A

summary of the baseline mean R,* and R,* range results are shown in Table 6-4.

The FB radial technique was able to utilize full-volume placental R,* maps to calculate
the spatial R,* variation (CV) and temporal R,* variation (AR,*). The mean R,* and CV were
plotted as a function of the GA for all pregnant subjects (Figure 6-5). For temporal R,* variation
in normal subjects, AR,* was 0.102 £+ 0.728, showing a large inter-subject standard deviation.
The AR,* for anterior (0.191 + 0.723) and posterior (0.013 £ 0.747) placentas were not
significantly different (P = 0.125). For spatial R,* variation in normal subjects, the CV was
significantly higher for 14-18 weeks GA compared to 19-23 weeks GA with values of 0.632 +
0.121 and 0.577 + 0.128, respectively (P = 0.043). For anterior placentas, CV was significantly
different between 14-18 weeks GA (0.587 + 0.108) and 19-23 weeks GA (0.488 + 0.076) (P =
0.010). For posterior placentas, CV was not significantly different between 14-18 weeks GA and
19-23 weeks GA (P = 0.804). For 14-18 weeks GA, CV was not significantly different between
anterior and posterior placentas (P = 0.097). On the other hand, for 19-23 weeks, CV was
significantly lower for anterior placentas (0.488 + 0.076) compared to posterior placentas (0.666

+0.106) (P <0.001). A summary of the baseline AR,* and CV results is shown in Table 6-4.
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Figure 6-3 Representative in vivo placenta images and R,* maps of a subject with normal
pregnancy at 16+2 weeks gestational age acquired using free-breathing radial MRI at 3 T. Axial,
coronal and sagittal views are shown. The placenta is delineated by a white contour.

113



T, HASTE FB Radial TE=1.23ms FB Radial R," Map

©
o+
X
(o))
©
v

Figure 6-4 Representative in vivo placenta images and R,* maps of a subject with
preeclampsia at 19+1 weeks gestational age acquired using free-breathing radial MRI at 3 T. Axial,
coronal and sagittal views are shown. The placenta is delineated by a white contour. White arrows
on the R,* maps point to spatial variation. In this subject, there were regions of higher R,* along
the periphery and regions of lower R,* in the center of the placenta.
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Table 6-4 Placental R,* measurements in normal subjects using free-breathing radial MRI
at 3 T. Mean R,* (+ standard deviation), R,* range, and mean (+ standard deviation) coefficient of
variation (CV) are reported for 14-18 weeks and 19-23 weeks GA. Mean (+ standard deviation)
change in R,* across gestational age (GA) (AR,*) is reported. Analysis was performed for all
subjects (N = 30), and again for the subjects separated into anterior (N = 15) versus posterior (N =
15) placenta implantation positions.

GA - g
(Weeks) RZ* (s 1) RZ* Range (S 1)

All Subjects 14-18 12.93 £ 2.66 7.91 -20.29
(N =30) 19-23 13.19 + 1.87 9.64 — 16.88
Anterior 14-18 12.93 +2.06 891 -17.33
(N=15) 19-23 13.64 + 1.67 10.80 — 16.88
Posterior 14-18 12.94 +3.22 7.91 -20.29
(N=15) 19-23 12.73 +£2.01 9.64 -16.16

(W(e;&s) (Arbitrg:; Units) | AR:* (57/WeeK)
Tt I3 GSTTEOTRe | 01020728
e s 058701080 [0 10, 703
lz;sierlig)r i;‘jﬁ 8 '666767 f(?_ '1132# 0.013 +0.747

+ Statistically significant differences with P < 0.05 between 14-18 weeks and 19-23 weeks

Q

A.

*Statistically significant differences with P < 0.001 between anterior and posterior placentas.
6.3.3 In Vivo Placenta Study: IPD Subjects

In three IPD subjects, we measured mean R,*, AR,*, and CV using FB radial during
early gestation at 3 T MRI (Table 6-5). For the two IPD subjects with IUGR, mean Ry*, AR,*,
and CV were similar to baseline values determined in normal subjects. For the IPD subject with
preeclampsia, mean R,* was substantially lower than normal subjects with anterior placentas
during 14-18 weeks GA (Z = -2,17) and during 19-23 weeks GA (Z = -2.62), respectively.

Representative axial, coronal reformatted, and sagittal reformatted images of this subject with
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preeclampsia are shown in Figure 6-4. Variations in R,* between the center and the periphery of

the placenta along the superior-inferior direction and hot spots with elevated R,* were observed.

Table 6-5 Placental R,* measurements in subjects with ischemic placental disease (IPD)
using free-breathing radial MRI at 3 T. The type of IPD, placenta implantation position (anterior
or posterior), mean (+ standard deviation) R, and mean (« standard deviation) coefficient of
variation (CV) for 14-18 weeks and 19-23 weeks gestational age (GA) are reported. Mean (+
standard deviation) change in R,* across gestational age (GA) (AR;*) is reported. The Z-score (Z)
of each value was determined using the population mean from all normal anterior placentas (data
from Table 6-4).

IPD Type, R,* CV AR,*
. Placenta GA 1 . . <l
Subject ittt || k) (sz) (Arbltra%'y Units) (s /\%’ eek)
Position
1 e ——
o R,* = 8.46* CV =0.68
1 Preeclampsia, Z=-217 =084 AR,* =0.21
Anterior . R,* =9.23* CV =0.60 7=0.02
) Z=-2.62 Z=144
1 —
14-18 R,*=12.73 CV =0.55
5 IUGR, Z=-0.10 7=0.34 AR,* =0.27
Anterior e R,* = 14.12 CV =038 Z=0.11
Z=029 Z=-1.46
1
14-18 R,*=11.83 Cv=0.70
3 IUGR, Z=-0.54 Z2=1.02 AR,* = 0.27
Anterior OE R,* =13.01 CV =0.50 Z=0.11
Z=038 Z=0.17

¢ The Z-score (Z) > 1.96 or Z < -1.96 determined from each IPD subject compared to the
population mean from all normal anterior placentas.

6.4 Discussion

In this study, FB 3D stack-of-radial R,* mapping was performed for the full placental
volume in pregnant subjects during early gestation and at 3 T. FB radial demonstrated accurate
and repeatable R,* mapping in a phantom, and repeatable R,* mapping in subjects with normal
pregnancies. The R,* findings were reported for normal subjects and subjects with IPD at 3 T. In

thirty normal subjects, the baseline mean R,*, AR,*, and CV for 14-18 weeks GA and 19-23
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weeks GA were measured and differences in CV were observed between anterior and posterior
placentas. Additionally, mean R,*, AR,*, and CV were successfully obtained in a pilot group of
three IPD subjects. Substantial differences in mean R,* were observed between one IPD subject
with preeclampsia and normal subjects. The proposed FB radial technique supports the
investigation of placental hypoxia during early gestation by quantifying R,* throughout the
entire placental volume. These 3D R,* maps can be used to investigate spatial variations in R,*

and temporal changes in R,* as a function of GA.

With regards to mean R,* and AR,* at both GA time points, significant differences
between anterior and posterior placentas were not observed. Significant differences in the spatial
CV of Ry* were observed between 14-18 weeks GA and 19-23 weeks GA, for all subjects and
specifically for anterior placentas. For 19-23 weeks GA, significant differences in CV were
observed between anterior and posterior placentas. These observations may be due to biological
differences in the vasculature between anterior and posterior placentas. However, another factor
to consider is that all subjects were scanned feet-first supine in this study, which might also
contribute to these observed differences between anterior and posterior placentas. Further work
beyond this study may be required to investigate potential differences between anterior and
posterior placentas.

This study investigated earlier GA, while previous studies investigated later GA and a

30-33

wider GA range™ . In some previous studies, a negative correlation between placental T>* and

30,33
GA was observed™

and in one study no significant change in R,* as a function of GA was
observed®. However, the R,* behavior at early gestation and 3 T has not been established.

Earlier GA may have larger inter-subject R,* variation compared to later GA due to variations in

structural changes in the placenta during early gestation. Therefore, it is not clear that a linear
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relationship should hold between R,* and GA during early gestation. Future work includes
performing more MRI exams per subject with a larger range of GA to study the behavior of R,*

as a function of GA.

MRI R,* (or T>*) mapping may have the potential for detecting IPD. One previous study
found significantly higher placental T,* for normal pregnancies versus IUGR pregnancies™.
Another study showed an improvement in the receiver operating characteristic curve using T>*
mapping for the detection of IUGR, compared to the uterine artery pulsatility index’'. Based on
these studies, we expected a higher R,* to be associated with hypoxia, but in one preeclampsia
subject whom we studied, a lower mean placental R,* compared to normal subjects was
observed. Using the FB radial technique to inspect the 3D R,* maps of the full placental volume,
we observed R,* spatial variation across the placenta with lower R,* in the center of the placenta
and hot spots of higher R,* along the periphery. Due to the limited knowledge of the behavior of
placental R,* at early gestation in normal and IPD pregnancies, further investigation with
additional IPD subjects is needed to determine the relationship between R,* characteristics and

IPD.

Repeatability analysis of FB radial R,* mapping at 3 T showed better repeatability for all
subjects at 14-18 weeks GA (CR ~ 3 s™) compared to 19-23 weeks GA (CR = 8 s). In the 19-23
weeks GA range, better repeatability was observed for anterior (CR = 5 s) compared to
posterior placentas (CR ~ 11 s™). This was due to two severe outliers, defined as being larger
than the 3" quartile by at least 3 x the interquartile range of the mean differences®'', that were
from posterior placentas at 19-23 weeks GA. For these outliers, FB radial scan 1 and scan 2
showed Ry* differences of approximately 7 s and 13 s”'. Using the FB radial self-navigation

signal'”’, we found that these two outliers experienced substantial motion during FB radial scan
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2 of 9 mm due to uterine contractions and 23 mm due to bulk patient motion, respectively. These
levels of motion were substantially higher than in the other subjects (mean motion = 1.15 + 1.42
mm, range of motion = 0-8 mm). Since these outliers only occurred during scan 2 and these
scans could not be repeated due to scan time constraints, only scan 1 was used to determine mean
Ry*, ARy*, and CV. Therefore, these outliers did not affect the baseline R,* findings, but they
did affect the repeatability results. With these outliers removed, repeatability for all subjects and
posterior placentas at 19-23 weeks GA was MDyigin = 0.34 5™, MDyps = 1.14 5™, SDyitnin = 1.52
s" and CR =4.20 s'; and MDyiin = 0.46 5™, MDgys = 1.05 5™, SDyihin = 1.39 s and CR = 3.85
s, respectively. To overcome these high levels of motion and improve Ry* mapping, FB radial
can be extended to compensate for motion using self-navigation information”'*"'*7. This will be

a topic of future work.

MRI has not been associated with any negative effects on maternal and fetal health, but
the benefits versus risks should be carefully considered before referring pregnant women to MRI.
As a general guideline, MRI is typically only performed in medically indicated cases where the
benefits outweigh the risks of MRI. The main safety considerations for fetal imaging are the loud
noise and biological effects due to time-varying magnetic fields and the specific absorption rate
that can cause heating in the subject due to the radiofrequency fields*'>. Studies in pregnant
women and infants have shown no significant biological effects or adverse events after

undergoing MRI*'**!

. To reduce the safety risk due to noise in our study, the total MRI
acquisition time was limited to 30 minutes. Furthermore, the FB radial technique used a low flip

angle of 5 degrees to limit the specific absorption rate to the subject. For our FB radial technique,

the whole body specific absorption rate was 0.08 W/kg and the Bjms was 0.4 puT.

Our study demonstrates the potential of FB radial 3D R,* mapping in the placenta, but
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there are limitations to consider. First, there was reduced placenta contrast on T;-weighted
gradient-echo images compared to T,-weighted images. Therefore, registration was performed
prior to contouring the placenta; however, there may be some errors in the registration. To
correct for these errors, ROIs were placed on FB radial images and R,* maps and then were
adjusted by an experienced radiologist and an experienced maternal fetal medicine specialist,
masked to the pregnancy outcomes. Second, for the in vivo placenta MRI experiments, a
reference BH Cartesian scan was not performed for comparison. Due to scan time and comfort
considerations for the pregnant subjects, performing a reference BH Cartesian scan was not
practical. Therefore, we performed phantom experiments to evaluate the accuracy of FB radial
R,* mapping with respect to the reference Cartesian method. Third, there are some susceptibility
and streaking artifacts on FB radial images and R,* maps. Susceptibility artifacts can cause
increased R,* in small portions of the placenta if the placenta is oriented near air within the
pelvis. To overcome this limitation, ROIs were drawn or adjusted to avoid susceptibility artifacts
and this was also confirmed by the experienced radiologist and experienced maternal fetal
medicine specialist. Susceptibility artifacts may be mitigated by including quantitative

susceptibility mapping and using this to correct for these artifacts*"*

. FB radial images and R,*
maps may be affected by radial streaking artifacts due to undersampling. In this study, FB radial
images were undersampled to reduce the scan time to approximately three minutes. Acquiring
fully sampled data or employing non-Cartesian parallel imaging reconstruction techniques, such
as ESPIRIT"*® may improve the image quality and mitigate streaking artifacts. Fourth, this was a
single-site study with only 30 normal pregnant subjects and 3 IPD subjects. However, our new

FB radial technique already demonstrates highly repeatable R,* mapping at 3 T during early

gestation. More subjects will be included in the future to improve our understanding of R,*
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characteristics during normal pregnancies. Finally, there were only 3 subjects in our pilot IPD
cohort. More IPD subjects will need to be included in future work to investigate the R,*
characteristics for specific IPD conditions and enable statistical analyses for group comparisons.
Of these 3 subjects, 2 had TUGR, defined at delivery as birth weight less than 10™ percentile for
GA. However, the widely used definition of [IUGR used by the American College of Obstetrics
and Gynecology (ACOG)*" is defined as estimated fetal weight less than 10™ percentile for
GA*". This is because IUGR is truly characterized by reduced growth restriction and clinical
features of malnutrition in utero, regardless of birth weight*'®*'". In our study, [IUGR was
determined at delivery instead of in utero. Therefore, our criteria includes infants that were in

215-217
R

fact born small for gestational age, but may not necessarily be truly IUG . Thus, using this

criterion, [IUGR could be over diagnosed and missed. Despite the limitations of this definition,

262829 Bor this reason, we selected this definition of TUGR. In

ultrasound has low sensitivity
addition, only 2 IUGR subjects were identified; therefore, we did not conclude differences
between IUGR subjects and normal pregnant subjects. In future work with more IUGR subjects,

the IUGR definition may be modified to determine differences between IUGR and normal

pregnant subjects.

6.5 Conclusion

In conclusion, we have proposed and evaluated a new FB radial technique for 3D Ry*
mapping in the full placental volume in 3 minutes. This technique demonstrated accurate and
repeatable R,* mapping in a R,* phantom, and repeatable R,* mapping in normal pregnant
subjects. Using FB radial, we measured placental R,* during early gestation at 3 T. The baseline
mean Ry* (+SD) was 12.9 s 2.7 s for 14-18 weeks GA and 13.2 s + 1.9 5™ for 19-23 weeks

GA in normal pregnancies. In addition, for all subjects and specifically for anterior placentas, a
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significantly higher CV was observed for 14-18 weeks GA compared to 19-23 weeks GA. At 19-
23 weeks GA, a lower CV was observed for anterior placentas compared to posterior placentas.
Compared to normal subjects, one IPD subject had substantially lower mean placental R,* and
different R,* spatial characteristics at 14-18 weeks and 19-23 weeks GA. FB radial can be used
to quantify R,* in the placenta of pregnant subjects and may be an important tool to further study

and improve early detection and management of abnormal pregnancies due to IPD.
This work has been published as:

Armstrong T, Liu D, Martin T, Masamed R, Janzen Carla, Wong C, Chanlaw T, Devaskar
SU, Sung K, and Wu HH. 3D R,* mapping of the placenta during early gestation using free-
breathing multiecho stack-of-radial MRI at 3 T. Journal of Magnetic Resonance Imaging 2018;

Early View. doi: 10.1002/jmri.26203
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7 SUMMARY AND FUTURE
STUDIES

In summary, we have developed a FB radial MRI technique for fat and R,* quantification
in the abdomen and pelvis. This technique has demonstrated accurate and repeatable fat and R,*
quantification in populations consisting of healthy subjects and patients. FB radial demonstrated
improved image quality in children and infants, which are populations that may have reduced or
no breath-hold ability, respectively. Due to its robustness to motion, FB radial has the potential
to be translated to other patient populations that are not capable of breath holding, such as sick,
elderly, and mentally impaired patients. This technique may be involved in many future
applications in the abdomen and pelvis such as body composition analysis, hepatic fat
quantification, and placental R,* mapping. The FB radial technique also allows for higher-
resolution, greater spatial coverage, or higher SNR, as there is no breath-hold scan time
limitation. Further optimization and evaluation of FB radial fat quantification for these clinical
applications will be the topic of future research. Future directions for FB radial include motion

compensation, concomitant gradient correction, liver R,* quantification, magnetic resonance
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elastography (MRE) and additional patient studies.

7.1 Motion Compensation Techniques

To further improve the motion robustness of 3D stack-of-radial trajectories, recent work
has developed and investigated 3D stack-of-radial trajectories with golden angle rotation along
k, which may improve motion robustness when the time to acquire k, lines is longer than the

time scale of the motion®'®. This trajectory may be applied in future work.

FB radial data acquired with golden-angle ordering has the additional advantage that the
data can be used to generate a self-navigation signal which we have investigated in previous
work'%"®* " Golden-angle ordering allows for adequate sampling of k-space and the
reconstruction of an arbitrary number of radial views when data has been discarded®. Using the
self-navigation signal, a motion state can be identified and data can be discarded (hard-gating) or
weighted (soft-gating) to potentially provide improved image quality in the liver. FB radial data

219 .
reconstruction to

can also be combined with k-space weighted image contrast (KWIC)
generate images with a smaller temporal frame rate and create image-based motion tracking. The

information from the image-based motion tracking can also be used for gating to potentially

provide improved image quality in the liver.

Another motion compensation strategy is to perform acceleration to reduce the
acquisition time. In Chapter 3, acceleration was performed in healthy subjects without advanced
reconstructions techniques and has shown quantitative accuracy compared to BH techniques;
however, images and PDFF maps had increased radial streaking due to undersampling.

Undersampled data resulting from acceleration or self-navigation may be combined with

158 99,220

advanced reconstruction techniques such as ESPIRIT °° or compressed sensing to mitigate
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streaking artifacts due to undersampling. This will be a topic of future work.

7.2 Concomitant Gradient Correction

Concomitant gradient effects can potentially confound CSE-MRI and the quantification
of PDFF. There are two main considerations related to the effects of concomitant gradients for

221,222

our FB radial fat quantification technique . The first is the effect of concomitant gradients

221 .
. However, since our

on radial data acquisition, which could cause blurring in the radial images
sequence design has a short readout window for each radial spoke and we typically have an axial
slab with a maximum z position of + 10cm from isocenter, the extra phase due to concomitant
gradients did not cause noticeable blurring in slices toward the edge of the axial slab. The second
is the effect of concomitant gradients on CSE-MRI and PDFF. Since we utilize a single bipolar
echo train in each TR and the complex fitting algorithm accounts for the field inhomogeneity
slice by slice, the extra frequency/phase effects due to concomitant gradients were incorporated
as a component of the apparent By field off resonance term in the signal model and does not

create errors in the PDFF calculation®??. Future work can investigate a correction for the effects
g

of concomitant gradients in our FB radial technique.

7.3 Liver R,* Mapping for Liver Iron Quantification

This work focused on fat quantification using the proposed FB radial technique and did

. . * . . . . . . . 223
not investigate R, quantification for characterization of iron content in the liver

. In adults,
concomitant NAFLD and iron overload®’ may occur. Notably, the proposed FB radial technique
already employs the same fat and R," signal model in Equation 2-4 which is used by the BH

Cartesian technique and has previously been evaluated in concomitant NAFLD and iron overload

atients”’. R,* determined by MRI is related to the liver iron concentration and can be used to
p M
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quantify liver iron’. Future work entails combining fat and R,* quantification in adult patients
for the evaluation of hepatic fat and iron content. For iron overload patients, a shorter initial echo
time and shorter echo spacing may be required. Further work can investigate using asymmetric
echo sequence for a shorter initial echo time and echo spacing and an interleaved TR*** sequence

for shorter echo spacing.

R, mapping can be affected by confounding factors such as macroscopic background
gradients induced by large susceptibility differences’”***. Compared to Cartesian trajectories,
radial trajectories have greater sensitivities to off-resonance effects such as By inhomogeneity
and macroscopic gradients®. In radial trajectories, the center of k-space is acquired during each
readout and off-resonance throughout the scan can lead to misalignments of the center of k-space
causing additional signal decay (see section 2.8)*’. Macroscopic background gradients can cause
additional off-resonance and intravoxel dephasing, particularly near areas with rapid

205,225 . *
““° This leads to a severe R,

susceptibility changes, such as near air-tissue interfaces
overestimation near the liver dome where there are rapid susceptibility changes near the liver-
lung interface. The signal model including background gradients at pixel location q = (x,y,z)
. 205

1S

Equation 7-1

Sq(TEn) = (W + Fq - c(TE,)) - e RaaTEn . ¢i2m@aez) TEn

X f a(z) - e!?™Pa@~Pazo)TEn . SRF(z — z,)dz

where c(TE,) accounts for the multi-peak spectral model for fat (i.e. c(TE,) =
jl\il aj - el?™iTEn) '3(z) = W(z) + F(z) indicates the overall signal amplitude, and SRF(z — z,)

indicates the spatial response function of a voxel centered at z,>". Developing and evaluating a
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correction for effects due to background gradients will be a topic of investigation in future work.

7.4 Magnetic Resonance Elastography

Magnetic resonance elastography (MRE) is a novel tool to quantify liver stiffness for the
diagnosis and staging of fibrosis and cirrhosis. Conventional MRE techniques use Cartesian
trajectories and typically employ 2D multislice acquisitions with only a few slices*®**’. These

d***2?° which limits the

acquisitions are performed using a single-breath-hold or multi-breath-hol
signal-to-noise ratio, liver coverage, and spatial resolution. A FB radial technique may allow for
the acquisition of higher signal-to-noise ratio, larger volumetric coverage and higher spatial
resolutions in the liver. This may improve the diagnosis and staging of fibrosis in the liver.
Future work can include developing a novel FB radial technique for MRE. This technique may

be useful in pediatric populations who have greater difficulty following operator instructions or

have limited breath-hold ability.

7.5 Future Patient Studies

In Chapters 4 and 5 only ten healthy children, nine children with NAFLD, and ten infants
were scanned in these studies. In future work, additional children will be required to determine
significant correlations between clinical characteristics and hepatic PDFF. More infants will be
required to determine significant differences in hepatic fat or body composition measurements

for infants at-risk for future metabolic syndrome.

For placenta R,* mapping, only thirty subjects and three IPD subjects were used to
determine baseline R,* characteristics. Due to the limited knowledge of the behavior of placental

R,* at early gestation in normal and IPD pregnancies, further investigation with additional IPD
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subjects is needed to determine the relationship between R,* characteristics and IPD. In future
studies, additional healthy subjects and IPD subjects can be included to determine the behavior

of Ry* as a function of GA and differences between healthy subjects and IPD subjects.

7.6 Conclusion

FB radial MRI has many potential applications in the liver and abdomen. This technique
can provide accurate fat and R,* quantification which may help diagnose, evaluate, and manage
diseases such as IPD, obesity, and NAFLD. FB radial provides greater inherent robustness to
motion enabling FB MRI and provides improved image quality in children with NAFLD and
infants who may have limited or no breath-hold ability, respectively. This technique may
improve the diagnosis and management of conditions such as NAFLD and IPD, especially in

populations where breath-holding is not possible.
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