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Figure 3.16: (Top) Fully sampled clinical 2D SE-SPI of the pure oil tubes (top row,
from left to right are the soybean, sesame, safflower, peanut, and flax oil tubes) and
soybean oil emulsions (bottom row, from left to right are 0%, 5%, 10%, 15%, and
20% soybean oil), along with maps of relative peak amplitudes for the safflower tube.
Remaining rows are those generated from retrospectively accelerated scans (R = 3)
with varying numbers of basis functions (r = 25,30, 35,40,45). Remaining BCS
parameters used are as given in Table 3.4.
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Figure 3.17: (Top) Fully sampled clinical 2D SE-SPI of the pure oil tubes (top row,
from left to right are the soybean, sesame, safflower, peanut, and flax oil tubes)
and soybean oil emulsions (bottom row, from left to right are 0%, 5%, 10%, 15%,
and 20% soybean oil), along with maps of relative peak amplitudes for the safflower
tube. Remaining rows are those generated from retrospectively accelerated scans
(R = 3) with varying regularization parameters (A = 0.0001,0.001,0.005,0.01,0.05).
Remaining BCS parameters used are as given in Table 3.4.
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Figure 3.18: (Top) Fully sampled clinical 2D SE-SPI of the pure oil tubes (top row,
from left to right are the soybean, sesame, safflower, peanut, and flax oil tubes) and
soybean oil emulsions (bottom row, from left to right are 0%, 5%, 10%, 15%, and
20% soybean oil), along with maps of relative peak amplitudes for the safflower tube.
Remaining rows are those generated from retrospectively accelerated scans (R = 3)
with varying scaling factors (s = 0.1,0.5,1,2,10). Remaining BCS parameters used
are as given in Table 3.4.
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3.6 Discussion

3.6.1 Choice of Parameters: Spectral Analysis

For this work, spectra were processed using an HSVD-based binning algorithm. As
the assumed number of components, NV, in this decomposition can influence spectral
quantification, it is important to consider what number is most appropriate for the
application of interest [75]. While this work was concerned with six main fat peaks
and the water peak, when applicable, more components are required in order to
accurately model the spectrum. For one, additional fat peaks are present, such as
those located from 4.0 — 4.3 ppm, as shown in Figures 4.2 and 4.6. While these
peaks are not considered for this work, no such prior knowledge can be input into the
HSVD, and so must be taken into account in choosing N. Furthermore, variations in
By cause these MRS signals to deviate from the Lorentzian form assumed in Equation
2.22, meaning certain peaks may be modelled with more than one component [76].
As such, 10 < N < 30 components were considered for this work.

In the case of the preclinical soybean oil emulsions, results presented in Figure
3.7, assuming too few components resulted in many of the smaller fat peaks being
missed entirely (N < 20), or introduced more intrasession variability (20 < N < 23),
likely a result of inadequate modelling of these small fat peaks, as shown in Figure
3.5A. However, assuming too many components (N > 25) allowed more noise to be
included in the model, also a source of intrasession variability. Assuming 25 HSVD
components appears appropriate for this application. Without the presence of the
water peak, as was the case for the pure oil tubes, fewer components (N ~ 14)
were required to accurately model the spectrum, and including more components
simply included more noise in the model, as shown by the clinical pure oil results
in Figure 3.8. However, given that no prior knowledge of F'F' was assumed for in
viwo applications, 25 components were assumed in analyzing the preclinical data,
regardless of fat fraction. On the other hand, as phantom experiments with the
clinical system were limited to the pure oil tubes, 14 components were assumed in
this case. For future applications analyzing spectra containing a water signal, more

components will likely be required.
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3.6.2 Choice of Parameters: Compressed Sensing Reconstruction

SE-SPI, being an inherently slow imaging technique, was accelerated in this work us-
ing BCS. As with typical CS implementations, the choice of regularization parameter,
A, affects the performance of this reconstruction. Namely, larger values of A reduce
the degree of noise in the recovered images, but may also result in the loss of low
contrast features [57, 58]. This noise reduction with increasing A is apparent from
the preclinical results in Figure 3.13; MSE was minimized by using A = 0.01. Clinical
results, on the other hand, showed little dependance on the regularization parameter,
as shown in Figure 3.17. In general, the clinical results seemed less dependant on
reconstruction parameters, likely due to the smaller acceleration factor (R = 3 as
opposed to R = 5.5), as well as the fact that they were limited to the pure oil tubes.

In addition to the regularization parameter, BCS introduces another reconstruc-
tion parameter, that being the number of basis functions, . Assuming too few basis
functions has been shown to result in inadequate modelling of signal, but since they
are estimated from the data itself, the number of basis functions is inherently limited
by the amount of data collected. Studies using BCS for acceleration of cardiac imag-
ing have shown that reconstruction errors generally decrease with increasing numbers
of basis functions, stabilizing at around r = 20 [57]. However, given the difference
in temporal behaviour of signal for this work, varying numbers of basis functions
(r = 25,30, 35,40,45) were investigated. Visually, the relative fat peak amplitudes
did not seem to be largely affected by changing the number of basis functions in this
range as shown for the preclinical and clinical phantom studies in Figures 3.12 and
3.16, respectively. Since r = 35 minimized the MSE for the preclinical results, 35
basis functions were used for this work.

Two last parameters were investigated for this work, the first being the number
of iterations used in optimizing the minimization problem posed in Equation 2.21.
Although not apparent from the relative fat peak amplitude maps in Figures 3.11
and 3.15, increasing the number of iterations from 15 to 30 generally reduced the
MSE. However, reconstructions using 50 iterations commonly encountered errors;
thus, n;., = 30 was chosen for this work.

The scale of the input data, Y, was also observed to impact reconstruction quality.

As portrayed by the preclinical results in Figure 3.14, using larger scaling factors
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resulted in noisy images, while reconstructions done with smaller scaling factors had
the potential to miss low contrast features, exemplified by the s = 0.5 case in Figure
3.14. These results are what would be expected of CS reconstructions performed with
too small or too large a regularization parameter, respectively, and may be explained
using Equation 2.21; essentially, upscaling of the undersampled k-space data, Y, can
reduce the relative weighting of A\, and vice versa. Nonetheless, since a scaling factor
of 2 clearly minimized the MSE relative to the fully sampled preclinical scan, s = 2
was chosen for this work. As with the aforementioned reconstruction parameters,
the clinical scans shown in Figure 3.18 were not visibly affected by changes in scale,
except in the case of very small scaling factors.

It should be noted that these phantom setups were limited in the number of oils
present and that samples were contained within discrete tubes, a more ‘sparse’ set-up,
both temporally and spatially, than in vivo applications. Nonetheless, these results do
demonstrate the unreliability of certain combinations of reconstruction parameters.
In the most extreme example shown, that scaled by a factor of s = 0.5 in Figure 3.14,
it can be seen that all of the smaller fat peaks are missed in the soybean oil emulsions,

and the entirety of the fat signal attributed to the largest peak, methylene (Peak 5).



Chapter 4

Phantom Validation

4.1 Methods

Having finalized the post processing pipeline, the agreement between PRESS mea-
surements and those made using SE-SPI was assessed for the pure oil tubes, and,
for the preclinical experiments, the soybean oil tubes of varying fat fraction. While
measures of fat composition are the focus of this work, the fat fractions of the set of
soybean oil tubes are an important measure of aliasing in the CS SE-SPI results.

With the preclinical system, five fully sampled 2D SE-SPIs of each oil tube set
(either the five soybean oil tubes of varying fat fraction or the five pure oil tubes) were
acquired, taking 13.5 minutes each. With the clinical system, four fully sampled 2D
SE-SPIs of the pure oil tube set were acquired using the multichannel head coil. Since
PRESS acquisition parameters could not be matched to those intended for clinical
SE-SPI acquisition, the SE-SPIs were acquired using TR/TE = 250/29 ms, BW =4
kHz, FOV = 20 x 20 x 1 cm, a 64 x 64 matrix, and 512 points acquired at each
readout. For comparison with preclinical results, three SE-SPIs were acquired with
acquisition parameters matched to those intended for clinical implementation.

In all cases, the fat fraction, fat peak amplitudes, and fat composition metrics U1,
Uls, and PUI as measured using SE-SPI were averaged over voxels falling within
the PRESS volume. SE-SPI agreement was assessed for fully sampled scans, as well
as retrospectively accelerated and BCS reconstructed data. The retrospective under-
sampling factors used were R = 5.5 and R = 3 for data acquired with the preclinical
and clinical systems, respectively.

All statistical comparisons were made using Welch’s t-test, also referred to as an
unequal variances t-test, with p < 0.05 considered significant. Welch’s t-test was
chosen over the conventional t-test as it has been shown to be more robust to Type I
errors (false positives) for small sample sizes with unequal variances, unequal sample

sizes, and/or certain degrees of skewness from a normal distribution. However, it is
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important to note that Welch’s t-test has less statistical power than the conventional
t-test in these cases, corresponding to an increased likelihood of Type II errors (false

negatives) [77].

4.2 Results

Fat fraction results for the preclinical soybean oil emulsions are shown in Figure 4.1.
CS SE-SPI F'F measurements of the 5% and 100% soybean tubes appeared to be
slightly affected by uncorrected aliasing, as indicated by the respective increase and
decrease in F'F' compared to PRESS and fully sampled SE-SPI measurements, but

not to a large degree. The remaining tubes were unaffected.
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Figure 4.1: Fat fractions (mean + 95% CI over five scans) for the 5%, 10%, 15%,
20%, and 100% soybean oil tubes as measured using PRESS, fully sampled SE-SPI,
and retrospectively accelerated (R = 5.5) CS SE-SPI on the preclinical system.

Shown in Figure 4.2 are the relative fat peak amplitudes calculated from 5 scans of

this soybean oil phantom, along with raw spectra acquired from the 100% soybean oil
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tube. Given that raw spectra were unphased prior to the HSVD-based fitting, these
spectra were chosen to provide a good visualization of the fat peaks of interest, and
are not necessarily representative. The effect of residual aliasing in retrospectively
accelerated CS SE-SPI results was clear from the presence of a water peak in the
spectrum in Figure 4.2A. A smaller water peak was also present in the fully sampled
SE-SPI spectrum, likely a result of intervoxel contamination, as there should be no
aliasing in this case. In general, CS SE-SPI measures of these peak amplitudes agreed
with PRESS.

Shown in Figure 4.3 are the corresponding indices, Ul, Uls, and PUI, as calculated
using Equations 2.13, 2.14, and 2.15, respectively, averaged over five scans of the
soybean oil phantom (SE-SPI ROIs were limited to the region covered by the PRESS
voxel). Also shown are lipid composition maps derived from one of the SE-SPIs. With
smaller fat fractions there was a clear increase in variation in these fat composition
metrics, as expected based on the increase in variation in fat peak amplitudes.

Given in Figure 4.4 are the same indices for 5 scans of the pure oil phantom with
the preclinical system, processed assuming N = 25 components. As was the case for
soybean oil, PRESS measurements of lipid composition were, in general, in agreement
with CS SE-SPI results, with the notable exception of Ul for the flax oil tube. This
underestimation was a result of the underestimation of Peak 1 and overestimation of
Peak 5 as seen from Figure 4.5B. Nonetheless, trends in fat composition appeared
consistent across the techniques. Furthermore, differences in lipid composition were
observed in a single scan, as shown by the fat maps also given in Figure 4.4. These
fat composition measures were fairly homogeneous within a single tube, aside from
voxels for which the necessary fat peaks for computation of these indices (e.g. Peak

2 for PUI) were not identified during spectral decomposition.



64

100% Soybean Qil
250 r r : r 0.8 r z T T T
——PRESS 3 PRESS
——SE-SPI Peak 5 A 0.7H ® se-si B 1
| | —CsS SE-SPI ] 0 CS SE-SPI
200 Peaks 3 & 4 \ S o6l 2 }*- ]
zZ =
2 150 Peak 1 Wwater Peak | £ 0.5 1
£ Peak 6 * 04
p— 7]
o ! Peak 2 e
5 100 503
g o
“ 202
50} =
S01f &
- P b
0 0
6 5 4 3 2 1 0 6 5 4 3 2 1 0
Frequency (ppm) Frequency (ppm)
[v) H F
20% Soybean Oil 15% Soybean Oil
0.8 T T T T 0.8 T T T T T
$ PRESS $ PRESS
0.7f ¥ se-spl C 0.7H ¥ SE-sP D -
) $ CS SE-SPI } @ $_CSSE-SPI
g 0.6}F E 'g 0.6F ?
; 0.5} S0
<
% 0.4} 204
& &
E 0.3F E 0.3
o2} 202
B s
& 0.1F = {}! & 0.1 1
= - e {H
of 0
6 5 4 3 2 1 0 6 5 4 3 2 1 0
Frequency (ppm) Frequency (ppm)
10% Soybean Oil 5% Soybean Qil
0.8 r . r : 0.8 : . . . .
¥ PRESS § PRESS
0.7H ® se-sm E 1 0.7F ® SE-SPI F -
] $ CS SE-SPI 2 $ CSSE-SPI
So6f }H Sos6f E
go.s : <E:o.s
= 0.4F i 0.4
& &
503} =03
zo2f 202
] fal
o1l E & 0.1 {{_
# - {H P {k
0 . 0
6 5 4 3 2 1 0 6 5 4 3 2 1 0
Frequency (ppm) Frequency (ppm)

Figure 4.2: (A) 100% soybean spectra acquired using preclinical PRESS, SE-SPI
(showing results for a single voxel), and retrospectively accelerated (R = 5.5) CS SE-
SPI, offset for clarity. (B-F) Relative peak amplitudes of the six fat peaks (mean =+
95% CI over five scans, plotted at their corresponding frequencies, offset for clarity)

for the soybean oil tubes of varying fat fraction as measured using preclinical PRESS,
fully sampled SE-SPI, and retrospectively accelerated (R = 5.5) CS SE-SPI.
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Figure 4.3: (A, C, E) Unsaturation (UI), surrogate unsaturation (Uls), and polyun-
saturation (PUI) indices (mean + 95% CI over five scans) for the 100%, 20%, 15%,
10%, and 5% soybean oil tubes as measured using preclinical PRESS, fully sampled
SE-SPI, and retrospectively accelerated (R = 5.5) CS SE-SPI. (B, D, F) Maps of Ul,
Uls, and PUI, respectively, for one retrospectively accelerated preclinical CS SE-SPI
of the soybean oil phantom. Clockwise, starting from the top right, are the 100%,
20%, 15%, 10%, and 5% soybean oil tubes.
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Figure 4.4: (A, C, E) Unsaturation (UI), surrogate unsaturation (Uls), and polyunsat-
uration (PUI) indices (mean 4+ 95% CI over five scans) for the flax, soybean, sesame,
safflower, and peanut oil tubes as measured using preclinical PRESS, fully sampled
SE-SPI, and retrospectively accelerated (R = 5.5) CS SE-SPI. (B, D, F) Maps of UI,
Uls, and PUI, respectively, for one retrospectively accelerated preclinical CS SE-SPI
of the pure oil phantom. Clockwise, starting from the top left, are the flax, peanut,
sesame, soy, and safflower oil tubes.



250

200 K

[
v
o

=
o
(=]

Spectral Intensity

50

vy

v 0.7F
©
=1
=06}

= 0.4}

Pe

= 0.3F

Fa

v 0.2F

tivi

< Q0.1f

Rel

@ 0.7f
o
3
206}
Eosth

% 0.4}

Pe

— 0.3F

Fa

w 0.2}
0.1f

Relativ

—PRESS
——SE-SPI Peak 5 A
——CS SE-SPI
Peaks3 & 4 \.
Peak 1
Water Peak

J Peak 2
M

Frequency (ppm)

Soybean Qil

Eost

¥ PRESS
§ SE-SPI C 1

# CSSE-spl ¥

» --ivP' B

6 5 4 3 2 1 0

Frequency (ppm)

Safflower Oil

3 PRESS
3 SE-SPI  E
$ Cs SE-SPI

i ™
L 'i‘

6 5 4 3 2 1 0

Frequency (ppm)

67

Flax Qil

% PRESS
% SE-SPI B
% CS SE-SP

* "';{'}f i,

5 4 3 2 1 0
Frequency (ppm)

Sesame Qil

0.8

0.7}
o

3

Z0.6}
Eo05Ft
= 0.4}
HOS'

Pe

Fa

w0.2F
< 0.1}F

tive

Rel

$ PRESS
$ SE-SPI
$ CSSE-SPI

B

. -~

0.8

v

v 0.7}
206F
Eost

~

Pe

~ 0.3}

Relative Fa

5 4 3 2 1 0
Frequency (ppm)

Peanut Oil

$ PRESS
# SE-SPI B F-
$ CSSE-SPI ]

< 0.4F

w0.2F
0.1}

5 4 3 2 1 0
Frequency (ppm)

Figure 4.5: (A) 100% soybean spectra acquired using preclinical PRESS, SE-SPI
(showing results for a single voxel), and retrospectively accelerated (R = 5.5) CS
SE-SPI, offset for clarity. (B-F) Relative peak amplitudes of the six fat peaks (mean
+ 95% CI over 5 scans, plotted at their corresponding frequencies, offset for clarity)
for the pure oil tubes as measured using preclinical PRESS, fully sampled SE-SPI,
and retrospectively accelerated (R = 5.5) CS SE-SPL
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Given in Tables 4.1, 4.2, and 4.3 are the results of Welch’s t-test comparing the
unsaturation indices of the five oils using PRESS, fully sampled SE-SPI, and CS-
SESPI, respectively. Using PRESS, significant differences (defined as p < 0.05/4
using the Bonferroni correction for multiple comparisons) were observed between all
of the oils except when comparing peanut to safflower, and soy to sesame. This was
also the case for Ul calculated using SE-SPI, both fully sampled and accelerated,
except that in these cases the differences in Ul between the soy and sesame were

significant.

Table 4.1: Preclinical results of Welch’s t-test comparing the unsaturation indices
(UI) of the various pure oil tubes, as measured using PRESS.

Flax Soy Sesame Safflower Peanut
Flax NA p=0.003 | p<0.001 | p<0.001 | p<0.001
Soy NA NA p=0.022 | p=0.004 | p=0.002
Sesame NA NA NA p =0.002 | p < 0.001
Safflower NA NA NA NA p =0.072
Peanut NA NA NA NA NA

Table 4.2: Preclinical results of Welch’s t-test comparing the unsaturation indices

(UI) of the various pure oil tubes, as measured using fully sampled SE-SPI.

Flax Soy Sesame Safflower Peanut
Flax NA p < 0.001 | p<0.001 | p<0.001 | p<0.001
Soy NA NA p < 0.001 | p < 0.001 | p<0.001
Sesame NA NA NA p < 0.001 | p < 0.001
Safflower NA NA NA NA p=0.172
Peanut NA NA NA NA NA

Given in Tables 4.4, 4.5, and 4.6 are the results of Welch’s t-test comparing the
surrogate unsaturation indices of the five oils using PRESS, fully sampled SE-SPI,
and CS-SESPI, respectively. Using PRESS, the Uls of flax oil was significantly higher
than that of all other oil types tested. The same was true for SE-SPI, and for CS
SE-SPI with the exception of soybean oil (difference not significant). In some cases
SE-SPI and CS SE-SPI measured significant differences between oils where PRESS
did not.
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Table 4.3: Preclinical results of Welch’s t-test comparing the unsaturation indices (UI)
of the various pure oil tubes, as measured using retrospectively accelerated (R = 5.5)

CS SE-SPL.

Flax Soy Sesame Safflower Peanut
Flax NA p < 0.001 | p<0.001 | p<0.001 | p<0.001
Soy NA NA p=0.010 | p < 0.001 | p < 0.001
Sesame NA NA NA p = 0.006 | p=0.001
Safflower NA NA NA NA p = 0.346
Peanut NA NA NA NA NA

Table 4.4: Preclinical results of Welch’s t-test comparing the surrogate unsaturation
indices (Uls) of the various pure oil tubes, as measured using PRESS.

Flax Soy Sesame Safflower Peanut
Flax NA p=0.008 | p=0.010 | p < 0.001 | p=0.002
Soy NA NA p=20.992 | p=0.025 |p=0.092
Sesame NA NA NA p=0.030 | p=0.100
Safflower NA NA NA NA p=0.741
Peanut NA NA NA NA NA

Table 4.5: Preclinical results of Welch’s t-test comparing the surrogate unsaturation
indices (Uls) of the various pure oil tubes, as measured using fully sampled SE-SPI.

Flax Soy Sesame Safflower Peanut
Flax NA p < 0.001 | p<0.001 | p<0.001 | p<0.001
Soy NA NA p=0.207 |p=0.004 | p=0.017
Sesame NA NA NA p = 0.005 | p = 0.066
Safflower NA NA NA NA p = 0.449
Peanut NA NA NA NA NA

Given in Tables 4.7, 4.8, and 4.9 are the results of Welch’s t-test comparing the
polyunsaturation indices of the five oils using PRESS, fully sampled SE-SPI, and CS-
SESPI, respectively. As was the case with UI, significant differences were observed
between all of the oils using PRESS except when comparing peanut to safflower and
soy to sesame. This was also the case for CS SE-SPI. Fully sampled SE-SPI observed

a significant difference between all oil types.
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Table 4.6: Preclinical results of Welch’s t-test comparing the surrogate unsatura-
tion indices (UIs) of the various pure oil tubes, as measured using retrospectively

accelerated (R = 5.5) CS SE-SPIL

Flax Soy Sesame Safflower Peanut
Flax NA p=20.016 |p=0.008 | p=0.004 | p=0.002
Soy NA NA p=20.030 |p=0.002 | p<0.001
Sesame NA NA NA p=0.024 | p=0.001
Safflower NA NA NA NA p = 0.045
Peanut NA NA NA NA NA

Table 4.7: Preclinical results of Welch’s t-test comparing the polyunsaturation indices

(PUI) of the various pure oil tubes, as measured using PRESS.

Flax Soy Sesame Safflower Peanut
Flax NA p < 0.001 | p<0.001 | p<0.001 | p<0.001
Soy NA NA p=20.035 | p=0.001 | p=0.003
Sesame NA NA NA p < 0.001 | p < 0.001
Safflower NA NA NA NA p = 0.242
Peanut NA NA NA NA NA

Table 4.8: Preclinical results of Welch’s t-test comparing the polyunsaturation indices

(PUI) of the various pure oil tubes, as measured using fully sampled SE-SPI.

Flax Soy Sesame Safflower Peanut
Flax NA p < 0.001 | p<0.001 | p<0.001 | p<0.001
Soy NA NA p < 0.001 | p <0.001 | p<O0.001
Sesame NA NA NA p < 0.001 | p < 0.001
Safflower NA NA NA NA p = 0.007
Peanut NA NA NA NA NA
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Table 4.9: Preclinical results of Welch’s t-test comparing the polyunsaturation indices
(PUI) of the various pure oil tubes, as measured using retrospectively undersampled

(R =5.5) CS SE-SPL.

Flax Soy Sesame Safflower Peanut
Flax NA p < 0.001 | p<0.001 | p<0.001 | p<0.001
Soy NA NA p=20.018 |p<0.001 | p<0.001
Sesame NA NA NA p=0.012 | p =0.007
Safflower NA NA NA NA p = 0.444
Peanut NA NA NA NA NA

Shown in Figure 4.6 are the relative fat peak amplitudes for the five pure oil tubes
calculated from four scans of oil phantoms with the clinical system, along with raw
spectra acquired from the 100% soybean oil tube. There was no evidence of aliasing
of the water peak in this case; although, it should be noted that the tubes containing
soybean oil emulsions were much smaller than those containing the pure oil samples.
In many cases, there was an offset between peak amplitude measurements made using
SE-SPI and those made using PRESS. For example, the relative amplitude of Peak 5
seems to be consistently under-estimated with SE-SPI compared to PRESS, with this
difference made up by some of the smaller fat peaks (e.g. Peak 4). Retrospectively
undersampled CS SE-SPI results were, in most cases, in agreement with their fully
sampled counterparts.

Shown in Figure 4.7 are the corresponding indices, UI, Uls, and PUI, as calculated
from Equations 2.13, 2.14, and 2.15, respectively, along with lipid composition maps
derived from one of the CS SE-SPIs. Unlike the preclinical results shown in Figure
4.4, clinical SE-SPI measurements were more variable than those made using PRESS,
and fat maps for the individual scan shown are less homogeneous than those acquired
with the preclinical system. In many cases there was an offset between fatty acid
composition measurements made using PRESS compared to those made using SE-
SPI, especially in the case of the surrogate unsaturation index, Uls, as expected based

on the relative fat peak amplitudes in Figure 4.6.
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Figure 4.6: (A) 100% soybean spectra acquired using clinical PRESS, SE-SPT (show-
ing results for a single voxel), and retrospectively accelerated (R = 3) CS SE-SPI,
offset for clarity. (B-F) Relative peak amplitudes of the six fat peaks (mean + 95%
CI over four scans, plotted at their corresponding frequencies, offset for clarity) for
the pure oil tubes as measured using clinical PRESS, fully sampled SE-SPI, and
retrospectively accelerated (R = 3) CS SE-SPIL.
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Figure 4.7: (A, C, E) Unsaturation (UI), surrogate unsaturation (Uls), and polyun-
saturation (PUI) indices (mean 4+ 95% CI over four scans) for the flax, soybean,
sesame, safflower, and peanut oil tubes as measured using clinical PRESS, fully sam-
pled SE-SPI, and retrospectively accelerated (R = 3) CS SE-SPI. (B, D, F) Maps of
UI, Uls, and PUI, respectively, for one retrospectively accelerated clinical CS SE-SPI
of the oil phantom. From left to right, top to bottom, are the 5%, 10%, 15%, and 20%
soybean oil emulsions (maps not shown), along with pure soybean, safflower, peanut,
sesame, and flax oil tubes.
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Despite these offsets, the general trend in these fatty acid composition metrics
seemed to be consistent between techniques. Given in Tables 4.10, 4.11, and 4.12 are
the results of Welch’s t-test comparing the unsaturation indices of the five oils using
PRESS, fully sampled SE-SPI, and CS-SESPI, respectively. Using PRESS, flax oil
was observed to have significantly higher unsaturation index compared to all other
oils except soy. No significant differences were observed with fully sampled SE-SPI.

CS SE-SPI could only distinguish flax oil from sesame and safflower.

Table 4.10: Clinical results of Welch’s t-test comparing the unsaturation indices (UI)
of the various pure oil tubes, as measured using PRESS.

Flax Soy Sesame Safflower Peanut
Flax NA p=20.031 | p=0.004 | p=0.008 | p=0.008
Soy NA NA p=20.024 | p=0.021 |p=0.024
Sesame NA NA NA p=10485 | p=0.478
Safflower NA NA NA NA p = 0.968
Peanut NA NA NA NA NA

Table 4.11: Clinical results of Welch’s t-test comparing the unsaturation indices (UI)

of the various pure oil tubes, as measured using fully sampled SE-SPI.

Flax Soy Sesame Safflower Peanut
Flax NA p=0337 | p=0.089 |p=0.059 |p=0.101
Soy NA NA p=0251 |[p=0.115 | p=0.300
Sesame NA NA NA p=10.636 |p=0.971
SafHower NA NA NA NA p = 0.736
Peanut NA NA NA NA NA

Given in Tables 4.13, 4.14, and 4.15 are the results of Welch’s t-test comparing the
surrogate unsaturation indices of the five oils using PRESS, fully sampled SE-SPI,
and CS-SESPI, respectively. SE-SPI, both fully sampled and accelerated, showed a
significant difference between flax and safflower oils. Additionally, CS SE-SPI was
able to distinguish between flax and sesame oils. A similar trend was observed with
PRESS, but the large variation in the Uls of flax oil meant many of these comparisons
were not significant. On the other hand, PRESS was able to distinguish soybean oil
from sesame whereas SE-SPI and CS SE-SPI could not.



75

Table 4.12: Clinical results of Welch’s t-test comparing the unsaturation indices (UI)
of the various pure oil tubes, as measured using retrospectively accelerated (R = 3)
CS SE-SPI.

Flax Soy Sesame Safflower Peanut
Flax NA p=0.048 | p=10.005 | p=0.003 | p=0.015
Soy NA NA p=0.166 |p=0.107 |p=0.235
Sesame NA NA NA p=0.949 | p=0.985
Safflower NA NA NA NA p=0.943
Peanut NA NA NA NA NA

Table 4.13: Clinical results of Welch’s t-test comparing the surrogate unsaturation
indices (Uls) of the various pure oil tubes, as measured using PRESS.

Flax Soy Sesame Safflower Peanut
Flax NA p=20.090 |p=0.050 |p=0.040 |p=0.057
Soy NA NA p=20.030 |p<0.001 | p=0.085
Sesame NA NA NA p=20.159 | p=0.541
Safflower NA NA NA NA p = 0.062
Peanut NA NA NA NA NA

Table 4.14: Clinical results of Welch’s t-test comparing the surrogate unsaturation
indices (Uls) of the various pure oil tubes, as measured using fully sampled SE-SPI.

Flax Soy Sesame Safflower Peanut
Flax NA p=0.088 | p=0.035 | p=20.008|p=0.014
Soy NA NA p=0.192 | p=20.060 |p=0.101
Sesame NA NA NA p=0.993 | p=0.988
Saffower NA NA NA NA p=0.975
Peanut NA NA NA NA NA

Given in Tables 4.16, 4.17, and 4.18 are the results of Welch’s t-test comparing
the polyunsaturation indices of the five oils using PRESS, fully sampled SE-SPI, and
CS-SESPI, respectively. All three techniques showed flax oil as having a significantly
larger PUI as compared to all other oil types. In fact PRESS was able to distinguish

between all oil types except in the case of comparing sesame to peanut oil. SE-SPI
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measurements, both fully sampled and accelerated, showed similar trends, but in

many cases these trends were not significant.

Table 4.15: Clinical results of Welch’s t-test comparing the surrogate unsaturation in-
dices (UIs) of the various pure oil tubes, as measured using retrospectively accelerated

(R = 3) CS SE-SPL

Flax Soy Sesame Safflower Peanut
Flax NA p=0.079 | p=0.009 | p=0.012 | p=10.024
Soy NA NA p=0360 |[p=0.325 |p=0.225
Sesame NA NA NA p=0.875 | p=0.537
Safflower NA NA NA NA p = 0.629
Peanut NA NA NA NA NA

Table 4.16: Clinical results of Welch’s t-test comparing the polyunsaturation indices

(PUI) of the various pure oil tubes, as measured using PRESS.

Flax Soy Sesame Safflower Peanut
Flax NA p =0.004 | p=0.002 | p < 0.001 | p=0.002
Soy NA NA p=0.004 | p<0.001 | p=0.002
Sesame NA NA NA p <0.001 | p=0474
Safflower NA NA NA NA p < 0.001
Peanut NA NA NA NA NA

Table 4.17: Clinical results of Welch’s t-test comparing the polyunsaturation indices

(PUI) of the various pure oil tubes, as measured using fully sampled SE-SPI.

Flax Soy Sesame Safflower Peanut
Flax NA p =0.002 | p=10.004 | p=0.003 | p=0.002
Soy NA NA p=0013 |p=0.003 |p=0.016
Sesame NA NA NA p=0.010 | p =0.723
Safflower NA NA NA NA p = 0.057
Peanut NA NA NA NA NA
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Table 4.18: Clinical results of Welch’s t-test comparing the polyunsaturation indices
(PUI) of the various pure oil tubes, as measured using retrospectively undersampled

(R =3) CS SE-SPI.

Flax Soy Sesame Safflower Peanut
Flax NA p < 0.001 | p<0.001 | p<0.001 | p<0.001
Soy NA NA p=20.015 | p=0.002 | p=0.067
Sesame NA NA NA p=0.015 | p=0.854
Safflower NA NA NA NA p=0.188
Peanut NA NA NA NA NA

4.3 Discussion

Having chosen appropriate parameters for the BCS reconstruction and HSVD-based
spectral decomposition, SE-SPI based quantification, including both fat fraction and
fatty acid composition, could be assessed. While measures of lipid composition are the
focus of this work, the measured fat fractions of the preclinical soybean oil tube setup
are an important measure of aliasing in the CS SE-SPI results. On average, the fat
fraction of the phantom set was 30% soybean oil. Thus, uncorrected aliasing of signal
in the CS SE-SPI would, on average, result in an increase in fat signal in the soybean
oil emulsions, and a decrease in fat signal in the 100% soybean oil tube. This is
important to keep in mind when assessing CS SE-SPI fat composition measurements
for these lower fat fraction tubes, which could appear to perform better in the presence
of aliasing given the amplification of the fat signal. On a side note, it should be
reiterated that, while the fat fractions in Figure 4.1 do seem to align somewhat
with the percentage amounts of soybean oil, this is coincidental. As discussed in
Section 3.3, the fat fractions presented here are not proton density measures, and
will be affected by acquisition parameters, the degree to which they are affected
depending on the relaxation properties of the sample. As such, fat fractions should
not be compared to their expected PDFF, but rather to our ‘gold standard” PRESS
measurements. While some degree of residual aliasing was observed in CS SE-SPI
compared to PRESS results, shown in Figure 4.1, it was not considered to be of

concern in assessing fatty acid composition results.
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The relative fat peak amplitudes of the preclinical soybean oil emulsions measured
with SE-SPI showed good agreement with PRESS results. Importantly, smaller peaks
did not seem to be underestimated or lost in the CS process, which has the potential
to remove low contrast features as a result of the sparsity constraint. This agree-
ment held for smaller fat fractions, although variation increased as a result of the
reduced SNR. In most cases, PRESS measurements were more variable than their
fully sampled SE-SPI counterparts, likely a result of the larger relative voxel size
allowing more shim-induced line broadening. Furthermore, CS SE-SPI results were
often less variable than those from fully sampled scans, likely a result of enforcing
sparsity in the data, as noise that would be present even in the fully sampled scans is
likely not sparse [55]. The reduction in variation in a single scan can be seen in the
CS reconstructed fat maps in Figures 3.11-3.14. Unsurprisingly, many of the same
trends were observed in the lipid composition metrics derived from these relative peak
amplitudes.

While important that these measures of lipid composition are consistent for vary-
ing fat fractions, it is also important that differences in lipid composition can be
observed. Given that only one oil type (soybean) was present in the scans used to
generate the results in Figures 4.2 and 4.3, it is possible that the BCS algorithm, which
learns the basis functions from the data itself, assigned a higher weight to spectral
basis functions fitting of soybean oil composition. Similarly, it might be expected, in
a scan containing oils of varying composition, that basis functions describing spectra
of more predominant features could be favoured while those present to a lesser degree
are suppressed, complicating the differentiation of different oils.

The fatty acid composition of the pure oil tubes, as measured using CS SE-SPI,
showed similar trends to that observed with PRESS, using both the preclinical and
clinical systems. For the preclinical results, all significant differences in Ul between
oils as quantified using PRESS were also observed with SE-SPI, both fully sampled
and accelerated. In the case of Uls, while the general trend in lipid composition seems
similar for all three techniques, as shown in Figure 4.4, the large variation in PRESS
measurements, and that of flax oil for CS SE-SPI, meant many of these trends were
not significant. In the case of PUI, all trends were identical, except that fatty acid

composition as measured using fully sampled SE-SPI showed a significant differences
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when comparing sesame to soybean oil and safflower to peanut oil and whereas CS SE-
SPI and PRESS did not. Looking at Figure 4.5F, the difference between safflower and
peanut oil observed with SE-SPI seems to have been a result of underestimating the
relative amplitude of the methylene peak (Peak 5). In fact, this was a common trend
in fully sampled SE-SPI measurements across all of the pure oil samples. As this did
not occur in the CS SE-SPI measurements, this offset does not seem to be introduced
by the nature of the sequence. One possible explanation for this trend could be bias
in the spectral decomposition step, caused, for example, by increased noise in the
fully sampled SE-SPI spectra that is removed in the CS process; however, further
investigation is required. Whatever the underlying cause, it may also be causing
the overestimation of fat fraction with fully sampled SE-SPI in Figure 4.1, especially
apparent in the 20% soybean oil emulsion tube. Nonetheless, the CS results are most
relevant for this work. All trends in lipid composition observed with PRESS were also
observed with SE-SPI, even after retrospective acceleration, and while there existed
cases in which CS SE-SPI observed significant differences that PRESS did not, this
may have been a result of the large variation in PRESS measurements.

It is worth noting that, as discussed in the Methods section, a retrospective un-
dersampling factor of R = 5.5 was chosen for this preclinical analysis in order to
match that observed in the mouse study. However, it should be reiterated that the
phantom scans used to obtain these results are 2D. Higher dimensional datasets are
more compressible, meaning their sparse representations will provide a more accurate
model of the true signal [43]. As such, it may be the case that these results would
improve for 3D applications of the same undersampling factor.

For the clinical results, trends in fatty acid composition were also similar across
techniques. However, in this case large variations in SE-SPI measures of fatty acid
composition metrics, both for the fully sampled and retrospectively accelerated scans
as Shown in Figure 4.7, meant many of these trends were not significant. As was
the case for preclinical PRESS measurements, this large variation may be a result
of difficulties shimming the phantom. For clinical PRESS acquisitions, higher or-
der shimming was performed in order to improve By homogeneity across the voxel.
However, applying similar higher order shimming procedures to the larger imaging

volumes used with a spectroscopic imaging techniques such as SE-SPI will likely not
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achieve the same degree of homogeneity [34, 78]. Even so, where trends observed with
SE-SPI were significant, they were often in agreement with PRESS results.

There also appeared to be some slight bias between clinical PRESS and SE-SPI
lipid composition measurements, with SE-SPI consistently overestimating each metric
in comparison to PRESS, especially apparent for Uls in Figure 4.7. Interestingly,
comparing clinical SE-SPI measurements to those made on the preclinical system,
as shown in Supplementary Figure 4.8, shows little evidence of bias, implying that
shown in Figure 4.7 may have been introduced by the clinical PRESS sequence.

Nonetheless, for this work, as stated in Hypothesis A, fatty acid composition
measures are said to agree for two techniques if they show the same trends across
oils, as determined using Welch’s t-test. By this definition preclinical PRESS and CS
SE-SPI measurements can be said to agree. However, the clinical implementation of
CS SE-SPI did not have the same sensitivity as PRESS, seemingly a result of the large
variation in fatty acid composition metrics. This definition of agreement was chosen
as opposed to more thorough equivalence testing, the two-one-sided t-tests (TOST)
procedure, for example, as these types of equivalence tests often require choosing
some threshold of agreement. Since it is not yet known what degree of change in lipid
composition will be observed in a clinical setting, choosing such a threshold at this

point seemed somewhat arbitrary.
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Figure 4.8: Unsaturation (UI), surrogate unsaturation (Uls), and polyunsaturation
(PUI) indices (mean £ 95% CI over 3 scans, clinical SE-SPI scan parameters matched
to those used preclinically) for the flax, soybean, sesame, safflower, and peanut oil

tubes as measured using fully sampled SE-SPI on the clinical system, alongside pre-
clinical PRESS and SE-SPI measurements.



Chapter 5

In vivo Mouse Evaluation

5.1 Methods

5.1.1 Experimental Design

The protocol for this in vivo mouse study was approved by the local Animal Care
Committee. Sixteen BALB/c mice (Charles River, Wilmington, US) were divided
into four groups, one of which received a normal diet and no iron injections, one
which received an MCD diet to induce fatty liver and no iron injections, one which
received a normal diet and iron injections, and the last of which received both the
MCD diet and iron injections. The MCD diet formulation used was Teklad TD.90262
(Envigo, Huntingdon, UK), which results in a sequestering of fat in the liver, as well
as liver inflammation, in a relatively short period of time. Intravenous injection of
superparamagnetic iron oxide (SPIO) particles (Feraspin XXL from Miltenyi Biotec,
Bergisch Gladbach, Germany) was used to simulate iron overload; mice received an
approximate dose of 40 pmol/kg, injected into their tail vein the day before each
scanning session. Mice receiving a normal diet were scanned on two days, one week
apart. Mice receiving the MCD diet were scanned three times, on Days 0, 4, and 11,
defining Day 1 as the first day of the diet. One mouse from each group was sacrificed
on the second last day of planned scanning (following the first session for normal
diet groups, or the Day 4 session for the MCD diet groups). Remaining mice were
sacrificed following the final session.

Each scanning session consisted of a balanced steady-state free precession (bSSEFP)
anatomical image (256 x 128 x 128 matrix with 1.5 X 2 X 2 mm voxels, a« = 30°,
TR/TE = 8/4 ms), 3D undersampled SE-SPI (R = 4, scan time of 55 minutes,
acquisition parameters matched to those used for preclinical phantom experiments),
and an in vivo PRESS voxel (TR/TE = 10000/13 ms, receiver BW = 3 kHz, 5x5x5

mm voxel, 4096 points acquired at each readout, 25 averages). Mice were anesthetised
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for the entire protocol, and temperature maintained at 37°C'. Following the final
session, mice were terminated and their livers excised, maintained in a fluorinated
hydrocarbon solution. An ex vivo PRESS voxel was acquired, positioned such that the
signal obtained was that from the entire liver volume (15 x 15 x 15 mm to 15 x 15 x 25

mm voxel, otherwise identical to that acquired in vivo).

5.1.2 Lipid Composition Analysis

Following motion correction, CS SE-SPIs were reconstructed using BCS, with n., =
30 iterations, » = 35 basis functions, regularization parameter A = 0.01, and scaled by
a factor of s = 2 as determined with the phantom experiments described in Chapter
3. Spectra obtained from CS SE-SPI and PRESS were processed as described in
Section 3.3 assuming N = 25 HSVD components for the main HSVD and using the
bins given in Table 5.1. The water bin used for in vivo experiments was considerably
larger than that used for phantoms in order to accommodate peak splitting in PRESS

measurements.

Table 5.1: Bins, based on those described in Johnson et al. [23], used in separating
the fatty acid functional groups for preclinical mouse experiments. Bins were deter-
mined in reference to the water resonance, taken as 4.7 ppm in vivo, as expected for
temperatures near 39°C' [67].

Peak Frequency Bins (ppm)
Methene (Peak 1) 5.05 — 5.55
Water 3.05 —6.35
Diallylic (Peak 2) 2.55 — 3.05
a-Methylene to carboxyl (Peak 3) 2.05 — 2.55
Allylic (Peak 4) 1.55 —2.05
Methylene (Peak 5) 1.05 — 1.55
Methyl (Peak 6) 0.55 —1.05

In order to correct for differences in 77 saturation effects, given the difference in
TR between SE-SPI and PRESS measurements, the following theoretical correction

was applied to fat fractions as measured using SE-SPI:

(1- exp[_TR/TLfat])FFTR
(]_ — exp[—TR/TLfat])(l — FFTR) + (1 — exp[_TR/Tl,water])FFTR

FF = (5.1)
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where F'F' is the TR corrected fat fraction, F'Frr the uncorrected fat fraction, 77 fq
and T yqier the longitudinal relaxation times of fat and water, respectively. This
correction was based on the expected steady state signal, as derived in Section A.1.
T values chosen were 300 ms and 1 s for fat and water, respectively, in order to best
fit paired PRESS data acquired in mice with long (10 s) and short (200 ms) T'R.
Mouse liver contours were drawn using the bSSFP anatomical in VivoQuant (In-
vicro, Boston, US). In many cases, the SE-SPI imaging volume did not overlap well
with the PRESS voxel, as shown in Figure 5.1, as PRESS voxel placement prioritized
overlap with the liver as opposed to overlap with the SE-SPI volume. Additionally,
the SNR of CS SE-SPI data in slices near the edge of the imaging volume was poor,
further complicating comparison in these cases of limited overlap. Thus, the ROI
used for CS SE-SPI analysis was limited to the portion of liver volume imaged with

adequate signal (greater than the mean CS SE-SPI signal intensity, see Figure 5.1).

Figure 5.1: Sagittal slice of the bSSFP anatomical. The larger white outline indicates
the SE-SPI volume, and the smaller outline the PRESS voxel. The liver contour is
shown in red. Shown in green is the ROI used for SE-SPI analysis; i.e. liver tissue
having adequate SE-SPI signal intensity.

One in vivo PRESS spectra was omitted from analysis due to lack of overlap with
the contoured liver volume (a mouse on Day 0 of the MCD diet, no iron injection).
For the same mouse, in the same session, the CS SE-SPI dataset was omitted due to
a lack of liver tissue with adequate signal intensity. Furthermore, spectra for which
necessary fat peaks (e.g. Peak 2 for PUI) were not identified were also omitted from
the analysis, as this was often a result of errors in the spectral decomposition as

opposed to true absence of a fat peak. In the case of PRESS, this datapoint was
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omitted entirely. For CS SE-SPI, UI, Uls, and PUI were averaged! over spectra in
the liver volume for which the necessary fat peaks were identified.

As opposed to intramouse comparisons, complicated both by lack of overlap and
the difference in TR, among other things, PRESS and CS SE-SPI results were an-
alyzed at the group level. As was the case for preclinical experiments, statistical

comparisons were made using Welch’s t-test.

5.2 Results
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Figure 5.2: Fat fraction as calculated using in vivo PRESS spectra (A), ex vivo
PRESS spectra (B), and CS SE-SPI (C). Bar plots and error bars indicate the mean
and 95% CI over the control diet groups, in blue, and the MCD diet groups, in red,
on Days 0, 4, and 11 (Day 1 being the start of the diet). Scatter plots show results
for individual mice, darkened points are those mice which received iron injection.

Given in Figure 5.2 are the fat fraction results (T'R corrected in the case of CS
SE-SPI) of the mouse study. The results for the control diet group are displayed
alongside those for the MCD diet group on Days 4 and 11 to allow visualization of
expected trends (MCD diet was started on Day 1, so no difference is expected on Day
0). Statistically significant differences (p < 0.05 using Welch’s t-test, corrected with
the Bonferroni correction) are indicated between the MCD diet and control groups for

each day, and between days for each group. Statistical testing was not performed for

! Averaging of fat composition indices was not weighted by FF.
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groups containing fewer than 3 datapoints (e.g. ex vivo PRESS data from Day 4). All
between group comparisons were consistent with both in vivo and ex vivo PRESS and
CS SE-SPI. While the CS SE-SPI fat fraction measurements did not vary temporally
to the same degree as those measured with in vivo PRESS, the latter measurements
varied more within groups, potentially caused by some systematic bias whereby the
fat fraction measured for MCD mice having received iron injection was consistently
higher than that for MCD mice without this iron overload.

Given in Figures 5.3 and 5.4 are the UI, Uls, and PUI as measured using in vivo
PRESS and ex vivo PRESS, respectively. No trends in fat composition were ob-
served using either technique. In fact, PRESS results in general were very scattered.
Shown in Figure 5.5 are some examples of spectra acquired using in vivo PRESS, ez
vwo PRESS, and CS SE-SPI. The quality of in vivo PRESS spectra was generally
poor, with increased linewidths and peak splitting compared to ex vivo PRESS spec-
tra. While peak splitting was not observed in the large majority of ex vivo PRESS
measurements, in many cases linewidths were larger than those observed with CS
SE-SPI.
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Figure 5.3: Unsaturation (UI), surrogate unsaturation (Uls), and polyunsaturation
(PUI) indices as calculated from in vivo PRESS spectra. Bar plots and error bars
indicate the mean and 95% CI over the control diet groups, in blue, and the MCD
diet groups, in red, on Days 0, 4, and 11 (Day 1 being the start of the diet). Scatter
plots show results for individual mice, darkened points are those mice which received
iron injection.
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Figure 5.4: Unsaturation (UI), surrogate unsaturation (Uls), and polyunsaturation
(PUI) indices as calculated from ez vivo PRESS spectra. Bar plots and error bars
indicate the mean and 95% CI over the control diet groups, in blue, and the MCD
diet groups, in red, on Days 0, 4, and 11 (Day 1 being the start of the diet). Scatter
plots show results for individual mice, darkened points are those mice which received
iron injection.
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Figure 5.5: Raw spectra (unphased, absolute values shown), shown for in vivo PRESS,
ex vivo PRESS, and a single CS SE-SPI voxel, offset for clarity, alongside anatomical
images with liver contour shown in red. In vivo PRESS voxels are indicated by the
large square outline, and the CS SE-SPI voxel displayed indicated by the small square
outline; ez vivo PRESS spectra were acquired covering the entire liver. (Top) A mouse
in the normal diet group, without iron injection. (Middle) A mouse after 11 days on
the MCD diet, without iron injection. (Bottom) A mouse after 11 days on the MCD
diet, with iron injection.
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Given in Figure 5.6 are the Ul, Uls, and PUI as measured using CS SE-SPI.
Statistically significant differences, between groups on each day and between days for
each group, are indicated. No trends were observed in Ul or PUI, but there was a

significant decrease in the surrogate unsaturation index, Uls.
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Figure 5.6: Unsaturation (UI), surrogate unsaturation (Uls), and polyunsaturation
(PUI) indices as calculated from CS SE-SPI. Bar plots and error bars indicate the
mean and 95% CI over the control diet groups, in blue, and the MCD diet groups, in
red, on Days 0, 4, and 11 (Day 1 being the start of the diet). Scatter plots show results
for individual mice, darkened points are those mice which received iron injection.

Importantly, for individual scans no correlation was observed between fat fraction
and fat composition metrics. For UI, only 1/35 scans showed moderate correlation
(Spearman’s correlation coefficient of —0.5) with fat fraction, remaining scans showed
weak to no correlation (correlation coefficients between —0.3 and 0.3). For Uls, all
scans showed weak to no correlation with fat fraction. This provides confidence that
the observed changes in Uls are not a result of fat fraction related bias in the spectral
decomposition, and that Uls as a biomarker provides new information in addition to
fat fraction. For PUI, only 8/35 scans showed moderate (correlation coefficients of
0.4 (one scan) and —0.4 (seven scans)) with fat fraction. Shown in Figure 5.7 are
maps of fat fraction and Uls in one of the MCD mice with iron injection; there is a
clear increase in fat fraction and decrease in U[ls from Day 1 to Day 11. Furthermore,
there is no apparent pixelwise correlation between fat fraction and Uls in the maps

presented.
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Figure 5.7: (A,B,C) Fat fraction maps (TR corrected) for an MCD mouse, with iron
injection, on Days 0, 4, and 11 (Day 1 being the start of the diet), respectively.
Average fat fractions over the liver volumes imaged are indicated. (D,E,F) Maps of
surrogate unsaturation index, Uls, for the same mouse. Average values of Uls over
the liver volumes imaged, omitting voxels for which necessary fat peaks could not be
identified, are indicated.

5.3 Discussion

The quality of in vivo PRESS spectra was generally poor, with increased linewidths
and peak splitting compared to er vivo PRESS spectra, likely a result of the lack
of respiratory compensation. While peak splitting was not observed in the large
majority of ex vivo PRESS measurements, in many cases linewidths were larger than
those observed with CS SE-SPI, likely a result of the larger relative voxel size (see
Figure 5.8). Additionally, the shorter TR used for CS SE-SPI measurements had
a water-suppressing effect which did not occur with PRESS. While not necessarily
indicated by the individual CS SE-SPI spectra in Figure 5.5 and the fat fraction
results in Figure 5.2 (corrected for T3 saturation effects), the true fat peak amplitudes
as measured using CS SE-SPI were larger, relative to the water peak, than their

PRESS counterparts. As seen in Figure 5.5, individual fat peaks were generally more
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difficult to visualize in PRESS spectra as compared to those obtained with CS SE-SPI,
especially for lower fat fractions in the control group. In addition to this reduced SNR,
the spectral decomposition (in particular the number of HSVD components assumed)

was optimized for T'R = 200 ms, potentially resulting in an increase in fitting errors
with PRESS as compared to CS SE-SPI.
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Figure 5.8: Raw spectra (unphased, absolute values shown) for a single in vivo CS
SE-SPI voxel, as well as those averaged over 3x3x3 and 10x10x10 (approximate size
of the in vivo PRESS voxels) sub-volumes. An ez vivo PRESS spectrum is also shown
for comparison.

These comments should not be taken as a general statement on the quality of
PRESS as compared to CS SE-SPI. Many of the difficulties experienced with PRESS
may be remediated to some degree by changing the scan parameters such as TR,
acquiring spectra with a more advanced, multichannel RF arrays (improving SNR),
compensating for respiratory motion (done by breath hold in a clinical setting, al-
though in this case there may be inconsistencies in the breath hold used for voxel
planning and that used for acquiring the spectrum [79]), and making use of higher
order shimming. However, these factors did prompt the decision to compare the CS
SE-SPI measurements of fat composition with literature as opposed to the PRESS

results obtained in this study.
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CS SE-SPI results showed a significant decrease in Uls, with no significant change
in UI or PUIL. While it would be expected to see similar behaviours in Ul and Uls,
the lack of trend in Ul may be a result of assuming prior knowledge in the spec-
tral analysis. As discussed in Section 3.3, large signal components assigned to the
methene bin were omitted. However, this required defining a maximum amplitude for
the methene peak relative to that of methylene. While this assumption limited UI as
a metric of lipid composition, it was required in order to accomodate for peak split-
ting, especially for in vivo PRESS spectra, emphasizing the utility of the surrogate
unsaturation index proposed by Johnson et al. [23].

The observed decrease in the surrogate unsaturation index, equivalent to an in-
crease in the relative amount of SFAs, is consistent with results in the literature for
mice on this particular MCD diet. A study by Li et al. [29] also investigated the
fat sequestration in the liver in terms of fatty acid components, namely SFAs and
MUFAs. The group observed, using gas chromatography, a significant increase in the
relative amount of SFAs in mice on the MCD diet for 6 weeks, as compared to the
control group, with no significant change in the relative amount of MUFAs.

Given a significant increase in the relative amount of SFAs with no change in
MUFAs [29], it could be implied that this difference is made up by a decrease in the
relative amount of PUFAs. However, no corresponding trend was observed in PUI
in this study. Although, Uls is derived from the relative amplitudes of allylic (Peak
2) and diallylic (Peak 4) peaks, as described by Equation 2.14, while PUI is derived
solely from the relative amplitude of the diallylic peak, as described by Equation 2.15.
While PUFAs are solely responsible for the signal of the diallylic peak, both MUFAs
and PUFAs contribute to the signal of the allylic peak (Peak 4), which is generally
larger than the diallylic peak (Peak 2), as seen from Figures 4.2 and 4.5. As a result,
it may be the case that this additional signal contribution resulted in an observable
decrease in Uls, while a decrease in PUI was too small to be observed. Notably, PUI
was the most difficult index to visualize with CS SE-SPI, with the largest fraction of
voxels omitted from analysis due to difficulty identifying the relevant fat peak (Peak
2).

It should be reiterated that, while the CS SE-SPI fat fraction results are corrected
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for T saturation effects, the same is not true of the fat composition measures. Dif-
ferences in T and Ty for the fatty acid functional groups [47, 70] will introduce signal
weightings in Ul, Uls, and PUI that are dependant on scan parameters such as T'R
and T'E. Thus, the indices presented here should be taken as relative measures, not
proton density metrics. It is also important to note that, while a decrease in the
relative amount of UFAs was observed here and is in agreement with another study
of mice on this diet, these results should not be generalized. While the MCD diet
was used here to induce fatty livers in mice, and is often used in other applications
to study more progressive liver disease, including NASH and fibrosis [80], it is not a
true model of human NAFLD, and changes in fat composition may differ from hu-
man cases. In fact, changes in fat composition differ for different MCD diets used in
animal models of the disease. MCD diets using fructose alone as the carbohydrate
source result in a larger increase in the amount SFAs relative to MUFAs as compared
to MCD diets using glucose as the carbohydrate source [30].

Nonetheless, these results show that CS SE-SPI can be used to observe changes
in lipid composition in an in vivo model of NAFLD, even in the presence of iron,
as shown in Figure 5.7. Although similar changes were not observed with PRESS,
the consistency of the results shown here with those in the literature for mice on an
identical MCD diet provides additional confidence in the reliability of this CS SE-
SPI technique. While clinical PRESS acquisitions will not be affected by many of
the issues experienced with this preclinical set-up, they will inherently be limited in
spatial coverage compared to CS SE-SPI, and their larger effective voxel sizes will

likely still result in line broadening.



Chapter 6

Conclusions and Future Directions

The work presented in this thesis demonstrates the viability of SE-SPI for lipid com-
position mapping in NAFLD. Being a purely phase encoded sequence, SE-SPI is an
inherently slow imaging technique, limiting its clinical application. However, given
the relaxation properties of liver fat, further complicated by high iron concentrations
that can accompany liver disease, SE-SPI is preferred over faster spectroscopic imag-
ing techniques which may not be as well-suited for application in NAFLD. Instead,
SE-SPI scans were accelerated using compressed sensing, allowing accurate fatty acid
composition measurements from randomly undersampled k-space data in a relatively
short amount of time. The use of random undersampling also suited the retrospec-
tive motion correction used in conjunction with a free-breathing acquisition for in
vivo applications of CS SE-SPI.

Having chosen appropriate parameters for the BCS reconstruction and spectral
decomposition, preclinical phantom results showed CS SE-SPI to be in good agree-
ment with PRESS measurements of fatty acid composition, as proposed in Hypothesis
A. CS SE-SPIs of the same pure oil samples on a clinical system also showed similar
trends to those observed with PRESS; however, many of these trends were not signifi-
cant due to the large intersession variability. Importantly, the in vivo application of a
free-breathing CS SE-SPI sequence in a mouse model of NAFLD showed a significant
decrease in the relative amount of UFAs in mice fed an MCD diet, in agreement with
literature results as proposed in Hypothesis B. Granted, it should also be noted that
the differences in fatty acid composition observed here, both with the oil phantoms
and in vivo model of liver disease, may not mimic those which occur in clinical cases
of NAFLD. A similar analysis of PRESS spectra acquired in this mouse study was
complicated by increased linewidths and peaks splitting, and no changes in fatty acid
composition were observed. These complications will likely not be as limiting in a

clinical setting where breath-holds can account for respiratory motion to some degree
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and higher order shimming can improve By homogeneity. However, they did limit the
comparison of in vivo fatty acid composition measurements between CS SE-SPI and
PRESS for this study, as did placement issues.

This work constitutes an important precursor to the implementation of CS SE-SPI
in clinical cases of NAFLD. Although, work remains to be done investigating which
BCS reconstruction and spectral decomposition parameters are most appropriate in
acquiring this fatty acid composition information in the presence of a water peak, as
was done preclinically using the soybean oil emulsions. Additionally, it has yet to be
determined whether a 2D or 3D CS SE-SPI sequence would be most appropriate for
this clinical implementation. While a 3D implementation would provide improved
spatial coverage of the liver, it would also require a higher degree of acceleration in
order to achieve clinically feasible scan times, which could adversely affect fatty acid
composition measurements. Furthermore, it should be noted that the 64 x 64 x 16
3D matrix used for preclinical acquisitions in this work (taking 55 minutes when 4X
undersampled) is not feasible in a clinical setting due to time constraints. 64 x 64 2D
and 40 x 40 x 8 3D CS SE-SPI sequences, both accelerated to a 10 minute scan time,
are being assessed for this clinical application. While scan time may be partially
reduced by lowering scan resolution, the effect of this increased voxel size on spectral
quality must also be considered.

Lastly, while CS SE-SPI provides spatially resolved maps of fatty acid composition
information, for the purposes of this work lipid composition indices were averaged over
liver. It may be the case that the spatial distribution of fat composition in the liver
could provide additional information in characterizing disease progression. One ap-
proach to investigating this theory would be to make use of deep learning, specifically
convolutional neural networks (CNNs). CNNs have the potential to automatically
extract important features from the data (whether it be fat composition maps or
the full spectroscopic imaging dataset) using a training set of images with known
NAFLD stage and grade, meaning no prior knowledge of what features are important
is required. Such a neural network could also make use of additional diagnostic tests,
MRE scans, for example, to explore whether a combination of tests could provide a
more robust measure of liver disease progression non-invasively.

Nonetheless, with its improved spatial coverage CS SE-SPI has the potential to
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provide a more complete measure of fatty acid composition than MRS techniques
used previously in studies of fat composition in NAFLD. As such, it would allow a
more thorough investigation as to the potential of this lipid composition information
as a biomarker of NAFLD. In particular, the hope is that this fatty acid composition
information, along with that information provided by other diagnostic techniques,
will allow for a more reliable predictor of liver disease progression than that currently
available through non-invasive diagnostic tests. Such information would be especially
valuable considering NAFLD is more easily treated in its early stages, and given the

degree to which NAFLD affects the population.



Appendix A

Derivations

A.1 Fat Fraction Correction for TR (Equation 5.1)
The signal fat fraction, F'F', will be given by:

-~ Sp+ Sw

where S and Sy, are the relative signal weightings for fat and water, respectively.

FF (A.1)

Define the equivalent water fraction as WF = (1 — F'F'). Differences in T} between

fat and water introduce differences in signal weighting by a factor of [81]:

M, x (1 —exp[-TR/Ti]) (A.2)

Thus, the signal fat fraction, now expressed as F'Frg, can be expressed in terms of
the corrected fat fraction, F'F, i.e. the fat fraction that would be measured with an

infinite TR,' as follows:

FF(1 —exp[-TR/T\ fat))

FFpp =
T FFo(1— exp[-TR/T tat]) + (1 — FFy)(1 — exp[=T R/ T water])

(A.3)

where T tqr and T yaer are the longitudinal relaxation times of fat and water, re-

spectively. Rearranging this equation for the TR corrected fat fraction gives:

(1 — eXp[—TR/TLfat])FFTR

FF, =
(1 — exp[~TR/Ty sl )(I — FFrr) + (1 — exp[~T R/ T yater)) F Frr

(A4)

'Or TR > T, for practical purposes.

97



Bibliography

1]

[10]

[11]

E. Lebovics and J. Rubin, “Non-alcoholic fatty liver disease (NAFLD): why you
should care, when you should worry, what you should do,” Diabetes Metab Res
Rew, vol. 27, pp. 419-424, 2011.

S. Caldwell, Y. Ikura, D. Dias, K. Isomoto, A. Yabu, C. Moskaluk, P. Pramoon-
jago, W. Simmons, H. Scruggs, N. Rosenbaum, T. Wilkinson, P. Toms, C. Argo,
A. Al-Osaimi, and J. Redick, “Hepatocellular ballooning in NASH,” J Hepatol,
vol. 53, pp. 719-723, 2010.

P. Angulo, “GI Epidemiology: nonalcoholic fatty liver disease,” Aliment Phar-
macol Ther, vol. 25, pp. 883-889, 2007.

G. Farrell, A. McCullough, and C. Day, Non-Alcoholic Fatty Liver Disease: A
Practical Guide. Wiley, 2013.

T. Okanoue, A. Umemura, K. Yasui, and Y. Itoh, “Nonalcoholic fatty liver dis-
ease and nonalcoholic steatohepatitis in Japan,” J Gastroenterol Hepatol, vol. 26,
pp. 153-162, 2011.

M. Rinella, “Nonalcoholic fatty liver disease: A systematic review,” JAMA,
vol. 313, pp. 2263-2273, 2015.

D. Kleiner, E. Brunt, M. Van Natta, C. Behling, M. Contos, O. Cummings,
L. Ferrell, Y. Liu, M. Torbenson, A. Unalp-Arida, M. Yeh, A. McCullough, and
A. Sanyal, “Design and validation of a histological scoring system for nonalcoholic
fatty liver disease,” Hepatology, vol. 41, pp. 1313-1321, 2005.

J. Chen, J. Talwalkar, M. Yin, K. Glaser, S. Sanderson, and R. Ehman, “Early
detection of nonalcoholic steatohepatitis in patients with nonalcoholic fatty liver
disease by using MR elastography,” Radiology, vol. 259, pp. 749-756, 2011.

L. Adams, S. Sanderson, K. Lindor, and P. Angulo, “The histological course
of nonalcoholic fatty liver disease: a longitudinal study of 103 patients with
sequential liver biopsies,” Hepatology, vol. 42, pp. 132-138, 2005.

P. Angulo, “Nonalcoholic fatty liver disease,” N Engl J Med, vol. 346, pp. 1221—
1231, 2002.

O. Hamer, D. Aguirre, G. Casola, J. Lavine, M. Woenckhaus, and C. Sirlin,
“Fatty liver: Imaging patterns and pitfalls,” RadioGraphics, pp. 1637-1653, 2006.

98



[12]

[13]

[14]

[15]

[16]

[19]

[20]

[21]

99

V. Ratziu, F. Charlotte, A. Heurtier, S. Gombert, P. Giral, E. Bruckert,
A. Grimaldi, F. Capron, and T. Poynard, “Sampling variability of liver biopsy

in nonalcoholic fatty liver disease,” Gastroenterology, vol. 128, pp. 1898-1906,
2005.

S. Starr and D. Raines, “Cirrhosis: Diagnosis, management, and prevention,”
Am Fam Physician, vol. 85, pp. 1353-1359, 2011.

S. Venkatesh and R. Ehman, “Magnetic resonance elastography of liver,” Magn
Reson Imaging Clin N Am, vol. 22, pp. 433-446, 2014.

T. Lefebvre, G. Gilbert, C. Wartelle-Bladou, G. Sebastiani, H. Castel, B. Nguyen,
D. Olivie, and A. Tang, “Intravoxel incoherent motion diffusion-weighted MRI
for assessing necroinflammation in patients with chronic liver disease,” in Conf

Proc ISMRM Annual Meeting, 2018:0521.

C. Li, X. Luo, W. Dou, Y. Peng, J. Wu, and J. Ye, “Stretched exponential
diffusion-weighted imaging model in quantitative diagnosis of nonalcoholic fatty
liver disease: a rabbit model study,” in Conf Proc ISMRM Annual Meeting,
2019:1781.

X. Luo, C. Li, W. Dou, Y. Peng, and J. Ye, “Diffusion kurtosis imaging in
quantitative diagnosis of nonalcoholic fatty liver disease: a rabbit model study,”
in Conf Proc ISMRM Annual Meeting, 2019:0354.

A. Gharib, M. Han, E. Meissner, D. Kleiner, X. Zhao, M. McLaughlin,
L. Matthews, B. Rizvi, K. Abd-Elmoniem, R. Sinkus, E. Levy, C. Koh, R. Myers,
G. Subramanian, S. Kottilil, T. Heller, J. Kovacs, and C. Morse, “Magnetic res-
onance elastography shear wave velocity correlates with liver fibrosis and hepatic

venous pressure gradient in adults with advanced liver disease,” Biomed Res Int,
vol. 2017, p. 2067479, 2017.

S. Serai and T. Trout, “Can MR elastography be used to measure liver stiffness
in patients with iron overload,” Abdom Radiol, vol. 44, pp. 104-109, 2019.

L. Britton, V. Subramaniam, and D. Crawford, “Iron and non-alcoholic fatty
liver disease,” World J Gastroenterol, vol. 22, pp. 8112-8122, 2016.

S. Serai, J. Dillman, and A. Trout, “Spin-echo echo-planar imaging MR elastog-
raphy versus gradient-echo MR elastography for assessment of liver stiffness in
children and young adults suspected of having liver disease,” Radiology, vol. 282,
pp. 761-770, 2017.

A. Elizondo, J. Araya, R. Rodrigo, J. Poniachik, A. Csendes, F. Maluenda,
J. Diaz, C. Signorini, C. Sgherri, M. Comporti, and L. Videla, “Polyunsaturated
fatty acid pattern in liver and erythrocyte phospholipids from obese patients,”
Obesity, vol. 15, pp. 24-31, 2007.



[23]

[24]

[25]

[20]

[27]

28]

100

N. Johnson, D. W Walton, T. Sachinwalla, C. H Thompson, K. Smith, P. Ru-
ell; S. Stannard, and J. George, “Noninvasive assessment of hepatic lipid com-
position: Advancing understanding and management of fatty liver disorders,”
Hepatology, vol. 47, pp. 1513-1523, May 2008.

J. van Werven, T. Schreuder, A. Nederveen, C. Lavini, P. Jansen, and J. Stoker,
“Hepatic unsaturated fatty acids in patients with non-alcoholic fatty liver disease
assessed by 3.0 T MR spectroscopy,” Eur Radiol, vol. 75, pp. €102—e107, 2010.

L. Videla, R. Rodrigo, J. Araya, and J. Poniachik, “Oxidative stress and deple-
tion of hepatic long-chain polyunsaturated fatty acids may contribute to nonal-
coholic fatty liver disease,” Free Radic Biol Med, vol. 37, pp. 1499-1507, 2004.

E. Scorletti and C. Byrne, “Omega-3 fatty acids, hepatic lipid metabolism, and
nonalcoholic fatty liver disease,” Annu Rev Nutr, vol. 33, pp. 231-248, 2013.

J. Yang, M. Fernandez-Galilea, L. Martinez-Fernandez, P. Gonzalez-Muniesa,
A. Perez-Chavez, J. Martinez, and M. Moreno-Aliaga, “Oxidative stress and
non-alcoholic fatty liver disease: Effects of omega-3 fatty acid supplementation,”
Nutrients, vol. 11, p. 872, 2019.

I. Corbin, E. Furth, S. Pickup, E. Siegelman, and E. Delikatny, “In vivo assess-
ment of hepatic triglycerides in murine non-alcoholic fatty liver disease using
magnetic resonance spectroscopy,” Biochim Biophys Acta, vol. 1791, pp. 757—
763, 2009.

Z. Li, M. Berk, T. McIntyre, and A. Feldstein, “Hepatic lipid partitioning and
liver damage in nonalcoholic fatty liver disease: Role of Stearoyl-CoA Desat-
urase,” Journal of Biological Chemistry, vol. 284, pp. 5637-5644, 2009.

M. Pickens, H. Ogata, R. Soon, J. Grenert, , and J. Maher, “Dietary fructose
exacerbates hepatocellular injury when incorporated into a methionine-choline-
deficient diet,” Liver International, vol. 30, pp. 1229-1239, 2010.

M. Stankovic, D. Mladenovic, 1. Duricic, S. Sobajic, J. Timic, B. Jorgace-
vic, V. Aleksic, D. Vucevic, R. Jesic-Vukicevic, and T. Radosavljevica, “Time-
dependent changes and association between liver free fatty acids, serum lipid
profile and histological features in mice model of nonalcoholic fatty liver dis-
ease,” Arch Med Res, vol. 45, pp. 116-124, 2014.

Y. Takahashi, Y. Soejima, and T. Fukusato, “Animal models of nonalcoholic
fatty liver disease/nonalcoholic steatohepatitis,” World J Gastroenterol, vol. 18,
pp. 2300-2308, 2012.

M. Van Herck, L. Vonghia, and S. Francque, “Animal models of nonalcoholic
fatty liver disease: A starter’s guide,” Nutrients, vol. 9, 2017.



[34]

[35]

[36]

[37]

[41]

[42]

[43]

[44]

[45]

[46]

101

S. Keevil, “Spatial localization in nuclear magnetic resonance spectroscopy,”
Phys Med Biol, vol. 51, pp. R579-R636, 2006.

E. Brunt, C. Janney, A. Di Bisceglie, B. Neuschwander-Tetri, and B. Bacon,
“Nonalcoholic steatohepatitis: A proposal for grading and staging the histologi-
cal lesions,” Am J Gastroenterol, vol. 94, pp. 2467-2474, 1999.

S. Chitturi, M. Weltman, G. Farrell, D. McDonald, C. Liddle, D. Samarasinghe,
R. Lin, S. Abeygunasekera, and J. George, “HFE mutations, hepatic iron, and
fibrosis: ethnic-specific association of NASH with C282Y but not with fibrotic
severity,” Hepatology, vol. 36, pp. 142-149, 2002.

S. Hu, M. Lustig, A. Chen, J. Crane, A. Kerr, D. Kelley, R. Hurd,
J. Kurhanewicz, S. Nelson, J. Pauly, and D. Vigneron, “Compressed sensing
for resolution enhancement of hyperpolarized 3C flyback 3D-MRSI,” J Magn
Reson, vol. 192, pp. 258-264, March 2008.

T. Kampf, A. Fischer, T. Basse-Lusebrink, G. Ladewig, F. Breuer, S. G, P. Jakob,
and W. Bauer, “Application of compressed sensing to in vivo 3D *F CSI,” J
Magn Reson, vol. 207, pp. 262-273, 2010.

S. Geethanath, H. Baek, S. Ganji, Y. Ding, E. Maher, R. Sims, C. Choi, M. Lewis,
and V. Kodibagkar, “Compressive sensing could accelerate 'H MR metabolic
imaging in the clinic,” Radiology, vol. 262, pp. 985944, 2012.

L. J, “On the theory of the magnetic influence on spectra; and on the radiation
from moving ions,” Phil Mag, vol. 44, pp. 503512, 1987.

J. Keeler, Understanding NMR spectroscopy. Wiley, 2010.

G. Galiana, “Spatial encoding & k-space,” in Conf Proc ISMRM Annual Meeting,
2019.

M. Lustig, D. Donoho, J. Santos, and J. Pauly, “Compressed sensing MRI,”
IEEFE Signal Process Mag, vol. 25, pp. 72-82, March 2008.

U. Klose, “Measurement sequences for single voxel proton MR spectroscopy,”
Fur J Radiol, vol. 67, pp. 194-201, 2008.

D. Yeung, J. Griffith, G. Antonio, F. Lee, J. Woo, and P. Leung, “Osteoporosis
is associated with increased marrow fat content and decreased marrow fat un-
saturation: A proton MR spectroscopy study,” J Magn Reson Imaging, vol. 22,
pp. 279-285, 2005.

M. Guillen and A. Ruiz, “Rapid simultaneous determination by proton NMR of
unsaturation and composition of acyl groups in vegetable oils,” Fur J Lipid Sci
Technol, vol. 105, pp. 688-696, 2003.



[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

102

G. Hamilton, T. Yokoo, M. Bydder, T. Cruite, M. Schroeder, C. Sirlin, and
M. Middleton, “In vivo characterization of the liver fat 'H MR spectrum,” NMR
Biomed, vol. 24, pp. 784-790, 2011.

J. Berglund, H. Ahlstrém, and J. Kullberg, “Model-based mapping of fat unsat-
uration and chain length by chemical shift imaging: Phantom validation and in
vivo feasibility,” Magn Reson Med, vol. 38, pp. 1815-1827, 2012.

M. Bernstein, K. King, and X. Zhou, Handbook of MRI Pulse Sequences. Elsevier,
2004.

C. Moonen, M. von Kienlin, P. van Zijl, J. Cohen, J. Gillen, P. Daly, and G. Wolf,
“Comparison of single-shot localization methods (STEAM and PRESS) for in
vivo proton NMR spectroscopy,” NMR Biomed, vol. 2, pp. 201-208, 1989.

F. Traber, W. Block, R. Lamerichs, J. Gieseke, and H. Schild, “*h metabolite
relaxation times at 3.0 Tesla: Measurements of T1 and T2 values in normal brain
and determination of regional differences in transverse relaxation,” J Magn Reson
Imaging, vol. 19, pp. 537-545, 2004.

K. Pruessmann, M. Weiger, M. Scheidegger, and P. Boesiger, “SENSE: sensitiv-
ity encoding for fast MRI,” Magn Reson Med, vol. 42, pp. 952-962, 1999.

M. Griswold, P. Jakob, R. Heidemann, M. Nittka, V. Jellus, J. Wang,
B. Kiefer, and A. Haase, “Generalized autocalibrating partially parallel acquisi-
tions (GRAPPA),” Magn Reson Med, vol. 47, pp. 1202-1210, 2002.

H. J, D. Franson, and N. Seiberlich, “Recent advances in parallel imaging for
MRI,” Prog Nucl Magn Reson Spectrosc, vol. 2017, pp. 71-95, 2017.

M. Davenport, M. Duarte, Y. Eldar, and G. Kutyniok, “Introduction to com-
pressed sensing,” in Compressed Sensing: Theory and Applications (Y. Eldar
and G. Kutyniok, eds.), Cambridge University Press, 2012.

M. Lustig, D. Donoho, and J. Pauly, “Sparse MRI: The application of compressed
sensing for rapid MR imaging,” Magn Res Med, vol. 58, pp. 1182-1195, 2007.

S. Lingala and M. Jacob, “Blind compressive sensing dynamic MRI,” IEEE T
Med Imaging, vol. 32, pp. 1132-1145, 2013.

T. Akasaka, K. Fujimoto, T. Yamamoto, T. Okada, Y. Fushumi, A. Yamamoto,
T. Tanaka, and K. Togashi, “Optimization of regularization parameters in com-
pressed sensing of magnetic resonance angiography: Can statistical image metrics
mimic radiologists’ perception?,” PLoS one, vol. 11, 2015.

S. Bhave, S. Lingala, and M. Jacob, “A variable splitting based algorithm for
fast multi-coil blind compressed sensing MRI reconstruction,” in Conf Proc IEEE
Eng Med Biol Soc, pp. 2400-2403, 2014.



[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

103

L. Vanhamme, T. Sundin, P. Van Hecke, and S. Van Huffel, “MR spectroscopy
quantitation: a review of time domain methods,” NMR in Biomed, vol. 14,
pp. 233-246, 2001.

S. Mierisova and M. Ala-Korpela, “MR spectroscopy quantitation: a review of
frequency domain methods,” NMR in Biomed, vol. 14, pp. 247-259, 2001.

T. Laudadio, N. Mastronardi, L. Vanhamme, P. Van Hecke, and S. Van Huffel,
“Improved Lanczos algorithms for blackbox MRS data quantitation,” J Magn
Reson, vol. 157, pp. 292-297, 2002.

R. de Beer, D. van Ormondt, and W. Pijnappel, “Quantification of 1D and 2D
magnetic resonance time domain signals,” Pure Appl Chem, vol. 64, pp. 815-823,
1992.

J. Liu and D. Saloner, “Accelerated MRI with circular cartesian undersampling
(CIRCUS): a variable density cartesian sampling strategy for compressed sensing
and parallel imaging,” Quant Imag Med Surg, vol. 4, pp. 57-67, 2014.

S. Winkelmann, T. Schaeffter, T. Koehler, H. Eggers, and O. Doessel, “An opti-
mal radial profile order based on the golden ratio for time-resolved MRI,” IEEE
T Med Imaging, vol. 26, pp. 68-76, 2007.

J. Rioux, M. Hewlett, C. Davis, C. Bowen, K. Brewer, S. Clarke, and S. Beyea,
“Quantification of fatty acid composition with free-breathing MR spectroscopic

imaging and compressed sensing,” Submitted to NMR Biomed (Manuscript
NBM-19-0107), 2019.

M. Bydder, G. Hamilton, L. de Rochefort, A. Desai, E. Heba, R. Loomba,
J. Schwimmer, N. Szeverenyi, and C. Sirlin, “Sources of systematic error in
proton density fat fraction (PDFF) quantification in the liver evaluated from
magnitude images with different numbers of echoes,” NMR Biomed, vol. 31,
p. €3843, 2018.

P. Chi, W. Dou, and J. Constans, “A post-processing approach of HLSVD used
for automatic quantitative analysis of multi-voxel magnetic resonance spectra,”
in Conf Proc IEEFE Int Conf Bioinform Biomed, pp. 1-4, 2011.

S. Reeder, I. Cruite, G. Hamilton, and C. Sirlin, “Quantitative assessment of liver
fat with magnetic resonance imaging and spectroscopy,” J Magn Reson Imaging,
vol. 34, pp. 729-749, 2011.

J. Ren, I. Dimitrov, A. Sherry, and C. Malloy, “Composition of adipose tissue and
marrow fat in humans by 'H NMR at 7 Tesla,” J Lipid Res, vol. 49, pp. 2055
2062, 2008.



[71]

[72]

[73]

[74]

[75]

[76]

[77]

78]

[79]

[80]

[81]

104

E. Hall, M. Stephenson, P. D, and P. Morris, “Methodology for improved detec-
tion of low concentration metabolites in MRS: Optimised combination of signals
from multi-element coil arrays,” Neuroimage, vol. 86, pp. 35-42, 2014.

M. Brown, “Time-domain combination of MR spectroscopy data acquired using
phased-array coils,” Magn Reson Med, vol. 52, pp. 1207-1213, 2004.

N. Martini, M. Santarelli, G. Giovannetti, M. Milanesi, D. De Marchi, and
L. Positano, V andLandini, “Noise correlations and SNR in phased-array MRS,”
NMR Biomed, vol. 23, pp. 66-73, 2009.

M. Uecker, F. Ong, J. Tamir, D. Bahri, P. Virtue, J. Cheng, T. Zhang, and
M. Lustig, “Berkeley advanced reconstruction toolbox,” in Conf Proc ISMRM
Annual Meeting, 2015:2486.

E. Cabanes, S. Confort-Gouny, Y. Le Fur, G. Simond, and P. Cozzone, “Opti-
mization of residual water signal removal by HLSVD on simulated short echo
time proton MR spectra of the human brain,” J Magn Reson, vol. 150, pp. 116—
125, 1999.

I. Marshall, J. Higinbotham, S. Bruce, and A. Freise, “Use of Voigt lineshape for
quantification of in vivo 'H spectra,” Magn Res Med, vol. 37, pp. 651-657, 1997.

J. de Winter, “Using the Student’s t-test with extremely small sample sizes,”
Pract Assess Res Fval, vol. 18, 2013.

A. Skoch, P. Jiru, and J. Bunke, “Spectroscopic imaging: basic principles,” Eur
J Radiol, vol. 67, pp. 230-239, 2008.

R. Song, A. Tipirneni, P. Johnson, R. Loeffler, and C. Hillenbrand, “Evaluation
of respiratory liver and kidney movements for MRI navigator gating,” J Magn
Reson Imaging, vol. 33, pp. 143-148, 2011.

K. Yamaguchi, L. Yang, S. McCall, J. Huang, X. Yu, S. Pandey, S. Bhanot,
B. Monia, Y. Li, and A. Diehl, “Inhibiting triglyceride synthesis improves hep-
atic steatosis but exacerbates liver damage and fibrosis in obese mice with non-
alcoholic steatohepatitis,” Hepatology, vol. 45, pp. 1366-1374, 2007.

E. Haacke, R. Brown, M. Thompson, and R. Venkatesan, Magnetic Resonance
Imaging: Physical Principles and Sequence Design. Wiley, 1999.





