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2.1

2.2

3.1

LIST OF FIGURES

Image of myelin from an electron microscope. The myelin sheath (shaded in
blue) consists of layers of myelin (myelin bilayers). Water trapped within the
myelin bilayers is called myelin water, and all other water (both within the
axon—the area enclosed by the myelin sheath—and without the axon) is called
non-myelin water. (Original image from http://www.teachmentortexts.
com/2013/01/be-agent-of-change.html, accessed September 18, 2020 at
9:57 AM EDT.) . . . o
Tissue models for MWI. The two compartments of the two-compartment
model (a) are myelin water and non-myelin water, each with its own 77, Ty,
compartment fraction, and (for myelin water) off-resonance frequency. Ex-
change between myelin water and non-myelin water can also be modeled (not
shown). The three-compartment model (b) adds a macromolecule compart-
ment, with its own 77, T5, and compartment fraction, as well as exchange
from myelin water to macromolecules. The subscript “f” is for “fast” or “fast-
relaxing” and is used for myelin water because it experiences faster relaxation

than non-myelin water; conversely, non-myelin water uses the subscript “s”

for “slow” or “slow-relaxing”. The subscript “m” stands for “macromolecule”.

Workflow of the proposed methods. We first optimized a set of STFR scan
parameters by minimizing a Cramér-Rao Lower Bound, then acquired data
using those scans, as well as Bloch-Siegert (BS) scans. Two of the STFR scans
were equivalent to SPGR scans, so were used to estimate Aw, and the BS scans
were used to estimate k. These parameters were treated as known values in
the MWF estimation step. We then generated noisy training data using an
STFR signal model. Finally, we passed the training data, acquired STFR

images, and known parameters to PERK to estimate MWF' voxel-by-voxel.
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3.2

3.3

3.4

3.5

The two optimized scans (see Table 3.2) were evaluated to explore how in-
cluding the additional myelin water off-resonance Awy in the design process
affects performance. Design A (where Aws was included in the optimization)
has a better expected CRLB for every value of Awr within the 5-35 Hz range
over which design A was optimized. Design B (where Aw; was ignored) un-
derstandably has a better expected CRLB for Aw; = 0. For each value of Awy
investigated in this plot, the expected CRLB was computed with that value
of Aws held constant but unknown. Typical values of Aw; in white matter are
5-35 Hz [1]. Although these CRLB values predict estimator standard devia-
tion (for an unbiased estimator) on the order of 100% MWE or more, we are
not restricted by these large values because we are using a Bayesian estimator
(see Figure 3.11 for details). . . . . .. .. ... ... ..
RMSE of MWEF estimates from simulated test data for various ways of ac-
counting for the additional myelin water off-resonance Aw;. The diamond-
markered green curve was generated using scan design B (where Aw; was
ignored) and using PERK training data where Aws = 0. In other words, Aws
was not considered in any aspect, neither in the scan design nor when training.
The square-markered red curve was also generated using scan design B, but
the training data included a range of Aws values. The circle-markered blue
curve was generated using design A and a range of values of Aw;. The latter
two methods look almost identical, but both have much better RMSE than
the first method as Awy Increases. . . . . . . . . . ..
Right: MWEF maps from five methods using simulated test data for a three-
compartment tissue model with exchange. Table 3.3 reports numerical results.
The proposed STFR3-PERK estimates are closer to the true MWF value for
white matter tissue values than are the MESE-NNLS estimates. Left: Bulk
off-resonance Aw and flip angle scaling x maps used in this simulation.

MWF maps from five methods using simulated test data for a nine-compart-
ment tissue model with exchange. These results are essentially the same as
when using the three-compartment exchanging model (see Figure 3.4). Thus,
even though STFR3-PERK was trained with a three-compartment exchanging
model, it still produced good MWF estimates from signal generated using a

nine-compartment exchanging model. . . . . . .. ... 00000

X
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3.6

3.7

3.8

3.9

MWEF maps from in vivo MESE data and STFR data using scan design A.
Table 3.4 shows numerical results for several manually selected regions of
interest. The MESE-NNLS MWF map appears noisier than those shown in
other works. This is likely due to the lower SNR of our data due to differences
in voxel size. To match the STFR resolution, we acquired MESE with 1.1 mm
isotropic voxels, whereas often MESE data is collected with slice thickness of 5
mm and 1.6 mm or greater in the phase encode direction. Remarkably, MESE-
PERK is much less noisy than MESE-NNLS. This is likely due to PERK being
a Bayesian estimator that discourages estimates that are far from the mean
MWEF training value. . . . . . . . . ..o
RMSE of MWF estimates for white matter and gray matter simulated test
data. Scan design A has better RMSE in white matter for values of Aws we
expect to see in white matter. This better RMSE in white matter is at the
cost of worse RMSE in gray matter. Note that the values of T} ¢ and T 5 for
gray matter were outside of the range of values used for the scan designs and
for training our estimator. . . . . . .. ... L Lo
MWF maps from five methods using simulated test data for a four-compart-
ment tissue model with exchange. The four compartments considered were
myelin water, axonal water (i.e., water in myelinated axons), all other wa-
ter, and macromolecules. The results are similar to those using the three-
compartment model with exchange. Table 3.5 shows numerical results.

MWF maps from five methods using simulated test data for a three-compart-
ment tissue model without exchange. Without exchange, the three-compart-
ment model becomes essentially a two-compartment model because the 15
of the macromolecular pool is so small. Thus it makes sense that STFR2-
PERK performs well. Surprisingly, MESE-PERK still produces good MWF
estimates, even though it is trained with the three-compartment exchanging
model (like STFR3-PERK). This could be because the Ty of the MESE scan
is long compared to the residence times governing exchange. Furthermore, it
is possible that if the training ranges for the residence times were adjusted
appropriately (increased) then STFR3-PERK would also do well. Table 3.6

shows numerical results. . . . . . . . .

43



3.10

3.11

3.12

4.1

In wvivo images for two SPGR and nine STFR scans using scan design A.
Each image is the square root sum of squares combination of the individual
coil data. STFR produces contrast similar to balanced SSFP, including a
similar off-resonance profile that induces the characteristic banding artifact
of balanced SSFP. Different points of this profile are sampled as the phase
¢ of the STFR tip-up excitation varies. The nine STFR images are sorted
by increasing ¢, so this off-resonance profile is easily visualized. In the lower
right is the field map estimated from the two SPGR scans. . . . . ... ..
Comparison of biased and unbiased CRLBs for white matter tissue values us-
ing the two-compartment non-exchanging model. The biased CRLB is much
lower than the unbiased CRLB, suggesting that bias is the reason why our
STFR-based MWEF estimation results in estimates with low variance. How-
ever, our proposed method still shows sensitivity to changes in MWF (see
Figure 3.12). . . . . . .
Expected MWEF' estimates from the proposed STFR3-PERK MWF estima-
tion technique for fixed white matter tissue values from a three-compartment
exchanging model. The proposed method is (mildly) biased, yet it is still
very sensitive to changes in true MWF value. Furthermore, bias decreases as
SNR increases. (An unbiased estimator would have estimates along the line

of identity, i.e., along the dashed line.) . . . . ... .. ... ... ... ...

Diagram of the end-to-end scan design process, in which scan parameters
P are optimized subject to constraints P to minimize the end-to-end cost
function (4.3). Validation and training sets of tissue parameters are sampled
before and held fixed during the iterative optimization. The end-to-end cost
function is computed in several steps. First, the current candidate scan de-
sign P is used to simulate noisy data, using a signal model f, from both
the validation and training tissue parameter sets. The training set of tissue
parameters is then paired with the associated noisy signals and used to train
the estimator @(-). Next, the noisy signals from the validation set of tissue
parameters are given to the estimator to estimate the underlying tissue pa-
rameters. Finally, these estimates are compared to the true tissue parameters

to compute a (weighted) MSE. The scan design process seeks to minimize this

MSE. .
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4.2

4.3

4.4

4.5

Optimized RMSE of MWF estimates from end-to-end scan designs with vary-
ing initializations and number of STFR scans. The 10 points in the plot for
each given number of scans correspond to the scan designs optimized starting
from 10 different initializations. From these results, we decided that using 18
scans was a good trade-off between scan time and performance. . . . . . ..
Comparison of 10 CRLB scan designs to 10 end-to-end scan designs, each
with 18 STFR scans. We computed the square root of the expected CRLB
of MWF estimates (left subplot) and the RMSE of MWF' estimates (right
subplot) for each of the 20 scan designs. Optimizing scan parameters to
minimize the RMSE results in scan designs that have lower RMSEs than scan
designs optimized to minimize the expected CRLB. (The one CRLB design
that has a RMSE on par with the end-to-end designs, indicated by the white
triangle marker, was initialized with an end-to-end design and did not change
much, i.e., was stuck near a poor local minimum, during the optimization
PIOCESS.) v v v v o i e e e
Scan parameters of the best end-to-end scan design and the best CRLB scan
design, sorted by increasing tip-down angle. Each design consists of 18 STFR
scans, each with its own tip-down angle, tip-up angle, and tip-up phase (that
were optimized). Each scan additionally had fixed Tjee = 8 ms, T, = 2.8
ms, and Tg = 4 ms. Interestingly, the end-to-end design has much lower flip
angles, in general, than the CRLB design. . . . . . . ... .. .. ... ...
Histograms of estimated MWF versus true MWF obtained when using the
end-to-end scan design and when using the CRLB scan design for the ex-
periment where we drew the test data randomly from the distributions in
Figure 4.1. Though only MWF is shown as varying, we varied all tissue pa-
rameters. The table shows the ensemble RMSE, average absolute bias, and
average standard deviation of the MWF estimates. The MWF estimates ob-
tained using the end-to-end scan design were more accurate, less biased, and

less noisy than those obtained using the CRLB design. . . . . ... ... ..
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4.6

4.7

4.8

4.9

4.10

4.11

Estimated MWF maps obtained when using the end-to-end scan design and
when using the CRLB scan design. The true MWF varied from 0.1 to 0.2 in
WM and from 0.02 to 0.05 in GM from image bottom to top. The results
using the end-to-end design were more accurate, less biased, and less noisy
than those obtained using the CRLB design. The second row shows the error
maps for reference. The table shows the RMSE, mean, and standard deviation
(SD) of the MWF estimates across all WM and GM voxels. For reference, the
true MWF map has a mean value of 0.151 for WM and 0.035 for GM.
Estimated MWF maps obtained from in vivo data acquired using the end-to-
end scan design and the CRLB scan design. The MWF map from the end-to-
end design was less noisy and appeared to have more reasonable values and
decent WM/GM contrast. The table shows the mean and standard deviation
(SD) of the MWF estimates across a pooled region of interest (ROI) consisting
of WM voxels (see Figure 4.8). . . . . ... ... L.
One STFR scan with WM ROIs shown from which we computed the mean
and standard deviation of the MWF estimates from the in vivo data.
Estimated MWF maps obtained from in vivo data acquired using the end-
to-end scan design and the CRLB scan design, with PERK trained with a
noise standard deviation that was computed from background voxels of the
reconstructed images. The MWF map from the end-to-end design had higher
values than what one might expect in the brain, but was less noisy than the
MWF map from the CRLB design. The table shows the mean and standard
deviation (SD) of the MWF estimates across a pooled region of interest (ROI)
consisting of WM voxels (see Figure 4.8). . . . . . .. ... ... ... ...
MSE of fitted STFR signals versus PERK training noise standard deviation
for the modified BrainWeb experiment. The noise standard deviation added
to the BrainWeb data was 2799 (denoted by the vertical line). The cross-
validated noise standard deviation performed well in this case. . . . . . ..
MSE of fitted STFR signals versus PERK training noise standard deviation
for the in vivo data. The training noise standard deviation we manually chose
based on visual preference (used for Figure 4.7) was 27'%% (denoted by the
vertical line). The cross-validated noise standard deviation did not perform

well in this case. . . . . . .
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4.12 Trend lines used for de-biasing MWF estimates. We estimated MWEF' using
PERK for 1,000 sets of non-scan parameters and averaged over 100 noise
realizations. Here we show 2D histograms of the average estimates versus the
true MWEF values. We then fit a trend line to the scatter plot underlying each
histogram. This trend line was used in de-biasing MWEF estimates; when an
estimate was given by PERK, we would look up the corresponding true MWF
value predicted by the trend line and return that MWF value as the de-biased
estimate. . . . . . L L e

4.13 M, BrainWeb estimates. The true M, values are shown before scaling by 3.

4.14 Ty ¢ BrainWeb estimates. . . . . . ... ... 000000

4.15 Ty BrainWeb estimates. . . . . . .. ... ... 000000

4.16 T,y BrainWeb estimates. . . . . . ... ...

4.17 Tys BrainWeb estimates. . . . . . ... ..o

4.18 1p_s BrainWeb estimates. . . . . . . . .. ...

4.19 Awr BrainWeb estimates. . . . . . . . ..

4.20 Aw BrainWeb estimates. . . . . . . . ...

4.21 k BrainWeb estimates. . . . . . . . ...

4.22 My wn vivo estimates. . . . . . Lo

4.23 Tir in vivo estimates. . . . ... Lo Lo

424 T4 in vivo estimates. . . . . ...

4.25 Tog in vivo estimates. . . . . . . ..o

4.26 Toe in vivo estimates. . . . .. ..o

4.27 Tr_s tn vivo estimates. . . . . .

4.28 Awy in vivo estimates. . . . . . . L L

4.29 Aw in vivo estimates alongside a reference BO map acquired from two Tg-
offset SPGR scans. While some tissue structure remains visible in the Aw
estimates from the end-to-end design, overall there is good visual agreement
between the estimated BO map and the reference one. . . . . . . ... ...

4.30 & in vivo estimates. . . . . L L

5.1 BrainWeb image weighted by the four individual coil sensitivities used in
the simulation experiments. Only the middle slice of the simulated object
is shown. Each coil “sees” only part of the object, but the information from
each coil is used jointly during reconstruction to determine the true underlying

object. . . L
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5.2

5.3

5.4

5.5

Off-resonance map and its spatial gradients used in the simulation experi-
ments. Only the values corresponding to the middle slice are shown. The
B0 gradients in the x and y directions range from —3.6 to 3.6 Hz/voxel. For
Tx = 21.6 ms, this corresponds to less than 1/12 cycle/voxel at most. In the
z-direction, the peak of —61 Hz/voxel leads to more than one cycle/voxel.

True and reconstructed images for k-space data simulated with and without
ideal RF prephasing. We compared three reconstruction approaches: square
root sum-of-squares (SSoS) reconstruction and model-based reconstruction
with and without modeling intravoxel BO and RF prephasing effects. The
SSoS reconstructed images were scaled for display. Without RF prephasing,
the reconstructed images had severe signal loss due to intravoxel dephasing.
This signal loss was mitigated, but not entirely removed due to (near) complete
signal loss that occurs at and near the zero-crossings of the sinc function in
(5.4), when reconstructing with a model that incorporated such intravoxel
dephasing. Ideal RF prephasing by itself essentially eliminated all signal loss
due to intravoxel dephasing, regardless of reconstruction method. . . . . . .
True and reconstructed images for k-space data simulated with and without
ideal RF prephasing using a single-shot 3D EPI readout. The reconstruction
approaches were the same as in Figure 5.3. The SSoS reconstructed images
were scaled for display. Overall, these reconstructed images are of worse qual-
ity than those from the stack-of-EPI data, but they do show similar trends.
The most notable difference, however, is that ideal RF prephasing did not
recover the true image without also being combined with model-based recon-
struction using a model that includes intravoxel BO and RF prephasing effects.
Reconstructed images for k-space data simulated with varying amounts of
RF prephasing. We reconstructed these images using a model that included
intravoxel BO and RF prephasing effects. As expected, the reconstructed
image quality improved as the rephasing time increased from 0 (no prephasing)
to Tg (ideal prephasing). The residual signal loss artifact was still severe for
rephasing times ¢ € {0,5} ms. Starting at a rephasing time of 10 ms, however,

the reconstructed image quality improved significantly. . . . . . . . . .. ..
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5.6

Al

Reconstructed images for k-space data simulated with varying amounts of RF
prephasing. We reconstructed these images using a model that did not include
intravoxel BO and RF prephasing effects. The image quality of these recon-
structed images degrades much less gracefully as the rephasing time decreases
compared to Figure 5.5, which has images reconstructed using a model that

included intravoxel BO and RF prephasing effects. . . . . . . ... ... ..

Steady state STFR signal acquired at Tg = 0.5 ms for a three-compartment,
exchanging system using instantaneous and non-instantaneous RF excitation
pulses versus bulk off-resonance frequency Aw. The signals are essentially the

same in both cases. . . . . ...
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3.1

3.2

3.3

3.4

3.5
3.6

LIST OF TABLES

Unknown and known parameters used in scan design and in simulation. Values
were chosen to match literature values for white matter [1-4]. The columns
“Design A” and “Design B” contain the tissue distributions used for comput-
ing the expectation in the CRLB scan design cost function (3.6). We used
My = 1 for the scan designs because it only scales the STFR signal. The
columns “WM” and “GM” specify the tissue parameters used for simulating
white matter and gray matter tissues, respectively. For such simulations, we
hold the tissue parameters fixed across different voxels, but vary Aw and k.
The last column contains the tissue parameter distributions from which we
sampled sets of tissue parameters for training PERK. The line below x sepa-
rates parameters used in both the two-compartment and three-compartment
models (above) from those used only in the three-compartment exchanging
model (below). WM: white matter. GM: gray matter. . . .. ... ... ..
Optimized STFR scan parameters. All values have units of degrees. For design
A, the additional myelin water off-resonance Awr was taken to be unknown
and distributed uniformly from 5 to 35 Hz. For design B, Aw; was ignored
(i.e., taken to be known and equal to 0). Both design A and design B also
include two fixed SPGR scans with a=5°. . . .. .. ... ... ... ...
Comparison of various methods of MWF estimation. The reported time refers
to the entire estimation, combining the time to estimate MWF in white matter
voxels and gray matter voxels; it also includes training time for the methods
that use PERK. The best value in each column is highlighted. See Figure 3.4
for a visual comparison of these methods. . . . . .. ... ... ... ....
Left: White matter (WM) and gray matter (GM) regions of interest (ROIs).
The underlying image is from a standard MP-RAGE acquisition, acquired in
the same scan session and registered to the other scans. Right: Sample means
+ standard deviations of MWF estimates for four WM ROIs and one GM
ROL. Figure 3.6 shows corresponding MWF maps. . . . . . . ... .. ...
Numerical results for Figure 3.8. . . . . . . ... ... .. ... ..

Numerical results for Figure 3.9. . . . . . ... .. ...



4.1

4.2

4.3

4.4

Tissue parameter distributions used in scan designs and in simulation re-
sults, unless otherwise noted in the text. Parameters were uniformly dis-
tributed between the given minimum and maximum values. PERK training
also used these same distributions, except for a slightly expanded M, distribu-
tion ([0.6, 1.2] instead of the values in the table) to account for the uncertainty
in in vivo My values due to unknown scanner gain. Note that we chose the
range for Aw to cover one full period of the magnitude STFR signal model
(which is periodic in Aw with period 1/Tee, where we fixed Tiee = 8 ms for
the scan design process). . . . . ..o
Comparison of RMSEs of MWF estimates from simulated data of optimized
18-scan end-to-end designs with combinations of bulk off-resonance Aw and
flip angle scaling x being assumed unknown and known parameters. The
RMSE is unchanged regardless of whether a separate BO map (Aw) is acquired,
whereas acquiring a separate B1+ map (k) improved the RMSE by about
13%. In this work, despite the predicted increase in MWF estimation error,
we decided to forego acquiring separate BO and B1+ maps for ease of practical
in vivo implementation and to lessen the overall scan time. . . . . .. ...
Computed myelin water and non-myelin water 7 values (77 ¢ and T g, respec-
tively) determined by combining the water and macromolecule pools associ-
ated with myelin and non-myelin, respectively, using (4.5). Values for Ry,
Ry, kmsw, and kg, were determined using values in Table 1 in [5]. We also
computed T values Tty and T}, with an adjusted Ry, to account for field

strength, in which case R, was scaled by ;f:g—? Units for all table values are

s~! except for 1(?/5, which have units of ms. Based on this range of values for
Ty ¢ and T4, we trained PERK using 77 ¢ values uniformly distributed from
200 to 500 ms and 77 ¢ values uniformly distributed from 1500 to 2500 ms.

CRLB (a) and RMSE (b) of MWF estimates computed using the optimized
18-scan CRLB and end-to-end scan designs as well as the scan designs used for
initialization. The end-to-end design used to initialize a CRLB scan design
was initialized with the hand-crafted initialization. (The optimized RMSE
of the end-to-end design initialized with the hand-crafted design is different
than the initial RMSE for the CRLB design initialized with the end-to-end
design due to slightly different PERK hyperparameter values.) The displayed
percentages indicate the change relative to the initial value. Despite resulting
in drastically worse CRLBs compared to the initial values in nearly all cases,

the end-to-end designs significantly improved the RMSEs in all cases.
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5.1

5.2

Al

NRMSE:s for each of the reconstructed images in (a) Figure 5.3 and (b) Fig-
ure 5.4. (a) Even though the NRMSE for the image reconstructed with a
model including intravoxel BO effects from data without RF prephasing was
only 2.3%, residual artifacts are still clearly visible in the reconstructed im-
age. On the other hand, both model-based reconstructed images from data
with ideal RF prephasing had excellent NRMSEs, regardless of whether or
not intravoxel BO and RF prephasing effects were modeled. (b) The NRMSEs
from the single-shot 3D EPI data were worse than those from the stack-of-
EPI data (a), at least for the model-based reconstructed images. In this case,
reconstructing the data with ideal RF prephasing requires using a model that
includes intravoxel BO and prephasing effects for good performance. )
NRMSEs for each of the reconstructed images in Figures 5.5 and 5.6. As
expected, the NRMSE improved as the amount of RF prephasing increased
from no prephasing to ideal prephasing. The NRMSEs for the images recon-
structed using a model that included intravoxel BO and RF prephasing effects
were much better overall than those of the images reconstructed without those

intravoxel effects. . . . . . ..

Steady state single-compartment magnetization using instantaneous and non-
instantaneous RF excitation pulses. A macromolecule magnetization (espe-
cially the longitudinal component M,) is much more sensitive to the duration
of the excitation pulse than is a white matter magnetization. iRF: instanta-

neous excitation. niRF: non-instantaneous excitation. . . . . . . . . . . ..
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ABSTRACT

Magnetic resonance imaging (MRI) is a useful imaging modality governed by complicated
physics. One important application of MRI is myelin water imaging (MWI), in which myelin
water fraction (MWF), a measure of myelin content, is estimated. As a measure of myelin
content, MWF can be used to track the onset and progression of demyelinating diseases
such as multiple sclerosis. The traditional method used for MWI uses a multi-echo spin echo
(MESE) scan that is prohibitively slow and has not been widely adopted clinically. One aim
of this dissertation is to introduce new methods for MWI that are faster than the traditional
method and that will allow for higher quality MWF maps. This dissertation introduces using
the small-tip fast recovery (STFR) MRI scan, which is faster than the traditional scan, for
MWTI. In addition, this dissertation develops a new method for optimizing scan parameters
for improved MWI by minimizing the estimation error of the estimator to be used. A set of
STFR scans are optimized to be informative about MWF' to enable accurate estimation of
MWF. MWF is estimated using parameter estimation via regression with kernels (PERK), a
recently developed learning-based method that can learn nonlinear functions with practical
training time. PERK is trained with data simulated using a tissue model that incorporates
parameters that are neglected in the traditional method for MWI, namely chemical exchange
and off-resonance frequency differences. STFR-based in vivo MWEF estimates comparable to
MESE-based MWF estimates are obtained in about 1/5 the scan time. In simulation, the
normalized root mean squared error (NRMSE) of MWEF estimates is reduced from 42% to
14%.

In addition to advances in MWI, another aim of this dissertation is to improve the
quality of MRI images by correcting for physics-induced image imperfections. As implied
by its name, MRI uses a large magnet for imaging. Spatial variations in the ideally uniform
magnetic field due to magnetic susceptibility differences of different tissues can result in
image artifacts, or imperfections in the reconstructed image. One such image artifact is
signal loss, which occurs when the magnetic field varies too quickly across space, causing
signals at different spatial locations to be out of phase with each other. Approaches exist
that can correct for this effect to an extent, but not in very extreme cases. Therefore,
this dissertation introduces a novel acquisition and reconstruction approach to tackle this
problem. In particular, data is acquired with prephasing so the signals at different spatial

locations start out of phase but then rephase as the signal is acquired. Then an image

XX



is reconstructed from the data using a novel model-based reconstruction technique that
accounts for both the spatial variation of the magnetic field as well as the proposed prephasing
acquisition scheme. In simulation, the NRMSE of a reconstructed image is reduced from
2.3% when reconstructed without prephasing to 0.2% when reconstructed using the proposed

prephasing-based approach.
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CHAPTER 1

Introduction

Magnetic resonance imaging (MRI) is a popular medical imaging modality. It offers a non-
invasive view of the imaged object with excellent soft-tissue contrast without the need for
ionizing radiation. Furthermore, MRI is flexible, having the ability to obtain information
about many different physical processes by adjusting acquisition parameters.

One challenge in MRI is obtaining information about tissue microstructure. Typically in
MRI, the resolution of an image (i.e., the size of an image vozel, or 3D pixel) is on the order

3. Such resolution suffices for many applications (e.g., tumor detection), but for

of 1 mm
phenomena that occur on a smaller scale (e.g., demyelination), more advanced techniques
are needed. Typically, microstructural information is obtained from MRI by acquiring mul-
tiple MRI scans and fitting the data to some model that accounts for multiple sub-voxel
compartments.

One application of MRI to obtaining information about tissue microstructure is myelin
water imaging (MWI). MWI images myelin water, or the water trapped between the lipid
bilayers of the myelin sheath, and provides information about the integrity of myelin struc-
ture. It does so by computing the myelin water fraction (MWF), the fraction of MRI signal
that comes from myelin water. MWTI is useful for tracking myelination and demyelination,
and can be used to monitor related diseases such as multiple sclerosis. Though MWI was
first demonstrated in wvivo in humans in 1994 [6], and has been shown to correlate well
with histological measures of myelin content [7], it is still not a clinically accepted method
for determining myelin content due to the excessive scan times needed for conventional
MWI methods. Furthermore, conventional MWI methods neglect to model some aspects of
MRI physics, namely chemical exchange and differences in off-resonance frequencies between
myelin water and non-myelin water.

One aim of this dissertation is to address the speed and modeling issues of conventional
MWI methods. Specifically, I propose to optimize and use a faster MRI scan, small-tip fast
recovery (STFR) [8], in a novel way for MWI. I estimate MWEF from multiple STFR scans

(optimized to be informative about MWF') using parameter estimation via regression with



kernels (PERK) [9], a recently developed learning-based method that can learn nonlinear
functions with minimal training time. I train PERK with simulated data using a tissue model
that models physics more faithfully by incorporating exchange and off-resonance frequency
differences.

Another challenge in MRI is correcting for physics-induced image imperfections, or arti-
facts. The signal obtained in MRI is governed by many physical phenomena. Not accounting
for the physics when reconstructing an image from MRI data makes reconstruction simpler
and faster, but the result is a poorer quality image. Therefore, another aim of this disserta-
tion is to improve the quality of MRI images by correcting for physics-induced artifacts by
incorporating the physics into a model used in model-based reconstruction.

One physics-induced image artifact is signal loss due to spatial variations in the main B0
magnetic field. When the magnetic field varies too quickly across space, particularly within
a single voxel, signals at different spatial locations within the voxel have different phases;
thus the overall voxel signal is smaller than if everything was in phase. Approaches exist
that can correct for this effect to an extent, but not in very extreme cases.

Therefore, in this dissertation I introduce a novel acquisition and reconstruction approach
in which I acquire data with prephasing so the signals at different spatial locations within a
voxel start out of phase but then rephase as the total signal is acquired. Then I reconstruct
an image from the data using a novel model-based reconstruction technique that models
both the intravoxel B0 variation as well as the proposed prephasing acquisition scheme.

The rest of the dissertation (including my contributions, which are contained in Chap-

ters 3-5 and Appendix A and in the provided citations) is organized as follows:

e Chapter 2 explains relevant background material.

e Chapter 3 introduces the use of STFR and PERK for MWI. Its content comes from
published journal paper [10] that extends conference abstracts [11,12].

e Chapter 4 introduces an end-to-end approach to optimizing scan parameters for MWI.
Its content comes from in-preparation journal paper [13] that extends conference ab-
stract [14].

e Chapter 5 introduces a novel model-based reconstruction approach for correcting for
intravoxel B0 variation using a prephasing acquisition. Its content is an extension of

conference abstract [15].
e Chapter 6 suggests several possible areas of future work.

e Appendix A contains a brief investigation into the effects of magnetization transfer
(MT) on PERK MWF estimates from STFR scans.
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CHAPTER 2
Background

This chapter discusses necessary background information. I will start with a discussion
of relevant MRI physics and describe the origin of MRI signals. I will continue with a
discussion about the STFR scan and introduce a model describing the MRI signal that
arises from a STFR scan. Next, I will describe PERK, a supervised learning algorithm for
parameter estimation. Finally, I will describe MWI, including a definition of MWF and the
current reference method for estimating it. I will describe background related to model-based

reconstruction and intravoxel B0 effects in the relevant chapter (Chapter 5).

2.1 MRI Physics

Fundamentally, MRI is a quantum mechanical problem involving the spin property of indi-
vidual nuclei. However, a classical description often suffices because for a 1 mm? volume (a
typical voxel size in MRI) there are a lot of nuclei.

A nucleus with nonzero spin rotates around its own axis, creating a magnetic field (due
to the nonzero charge of nuclei). In a classical description, this magnetic field is represented
by a vector called the magnetic moment. Normally, each nucleus’ magnetic moment is
randomly aligned, resulting in no net macroscopic magnetization. In the presence of an
applied magnetic field By, however, each magnetic moment assumes one of two or more
discrete energy states (the number of energy states depends on the type of nucleus, e.g., 'H or
3P nuclei) that dictate the orientation of the magnetic moment with respect to the external
magnetic field [17]. Lower energy states are preferred, and thus the vector sum of a large
number of magnetic moments results in a nonzero net magnetization vector aligned with the
external magnetic field. This net magnetization vector is denoted by M = [My, My, M,]T €
R3, and, since by convention the direction of the external magnetic field is along the z-axis,
M = MO = [0,0, Mp]T in thermal equilibrium, where the equilibrium magnetization M, is
proportional both to the number of nuclei whose magnetic moments make up M and to the

strength of the external magnetic field [17].



The net magnetization will stay in thermal equilibrium until acted upon, or excited, by
another applied magnetic field, B;. This magnetic field is applied perpendicularly to By (in
the transverse plane) and must rotate at the resonance frequency of the nuclei (also called the
Larmor frequency) to push M out of thermal equilibrium. The Larmor frequency is given
by wy = 274B,, where By = ||Byll2 and 4 is a nucleus-dependent physical constant called
the gyromagnetic ratio. Because each type of nucleus has a different resonance frequency,
B; can excite one type of nucleus while leaving other nuclei undisturbed. Typically, MRI
targets 'H nuclei having a gyromagnetic ratio of 4 = 42.58 MHz/T, resulting in a resonance
frequency of about 128 MHz for a typical By = 3 T magnet. Because By is typically applied
for a short time and oscillates in the radio-frequency range, B is frequently called an RF
(excitation) pulse [17].

Following excitation, M will experience free precession (rotation of the transverse com-
ponent My 2 M, + 1My, where i £ /=1, at the Larmor frequency) and relazation
(decay of My, and recovery of the longitudinal component M,) as it returns to thermal
equilibrium. Precession causes time-varying magnetic flux that by Faraday’s law can in-
duce a voltage in a receiver coil tuned to the Larmor frequency [17]. Thus, the signal
received in MRI measures M,,. Specifically, the signal received from a voxel centered at r
is s(r,t) = fv(r) M,y (r',t) dr’, where V(r) represents the spatial extent of the voxel.

An MRI experiment typically consists of alternating periods of excitation (to generate
observable signal) and free precession and relaxation (during which the signal is recorded).
The time between successive excitation pulses is called the repetition time (Tr), and the
time from the center of the RF pulse to the center of signal recording is called the echo time
(Tg).! This process of alternating between excitation and signal acquisition is repeated until

enough data has been collected, and then the MRI image can be reconstructed.

!The technically correct definition of T actually depends on the so-called readout trajectory, which is
related to signal localization. This dissertation, however, does not focus on signal localization, so the given
definition (which is correct for traditional Cartesian readouts) suffices.



2.1.1 Bloch Equation

The dynamics of the net magnetization M (r,t) for nuclei at position r are described by the

Bloch equation?:

a . _TQ%T‘) AW(T’) _QW%BI,y(ryt) . 0
aM(r,t) = —Aw(r) —#(T) 214 By (v, t) | M(r,t)+ | 0 |. (2.1)
Mo (r
2w B y(r,t) —2mBix(r,1) ~T@ Tf(&))

B x and B,y are the x and y components, respectively, of the spatially- and time-varying RF
excitation pulse By; T} is the spin-lattice time constant governing the rate of recovery of M,
to thermal equilibrium (Mj); T» is the spin-spin time constant governing the rate of decay
of My, to 0; and Aw is the off-resonance frequency, representing deviations in resonance
frequency from the Larmor frequency due to spatial variations in the main magnetic field
By and chemical shift (deviations in the magnetic field experienced by a nucleus due to its
particular chemical environment). As written, (2.1) has no analytical solution; however, if
one assumes the RF pulse is short relative to the effects of free precession and relaxation (a
common assumption in MRI, where a typical RF pulse lasts about 1 ms, compared to 75
values from about 20-100 ms and 7} values from about 300-3000 ms) then one can solve the

Bloch equation for the separate cases of excitation and free precession and relaxation.

Excitation

For excitation, i.e., neglecting the effects of free precession and relaxation (and assuming B

is aligned with the x-axis?), the Bloch equation (2.1) becomes

0 0 0

o - .

EM(T’t): 0 0 21 By (7, t) | M(r,1). (2.2)
0 —2myBix(r,t) 0

2Technically, (2.1) presents the dynamics of M in a rotating frame of reference that rotates at the
Larmor frequency. Using the rotating frame simplifies notation, but otherwise is essentially equivalent. In
the stationary frame, Aw(r) is replaced by wo + Aw(r). Additionally, if By «(r,t) and By y(r,t) are viewed
as the real and imaginary parts, respectively, of By (r,t) € C, then in the stationary frame they are replaced
by the real and imaginary parts, respectively, of By (r,t)e~%0t. Thus, only the rotational frequency of Bj
is affected. These changes in the Bloch equation (2.1) do not affect the dynamics of M,, and the only
difference between M., in the rotating frame and the stationary frame is its rotational frequency (i.e., a
factor of e~twot),

3Excitation about an arbitrary axis in the transverse plane is possible by appropriately setting B x and
B y. This case can be viewed as first rotating the reference frame such that the arbitrary axis becomes the
x-axis in the new frame of reference, applying the solution to (2.2) (since, intuitively, changing the reference
frame does not change the dynamics of the system), and then rotating back to the original reference frame.



Its solution is simply rotation of M about the x-axis by angle (called the flip angle) a(r) =
27T to+At
to

of the excitation pulse (again, assumed to be small). (Often it is convenient to represent

By «(r,t) dt, where ty is the time at which excitation begins and At is the duration

the flip angle as a(r) = k(7r)a, where « is a constant prescribed or nominal flip angle and
k(r) captures spatially varying imperfections in Bj.) Described as a matrix equation, the
solution to (2.2) is

M (7, ty+ At) = Re(r) M (7, ty), (2.3)

where

1 0 0
R.(r)2 |0 cosa(r) sina(r)

0 —sina(r) cosa(r)

describes rotation of the magnetization about the x-axis.

Free Precession and Relaxation

For free precession and relaxation, By = 03, so the Bloch equation (2.1) becomes

5 —TQL(T) Aw(r) 0 ) 0
aM(r,t) = | —Aw(r) —#(r) 0 | M@, t)+| 0 |. (2.4)
O 0 1 MO(T)
Ti(r) Ti(r)

Its solution for t > ¢, is

-

M(r,t) = E(r,t —to)F(r,t —to)M(r,to) + (Is — E(r,t — to) F(r,t — to)) Mo(r), (2.5)

where My(r) £ (0,0, Mo(r)]T is the magnetization vector in thermal equilibrium,

e /T2 0 0
E(r,t) 2 0 e—t/T2(r) 0
0 0 e~ t/Ti(r)

describes relaxation of the magnetization, and

cos(Aw(r)t)  sin(Aw(r)t)
F(r,t) & | —sin(Aw(r)t) cos(Aw(r)t)
0 0

_ o O

describes precession of the transverse magnetization about the z-axis.



2.1.2 Bloch-McConnell Equation

The Bloch equation (2.1) uses a single-compartment model, assuming that the imaged object
is homogeneous at position r and thus can be described by a single 77 and T;. However, a
more realistic model is a multi-compartment model, where at position r there exist multiple
chemical environments, giving rise to a net magnetization vector that is a composite of the
magnetization vectors originating from each of the chemical environments. Additionally, nu-
clei may move from one compartment to another through chemical exchange. The dynamics
of the magnetization vectors for each compartment in a multi-compartment model with C

compartments are described by the Bloch-McConnell [18] equation?:

ACI (Ir7 t) ECzﬁm (T) ECcﬁcl (’I‘)
o - E. ., (r) A.,(rt E. . (r -
L L ] I
EC1—>CC (T) EC2—>CC ACC (’I‘, t)
M07C1 (r)/Tl,Cl (7‘)
+ : ; (2.6)
MO,CC (T)/TI,CC (’I")
where
_Tg,cli (r) o oy Tci‘ij (r) chi (T) _27-‘-%817}’(7“7 t)
A (r,t) & — A, (r) Tt 27; - 2mB1x(r,t)
VE
2w By (7, t) —274B1 (7, 1) _Tl,c];('f') — Z?; Tcﬁij o)
fori=1,...,C,
1 1 1 T
E. .. (r) 2 dia : :
Z_> J( ) & (|:TC¢%CJ‘ (’I‘) TCz'%Cj (’I‘) Tciﬁ‘cj (lr):| )
fori,j = 1,...,C, diag(-) creates a diagonal matrix with its vector input along the main

diagonal, T} ., is the T} for compartment c;, Th ., is the T5 for compartment c;, Aw,, is the off-
resonance frequency for compartment c;, Tei—c, is the residence time (inverse exchange rate)
for exchange from compartment ¢; to compartment c;, Mmq (r) 20,0, fe,(r)My(7)]T is the

thermal equilibrium magnetization vector for compartment c;, f., is the fraction of nuclei at

4Like the Bloch equation (2.1), the Bloch-McConnell equation (2.6) is presented in the rotating frame of
reference.



position r that correspond to compartment c; (ZZC:l fe, = 1), and My 2 [Mch e MCTC]T
collects the magnetization vectors for each compartment. The overall net magnetization
vector is M = chzl Mc Note that when the number of compartments is C' = 1 the
Bloch-McConnell equation (2.6) is the same as the Bloch equation (2.1). For analyzing the
Bloch-McConnell equation, it is again convenient to split into two cases: one for excitation,

and another for free precession, relaxation, and exchange.

Excitation

For excitation, i.e., neglecting the effects of free precession, relaxation, and exchange (and

again assuming B is aligned with the x-axis), the Bloch-McConnell equation (2.6) becomes

0 0 0

0 - .

aMMC(T,t): Ic® |0 0 214 By «(7, 1) Myic(r,t), (2.7)
0 —2m%By«(r,t) 0

where ® denotes the Kronecker product. In this case, the dynamics of each compartment
are decoupled, and so the solution to (2.7) is the same as the Bloch equation solution (2.3)

applied to each compartment individually, i.e.,

Myc(r, to + At) = (I ® Ry (1)) Myc(r, to)

RX('r)JﬁCl
= : (2.8)
RX(T)MCC
Free Precession, Relaxation, and Exchange
In the absence of By, the Bloch-McConnell equation (2.6) becomes
o - .
aMMC(r, t) = A(r)Myc(r,t) + c(r), (2.9)
where
Aq(r) Ee,ei(r) + Eepose, (1) -
B 2% E o MO,Cl (T)/TLCI (’I‘)
A(r) & |77 ) Cg.<r) CC_TCQ(T) ,  c(r) = : :
. ' ‘ - Moo (7)/T1ce(T)
EC1—>CC (T> EC2—>CC ACC (T) hee b



and

_ X 1 ]
_TQvCi (r) a % Tej—cj (r) chi (7‘) 0
_ ) X
A (r) = —Aw, (7) T Toe,(r) ; Teroe, (1) 0
1 1
_ 0 0 T T (r) ]Z#l Teire ('r)-

for i =1,...,C. The solution to (2.9) for t > ¢, is

Myic(r,t) = AN (v to) + (Tse — e AT M o (), (2.10)

. P
where My vc = [M]

o MT T X A g0 Lk
0c - Mg.,]T, and e = X

k=0 &I
In general, there is no simpler form that avoids the matrix exponential. However, if there

is the matrix exponential function.

is no exchange between a compartment and any of the others then that compartment’s
dynamics are decoupled from the other compartments’ dynamics, and thus can be solved
independently using the solution to the Bloch equation (2.5).

As stated previously, MRI measures transverse magnetization M,. For the multi-
compartment case, the measured signal is a composite of the transverse magnetizations
for each individual compartment, i.e., My, = chzl M,y .. In the absence of exchange, each
compartment’s dynamics evolve independently (and thus can ignore compartment fraction).

Then the measured signal is a weighted sum of each compartment’s transverse magnetization,
. c
e, Me =71 fe My,

2.1.3 MRI Scans

The Bloch and Bloch-McConnell equations (2.1) and (2.6) can be used to model MRI scans.
Essentially, an MRI scan is a way to manipulate magnetization vectors to obtain a desired
signal (which of course depends on tissue properties such as 77 and T3). Different scans
differentiate themselves by changing the dynamics magnetization vectors experience, accom-
plished by changing the T, T, flip angle(s), number of RF pulses per Tk, and phase of the
RF pulse(s), among other things. The large number of user-controlled parameters results in

a variety of unique MRI scans.

2.2 Small-Tip Fast Recovery (STFR)

One type of MRI scan is small-tip fast recovery (STFR) [8]. STFR includes two RF pulses

per TR, providing greater flexibility in controlling magnetization dynamics (and thus the



observed signal) than traditional MRI scans that include only one RF pulse.

One repetition of STFR begins with an initial tip-down excitation with flip angle a. Then
there is time Tt during which free precession occurs, after which there is a tip-up excitation
(“fast recovery”) where magnetization is rotated up towards the +z-axis with flip angle (
and phase ¢. Finally, there is gradient spoiling® for time T,. For STFR, Tg = Thee + T-

STFR is a steady-state scan, meaning the signal is acquired after many repetitions such
that the net magnetization experiences the same dynamics from repetition to repetition.
An expression for the steady-state magnetization can be obtained by setting up a recurrence
relation. Note that the solutions to the Bloch and Bloch-McConnell equations (2.1) and (2.6)
for the simplified cases of excitation and free precession, relaxation, and exchange all have the
form M+ =AM~ + c, where M~ is the magnetization before the dynamics occur and M+
is the magnetization after (and ¢ is the zero vector in the case of excitation); thus A and ¢
describe the dynamics that the magnetization experiences. Let M 1 be the magnetization just
after the tip-down pulse. This magnetization then experiences free precession, relaxation,
and exchange for time Thee (With dynamics Agee and cCpee), followed by the tip-up pulse
(with dynamics Agp—up), gradient spoiling, and finally the tip-down pulse (with dynamics
Ayip—down). For simplicity, the gradient spoiling can be modeled as free precession, relaxation,
and exchange for time 7, (with dynamics Agpen and cgpon) followed by (assumed) ideal
spoiling in which the x- and y-components of the magnetization (for each compartment) are

set to 0 (modeled by multiplication with a matrix S). Written mathematically,

M2 - AfreeMl =+ Cfree
MS = Atip—upMQ

MZL = Aspoile} + Cspoil
M; = SM,

MG - AtipfdownMEr

In steady-state, J\Zfss = Ml = M6. Thus,

Mss = (ISC - 14tip7down‘S’l4sp0il44tipfup14f1ree)_1 (Atipfdowns (AspoilAtipfupCfree + cspoil)) 5
(2.11)

where M., is the steady-state magnetization immediately following the tip-down pulse. The

5Gradient spoiling can be viewed as free precession with purposely induced off-resonance with the intent
to zero out the signal within each voxel.
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steady-state magnetization at the echo time is then given by
MSS,TE = ATEMSS + cT1E, (212>

where Atg and erg describe the dynamics of free precession, relaxation, and exchange for
time T%.

For a single compartment, (2.12) has an analytical expression; the steady-state signal
obtained at a given spatial location from an STFR scan at echo time Tg € (0, Tee) (typically,
Tg = Thee/2 for Cartesian scans) is given by [19]

S(MO7 Tla T27 Aw? K, Tfr667 Tg7 a, ﬁa ¢7 TE) =
Mysin(ka) [e”Ts/Th (1 — e~ Tiee/T) cos(kB) + (1 — e Te/T1)] e To/T2gmiAw TR
1 — e Ts/Tre=Tiee/T2 gin(kav) sin(k3) cos(Aw « Thee — @) — e~ Te/Tie=Tiee/ Tt cos(kar) cos(kf3)
(2.13)

For multiple compartments with exchange, there is no analytical expression for the steady-
state signal due to the matrix exponential in (2.10). For any compartment c¢; that does not
exchange with the other compartments, however, its steady-state signal can be computed
using (2.13) (using f., M, instead of Mj) and then added to the signal generated from the
other compartments that do exchange with each other (computed using the Bloch-McConnell
equation (2.6)).

The STFR signal depends on both known, user-controlled scan parameters and unknown
tissue parameters. If multiple STFR scans are acquired with different scan parameters,
then the unknown tissue parameters can be estimated using a variety of different estimation

techniques. (Figure 3.10 shows examples of such STFR scans.)

2.3 Parameter Estimation via Regression with Kernels
(PERK)

One estimation technique is parameter estimation via regression with kernels (PERK) [9], a
supervised learning method for estimating unknown parameters @ given data observations y
and known parameters v (which are typically estimated separately and then treated as known
values in PERK). In the context of MRI, y € CP collects the acquired signal for a single
voxel across D scans, and « and v collect the unknown and known parameters (e.g., T}, Aw,
etc.) for the corresponding voxel. Training data is obtained by simulating data observations
y; (e.g., by using the Bloch-McConnell equation (2.6) or STFR signal model (2.13) for each

11



of the D scans) for various values of unknown and known parameters x; and v;; these T
training data points are collected as (qi, 1), ..., (qr, ), where q; = [ly;|T v]]T € R?
and | - | denotes element-wise complex modulus. Each g; is a training feature vector with
() features, and the test feature vector q is formed analogously for each voxel of acquired
data. PERK computes estimates via regularized linear regression (ridge regression) after
first transforming the feature vectors q (for both training and testing) via some user-defined
feature map (which is never directly used but is indirectly specified through the choice of

kernel function). The PERK estimator is [9]

1
z(q) = X 1r + XM(MKM + Tplr) 'k(q), (2.14)
where X £ [x; - - - 7] denotes all of the unknown parameters in the training data, 17 € R”
is a vector of all ones, M £ I — %1T1} is a de-meaning operator, p is a regulariza-
tion parameter, the Gram matrix K € R?*T has entries K;; = k(q;, q;), where k(q) =
k(q,qv), ..., k(g,qr)]" — K17, and k(q, q') is the user-specified kernel function. A com-

mon choice of kernel function is the Gaussian kernel
/ 1 —1 N2
k(q,q') = exp —§||A (a-4d)lz ), (2.15)

where A is a positive definite weighting matrix. PERK with a Gaussian kernel corresponds to
first transforming the feature vectors q via a nonlinear feature map into infinite-dimensional
features, and then applying ridge regression on the transformed features. This lifting of fea-
tures to a higher-dimensional space improves the ability to capture the nonlinear dependence
of the signal on the unknown parameters to be estimated.

When the number of training examples T is large, (2.14) requires inverting a large matrix.
To reduce computation, one can approximate (2.14) using random Fourier features [9, 20].

Specifically, features g € R? can be approximated with

2

z(q) = E[Z(’Ul,SﬁQ)a---aZ(UH,SH;Q)]T,

where H is the kernel approximation order. It is an approximation in the sense that, by the

strong law of large numbers,

lim z(q)Tz(q) > E,.[2(v,s;q)z(v,s;q")] = k(q,q)

H—oo

for translation-invariant kernels, an appropriate function z, and appropriate probability dis-
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tributions for v and s. For the (translation-invariant) Gaussian kernel (2.15),
z(v,s;q) = cos(2m(vTq + 5)),

vy,...,vy are drawn independently from p, ~ N(0Og, (2rA)~?) (note that this A is the
same as in (2.15)), and sy, ..., sy are drawn independently from p, ~ unif(0,1). With this

approximation, the PERK estimator (2.14) becomes [9]

1 1 1 - 1

where Z = [2(q) - - - 2(qr)] is such that ZTZ is a low-rank approximation to K.

2.4 Myelin Water Imaging (MWI)

One parameter that we wish to estimate is myelin water fraction (MWF). Myelin plays an
important role in the transmission of electrical signals throughout the brain, and myelin loss
is associated with decreased cognitive function. As a result, being able to measure myelin
content is of interest. The structure of myelin is smaller than typical MRI voxel sizes, so
direct imaging is not possible. However, one can account for multiple compartments within
a voxel to create quantitative maps of myelin content. Specifically, myelin water imaging
(MWI) involves creating an image of MWF, the fraction of MRI signal from a given voxel
that comes from 'H nuclei in myelin water (the water trapped between lipid bilayers within
the myelin sheath, as illustrated in Figure 2.1). The differences in the tissue parameter values
of myelin water and non-myelin water—in particular their very different 75 times (~20 ms for
myelin water versus ~80 ms for non-myelin water)—result in different signal characteristics,

enabling separation of the two compartments.

2.4.1 Multi-Echo Spin Echo (MESE)

The standard method for myelin water imaging uses the multi-echo spin echo (MESE) MRI
scan. A MESE scan samples the signal at multiple time points after excitation, giving
information about the T5 decay characteristics of the signal. This information is useful for
separating myelin water from non-myelin water based on T, values.

One repetition of MESE [21] that uses a Carr-Purcell-Meiboom-Gill (CPMG) train con-
sists of an initial excitation with flip angle aex = 90° about the x-axis followed by a sequence

of N, refocusing excitations with flip angle a,os = 180° about the y-axis. The signal is
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Figure 2.1: Image of myelin from an electron microscope. The myelin sheath (shaded in
blue) consists of layers of myelin (myelin bilayers). Water trapped within the myelin bilayers
is called myelin water, and all other water (both within the axon—the area enclosed by
the myelin sheath—and without the axon) is called non-myelin water. (Original image
from http://www.teachmentortexts.com/2013/01/be-agent-of-change.html, accessed
September 18, 2020 at 9:57 AM EDT.)
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sampled at times Tg, 27%, . . ., NwefTg after the initial excitation, resulting in N, images in
one MESE scan.
MWEF is estimated from the MESE images using the nonnegative least squares (NNLS)

algorithm, which solves
#(y) = argmin || Az —yl; + Bl (2.17)

where & > 0 constrains each element of & to be nonnegative, and 8 > 0 is a regularization

parameter. In the context of myelin water imaging with MESE, y € RVre

represents the
acquired magnitude MESE signals (one after each refocusing excitation) for a given voxel,
A € RMerxC is a dictionary where each column represents the N, simulated magnitude
MESE signals for a particular choice of Ty, and & € R represents how much of the different
T5 compartments are present. MWF is calculated by summing up the elements of & that
correspond to T, values within a certain range corresponding to myelin water (typically
10-40 ms) divided by 37, ..

One benefit of using NNLS for myelin water imaging is that a large number of compart-
ments C' can be modeled at one time by specifying C' different 75 values when constructing
the signal dictionary A. On the other hand, this method ignores exchange between any of the
compartments, as the signals arising from different compartments are just linearly combined
to model the acquired signals y. Another drawback is that the dictionary entries vary only

with 75 (i.e., other tissue parameters are held constant), though there are generalizations

that overcome this issue (at the cost of increased computation) [22].

2.4.2 Tissue Models for MWI

When using NNLS, one assumes a certain tissue model, one wherein the tissue is charac-
terized by C' different compartments that differ only in 75 values and that do not exchange
with each other. There are other tissue models that can be utilized as well. This disser-
tation considers three other models: a two-compartment model with and without exchange
and a three-compartment model with exchange. These models are described next and are

summarized in Figure 2.2.

Two-Compartment Tissue Model with and without Exchange

The two-compartment tissue model without exchange consists of two compartments that
represent myelin water and non-myelin water and that differ in 7}, T3, and off-resonance

frequency, as shown in Figure 2.2(a). The T} and T» values of the myelin water compartment
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(a) Two-compartment model without exchange. (b) Three-compartment model with exchange.

@ e h a Myelin Water e h
My My Tiy  Telss
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To¢ Tslof
ff T2,s f s AWf
A(,Uf = M, 0 Tl,s
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. Water ) Water J Water )

Figure 2.2: Tissue models for MWI. The two compartments of the two-compartment model
(a) are myelin water and non-myelin water, each with its own T3, Ty, compartment frac-
tion, and (for myelin water) off-resonance frequency. Exchange between myelin water and
non-myelin water can also be modeled (not shown). The three-compartment model (b)
adds a macromolecule compartment, with its own T, T, and compartment fraction, as
well as exchange from myelin water to macromolecules. The subscript “f” is for “fast” or
“fast-relaxing” and is used for myelin water because it experiences faster relaxation than
non-myelin water; conversely, non-myelin water uses the subscript “s” for “slow” or “slow-
relaxing”. The subscript “m” stands for “macromolecule”.
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are denoted as T3¢ and Ty (the subscript “f” refers to “fast” or “fast-relaxing” and arises
because the T; and T; values of the myelin water compartment are smaller than those of
the non-myelin water compartment, leading to faster relaxation rates). Similarly, the 77 and
T, values of the non-myelin water compartment are denoted as 7 s and T4 (“s” for “slow”
or “slow-relaxing”). The two compartments share the same M, but differ in compartment
fraction (f; for myelin water, f; for non-myelin water). In this sense, M, represents the
total equilibrium magnetization in the voxel, while M f; and M, f; represent the effective
M, for each compartment individually. MWF is represented by f;, and fi+ fs = 1 since they
represent fractions of the entire observed signal for one voxel. Off-resonance frequency Aw
(also called the bulk off-resonance frequency) is not tissue specific, and thus is not included
in the tissue model; however, other sources of off-resonance effects can be tissue specific,
leading to different off-resonance frequencies for tissues that experience such effects. This
additional off-resonance frequency is denoted by Awg, and plays a role only in the myelin
water compartment [1]. (To be clear, the total off-resonance frequency experienced by myelin
water is Aw+ Awy, and that experienced by non-myelin water is just Aw.) The myelin water
off-resonance shift Aw; comes from magnetic susceptibility differences between myelin and
the surrounding water and varies with the orientation of the myelinated axons with respect
to By [23].

The two-compartment model can also incorporate exchange, characterized by the resi-
dence time or inverse rate of exchange. Specifically, magnetization exchanges from the myelin
water compartment to the non-myelin water compartment (with residence time 7¢_,5) and
vice versa (with residence time 7y_,¢). This model also assumes the two compartments are

in chemical equilibrium, meaning fi7s_¢ = fsTr_s-

Three-Compartment Tissue Model with Exchange

The three-compartment tissue model with exchange consists of three compartments that rep-
resent myelin water, non-myelin water, and macromolecules and that differ in 77, T5, and off-
resonance frequency, as shown in Figure 2.2(b). This model starts with the two-compartment
exchanging model and adds another compartment for magnetization in macromolecules.
The associated T}, T», and compartment fraction are 7T} ,, Tom, and fy, (“m” for “macro-
molecule”). As in the two-compartment model, MWF is represented by f;, fi + fs + fm = 1,
and only the myelin water compartment experiences additional off-resonance. Unlike the
two-compartment exchanging model, the three-compartment model incorporates exchange
from the myelin water compartment to the macromolecule compartment (with residence time
Trom) [3]-

In this dissertation, I used these different tissue models for MWI. In particular, in Chap-
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ter 3 I used the three-compartment model with exchange. I chose to use this model because
not only does it model myelin water and non-myelin water, but it also accounts for macro-
molecules that, despite having very short T, times, nevertheless influence the acquired signal
through exchange [3]. Later, in Chapter 4, I opted to use the two-compartment model with
exchange to have a model with fewer parameters and because exchange between water and
macromolecules manifests as a change in water T} values (see Section 4.8). In both cases,
however, I sought to use a model that incorporated relevant MR physics to enable accurate
MWEF estimates.
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CHAPTER 3
Myelin Water Fraction Estimation Using Small-Tip
Fast Recovery MRI

This chapter presents published journal paper [10] that extends conference abstracts [11]
and [12]. Sections 3.1-3.6 are taken from the main published paper [10], and Section 3.7 is

taken from the supporting information for the paper.

3.1 Introduction

Quantitative magnetic resonance imaging (QMRI) is the application of MRI to estimate
parameters of interest. One QMRI application of growing interest is myelin water imaging,
where one seeks quantitative maps of myelin water fraction (MWF) [2,24]. The MWF is
the proportion of MRI signal in a given voxel that originates from water bound within the
myelin sheath. MWF maps are desirable for tracking progression of demyelinating diseases
[24], e.g., multiple sclerosis [6].

The most widely accepted myelin water imaging techniques use the multi-echo spin echo
(MESE) MRI scan (or variants) [6,22,25]. MESE is the standard for clinical MWF imaging
to which alternative MWF mapping techniques are typically compared. However, MESE
traditionally suffers from long scan times, impeding its routine clinical use. On the other
hand, a combined gradient and spin echo (GRASE) MRI scan, a variant of MESE, has been
shown to enable whole-brain MWF maps in under 8 minutes [26].

An alternative to MESE-based myelin water imaging is multicomponent driven equilib-
rium single pulse observation of 77 and Ts (mcDESPOT) that uses faster, steady-state MRI
scans [27] that can acquire whole-brain MWF maps in 7 minutes [26]. Despite evidence
showing that this method produces reproducible MWF maps (thus enabling longitudinal
studies), there are concerns about overestimating the true MWF [28,29] and its precision
[30]. Other steady-state methods have also been explored for MWF estimation, such as
multi-echo gradient echo (GRE) [31-33] and dual-echo steady-state (DESS). [34-36].

19



To our knowledge, most of these myelin water imaging techniques ignore potential differ-
ences in the effective magnetic field experienced by myelin-bound water compared to water
outside of myelin (an exception being [33]). However, it has been shown that in cerebral
white matter, myelin-bound water does in fact experience a different effective magnetic field
[1].

In preliminary work [11], we showed that modeling the additional off-resonance experi-
enced by myelin water reduces the Cramér-Rao Lower Bound (CRLB) of estimates of MWF
using small-tip fast recovery (STFR) MRI [8]. We showed that the STFR sequence is sen-
sitive to the frequency differences, suggesting that the difference in off-resonance between
myelin and non-myelin water is a potentially useful contrast mechanism containing informa-
tion that can help estimate MWF [11]. Simulations using optimized STFR scan parameters
led to MWF estimates with lower errors when there was a fixed, non-zero (but unknown)
difference in off-resonance, compared to when there was no (still unknown) frequency dif-
ference. To our knowledge, this work was the first to specifically design scans for myelin
water imaging that exploit frequency differences. Because the actual frequency difference
is unknown and might vary between voxels or disease conditions, the proposed approach
treats the difference as an unknown parameter that is estimated alongside other unknown
parameters like the 77 and 75 values of the various tissue compartments.

One limitation of our previous work was its tissue model. In [11] we assumed a two-
compartment, non-exchanging model for simplicity in computing the STFR signal. However,
neglecting exchange can lead to biases in MWF estimates [37]. Therefore, the method
proposed in this chapter uses a three-compartment model. The three compartments are
myelin water, non-myelin water, and a macromolecular pool; myelin water and non-myelin
water are in exchange, while myelin water exchanges with the macromolecular pool [3].

We previously estimated MWF from optimized STFR scans using parameter estimation
via regression with kernels (PERK), a recently developed learning-based technique for pa-
rameter estimation in MRI that uses kernel ridge regression at its core [9,11]. One alternative
method for MWF estimation is nonlinear least squares, which requires iterative methods for
solving and can get stuck in a local minimum. Another alternative is dictionary search,
which requires evaluating the STFR signal model on a discretized grid of the signal model
parameters, which quickly becomes impractical as the number of parameters increases due
to the exponential scaling of the dictionary size and compute time. Yet another alternative
is to use a neural network. While neural networks can lead to good parameter estimates,
they require a lot of training data and long training time. In contrast, PERK trains quickly
and avoids the other problems associated with nonlinear least squares and dictionary search.

Therefore, this work again uses PERK.
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This chapter substantially builds upon our previous work. First, we re-optimize the
STFR scan parameters to model variations of bulk off-resonance and to account for two
spoiled gradient-recalled echo (SPGR) scans that are used for separate bulk off-resonance
estimation. Next, we compare STFR-based MWF estimates to MESE-based MWF estimates
in simulation. In particular, we estimate MWEF from the optimized STFR scans with PERK
[9] using a three-compartment tissue model with exchange. Finally, we compare our proposed
STFR-based MWF estimation method to MESE-based MWEF estimation in vivo. Figure 3.1
illustrates the proposed approach.

The organization of this chapter is as follows. Section 3.2 provides background informa-
tion on the scans used in this work (STFR and MESE), the scan design process, and PERK.
Section 3.3 outlines our experiments, both for the STFR scan design and for MWF esti-
mation in simulation and in vivo. Section 3.4 reports the experimental results. Section 3.5

discusses our results. Section 3.6 gives concluding remarks.

3.2 Background

3.2.1 STFR

One repetition of STFR [8] begins with an initial tip-down excitation with flip angle «. Then
there is time T}, during which free precession occurs, after which there is a tip-up excitation
(“fast recovery”) where magnetization is rotated up towards the +z-axis with flip angle (
and phase ¢. Finally there is gradient spoiling for time 7,. For a single compartment, the

signal obtained at a given spatial location from a STFR scan is given by [19]

S1 (M07 T17 T2> Awa R, Tfreea Tga a, B> ¢) =
MO Sln(/ﬁ)a) [e—Tg/Tl (1 _ e—Tfree/Tl) COS(K}/B) + (1 _ 6_Tg/T1)} e_Tfree/(2T2)e_iAwaree/Q
1 _ e*Tg/Tleforee/TQ SlH(/ﬁOé) Sln(/‘fﬁ) COS(AW . j}ree J— ¢) J— e*Tg/Tl e*Tfree/Tl COS(K)O&) COS(K}ﬂ)’
(3.1)

where Mj is the equilibrium magnetization, 77 and 75 are the spin-lattice and spin-spin
time constants, respectively, Aw is the off-resonance frequency, and « is a flip angle scaling
constant (to account for differences between the prescribed and actual flip angles). Note
that approximating flip angle error as a scale factor is accurate for the small flip angles used
in this work, but typically inaccurate at larger flip angles. STFR with 5 = 0 is the same as
SPGR with Tr = Thee + 1.

For myelin water imaging, more than one compartment must be modeled. In a two-

compartment model, one compartment consists of spins within myelin (myelin water), and

21



Scan Design

Prior distributions
for unknown and | —»
known parameters

Scan Optimized scan
[Scan parameter} Design parameters P

search space P

Weights W —>

Data Acquisition Test

Bulk off-resonance data

STFR images )

=@
|| ~Dafa o[ & Bstimation
Acquisiti
cquisition ; v
Bloch-Siegert : :
(BS) images ’ jalisumation

Flip angle scaling Known
parameters

Q

Parameter Estimation

v Training data ¢
Generate Noisy (q1,x1),-..,(qn, ZN)

\4

\4

Training Data FIDIIEC

A

[MWF ];)'stimate]

Prior distributions for
unknown parameters

Figure 3.1: Workflow of the proposed methods. We first optimized a set of STFR scan
parameters by minimizing a Cramér-Rao Lower Bound, then acquired data using those
scans, as well as Bloch-Siegert (BS) scans. Two of the STFR scans were equivalent to SPGR
scans, so were used to estimate Aw, and the BS scans were used to estimate k. These
parameters were treated as known values in the MWEF estimation step. We then generated
noisy training data using an STFR signal model. Finally, we passed the training data,
acquired STFR images, and known parameters to PERK to estimate MWF voxel-by-voxel.
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the other compartment consists of other spins (non-myelin water). If one neglects ex-
change, then the STFR signal at a given spatial location is the weighted sum of the single-

compartment STFR signals of the individual compartments:

82(M07 ff7 Tl,f7 T1,37 TQ,fa TQ,SaAWfa Aw? R, Tfree; Tg7 «, /67 ¢) =
Je-s1(Mo, T, Tog, Aw + Aws, K, Three, Ty, 0, 3, 0) +
(1 - ff) . SI(MOa Tl,sa TQ,S) va R, Tfreea Tg7 «, Ba ¢)7 (32)

where the weight f; is the myelin water fraction (MWF), Ti¢ and Ty¢ are the T} and T
time constants for the fast-relaxing, myelin water compartment, 77 and T, are the T}
and T3 time constants for the slow-relaxing, non-myelin water compartment, and Aws is the
additional off-resonance that is experienced only by myelin water [1].

Although (3.2) has a convenient analytical expression, a more accurate tissue model
for cerebral white matter consists of three compartments (non-myelin water, myelin water,
and a macromolecule water pool) with exchange between the non-myelin and myelin water
compartments and from the myelin water compartment to the macromolecule compartment
[3]. In this case, the STFR signal is also a function of the macromolecule compartment
volume fraction f,, the macromolecule compartment 7' ,, and 75 ,, the residence time for
exchange from myelin water to non-myelin water 7;_,s, and the residence time for exchange
from myelin water to the macromolecule compartment 7¢_,,,, in addition to the previously
mentioned parameters. We assume the myelin water and non-myelin water compartments are
in chemical equilibrium, which means that fi7_s = (1— ff — fim)7r_s, and we assume there is
no other exchange, i.e., Tyt = Tssm = Tmos = 00 [3]. Because of exchange, the STFR signal
no longer has an analytical expression and must be computed using the Bloch-McConnell

equation [18].

3.2.2 MESE

One repetition of MESE [21] consists of an initial excitation with flip angle ., (typically
90°) followed by a sequence of Nyt refocusing excitations with flip angle . (typically 180°).
The signal is sampled at times Tg, 27, .. ., Nyt TE after the initial excitation, resulting in
N, images in one MESE scan. The repetition time Ty is typically chosen to be long enough
so that the net magnetization of the spins is in equilibrium prior to each repetition. Thus,
the MESE signal is a function of awy, arer, Tx, and Ty, as well as the same tissue parameters
as the STFR signal; but if Ty is sufficiently long there is little dependence on T3 (of any

compartment). Additionally, for myelin water imaging using MESE, normally the acquired
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MESE signal is modeled as a weighted sum of MESE signals from individual compartments,
i.e., ignoring exchange between compartments. When ignoring exchange, we computed the
MESE signal using the extended phase graph (EPG) method [38]. When accounting for

exchange, we used Bloch-McConnell simulation.

3.2.3 Scan Design Using the Cramér-Rao Lower Bound

MR image data for a single voxel in a single scan is often modeled as

y= f(z,v,p)+e, (3.3)

where f(x,v,p) € C is the MR signal that is a function of unknown parameters «, known
parameters v, and scan parameters p; and ¢ ~ CN(0,0?) is additive complex Gaussian
noise. When there are D scans then the data for a single voxel across each scan is collected

into a vector:
y:f(m>V>P)+6> (34)

where y € CP, f(z,v, P) = [fi(z,v,p1),..., fo(x,v,pp)]T, fsis the signal given by the
dth scan for d = 1,...,D, P = (py,...,pp) denotes the collection of all scan parameters,
and the noise vector is € ~ CN(0,X). We assume that each scan has noise independent
of the other scans, and we assume that each scan has the same noise variance o?; thus
Y = 0%Ip, where Ip is the D x D identity matrix.

For simplicity in computing the Fisher information matrix (see below), we further assume
that the MR signal model f is real-valued. We also take the magnitude of the received signal
y, resulting in a Rician distributed signal [39]; however, we assume sufficiently high SNR so
that this magnitude signal is approximately normally distributed with mean f(x,v,p) and
variance o2,

Under these assumptions, the Fisher information matrix for the magnitude of signal
model (3.4) is [40]

I(z,v,P) %(me(w, v, P))(Vaf(z, v, P)), (3.5)

where V, denotes a row gradient with respect to the unknown parameters . The inverse
Fisher information matrix gives the Cramér-Rao Lower Bound (CRLB) for unbiased estima-
tors [41]. In particular, the variance of an unbiased estimator for the ith unknown parameter
x; has a lower bound given by the ¢th diagonal element of the inverse Fisher information
matrix, i.e., var(z;) > [(I(x,v, P))"';;. This bound on the precision of unbiased estima-

tors is useful for optimizing experimental designs. The CRLB has been used to optimize
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MR sequence parameters for a variety of pulse sequences and applications, e.g., [9,42-44].
In this work, we optimize scan parameters of a set of D STFR scans for MWEF estimation

by minimizing an expected weighted sum of the CRLB for each unknown parameter [45]:

A

P = argmin E,,[trace(W (I(z,v, P))™ 1)), (3.6)
Pep

where P denotes the scan parameter search space, [, ,, denotes an expectation over & and v,

and W is a diagonal weighting matrix used to indicate the relative importance of precisely

estimating the different unknown parameters.

3.2.4 Parameter Estimation via Regression with Kernels (PERK)

This section describes the PERK method we use to estimate MWF from STFR scans. Sup-
pose a set of scan parameters P is given, typically the P from the scan design process (3.6).
We seek to estimate unknown parameters & after acquiring data using the D scans corre-
sponding to these scan parameters. We generate training data by simulating data y, via
(3.4) with appropriate signal models f for various values of unknown and known parame-
ters x,, and v,; these N training data points are collected as (g1, 1), .., (qy, Ty), where
. = [lyn|", )T and | - | denotes element-wise complex modulus. After scanning (with
the scan parameters P), we have test data g for each voxel (where v collects separately
estimated parameters, such as Bl+ maps, that are treated as known values), and we want
to estimate . PERK computes estimates via regularized linear regression (ridge regres-
sion), after first transforming the feature vectors g (for both training and testing) via some
user-defined feature map (which is never directly used but is indirectly specified through the
choice of kernel function). The PERK estimator is [9]

1
#(q) = X1y + XM(MKM + NpIx) 'k(q), (3.7)

where X = [z, ..., xy] denotes all of the training data, 15 € R is a vector of all ones, M =

Iy — %1 ~1% is a de-meaning operator, p is a regularization parameter, the Gram matrix
K € RN has entries K;; = k(q;,q;), where k(q) = [k(q,qv), ..., k(g qn)]" — ¥ K1y,

and k(qg, q’) is the user-specified kernel function. In this work, we used the Gaussian kernel

Ha.a) 2 exp (5187 g~ a)1B) 3:8)

where A is a positive definite weighting matrix. PERK with a Gaussian kernel corresponds to

first transforming the feature vectors g via a nonlinear feature map into infinite-dimensional
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features, and then applying ridge regression on the transformed features. This lifting of fea-
tures to a higher-dimensional space improves the ability to capture the nonlinear dependence
of the signal on the unknown parameters we wish to estimate.

To reduce storage and computational needs, we approximated (3.7) using random Fourier
features [9,20].

3.3 Methods

This section describes the experiments performed in this work. We first explain the scan
design process for optimizing a set of STFR scans for MWEF' estimation. We then explain
simulated MWEF estimation experiments that compare our proposed method to MESE-based
MWF estimation. Finally, we explain an experiment to test our proposed method in wvivo.
The code for reproducing the methods and results in this chapter is available at https:
//github.com/StevenWhitaker/STFR-MWF. The raw data is available at https://doi.
org/10.7302/nw6e-1d66.

3.3.1 Scan Design

For the STFR scan design, we computed the CRLB using the two-compartment non-ex-
changing signal model (3.2). (We used the non-exchanging model as opposed to the three-
compartment exchanging model for computational reasons.) We chose the weighting matrix
W to place full weight on the CRLB for f; (i.e., the diagonal entries of W were all 0 except
for a 1 in the location corresponding to fr). We took the flip angle scaling £ and bulk off-
resonance Aw to be known, i.e., part of v, and we optimized a set of D = 11 STFR scans.
Two of these scans were SPGR scans with fixed scan parameters and an echo time shift. We
included these scans to enable the option of estimating Aw using conventional techniques
and then treat Aw as known for further parameter estimation.

We fixed T, = 2.8 ms across all 11 scans. We fixed o = 5° and T = 10.3 ms for the
two SPGR scans. We chose a small flip angle to limit contrast between white matter and
gray matter in the SPGR scans (and thus in the estimated field map). The Tg of each STFR
scan and the first SPGR scan was 4 ms. The echo time shift between the two SPGR scans
was 2.3 ms, chosen such that fat would be out of phase between the two SPGR scans at 3 T.
For the remaining nine STFR scans, we fixed Thee = 8 ms and we constrained « € [1,15]°,
g € [0,15]°, and ¢ € [—180, 180]°. We chose the fixed timing parameters to be small but still
physically realizable, and we chose the flip angle constraints to ensure the resulting scans

would be well below specific absorption rate (SAR) constraints.
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The expectation in (3.6) requires choices for the probability distributions of the unknown
and known parameters. Table 3.1 shows the distributions we used. To explore the effect that
the additional myelin water off-resonance Awr has on the CRLB of f;, we performed one
scan design (design A) where we took Aws to be unknown, and another (design B) where
we ignored Aws (i.e., we assumed it was known and equal to 0). To solve the optimization

in (3.6), we used the NLopt package [46-49] in the Julia programming language [50].

3.3.2 MWF Estimation

For MWF estimation, we compared several estimation protocols. The proposed method,
which we call STFR3-PERK, uses PERK to estimate MWF from the optimized STFR scans,
with training data generated using the three-compartment exchanging model. This method
assumes bulk off-resonance Aw and flip angle scaling x are known (unless otherwise noted).
Another method, STFR2-PERK, is the same as STFR3-PERK, except training data is
generated using the two-compartment non-exchanging model. Again, Aw and k are assumed
known. The reference method, MESE-NNLS, uses regularized NNLS to estimate MWF from
a MESE scan. Following [22], we fit 40 different 75 components spaced logarithmically from
15 ms to 2000 ms, and computed MWF as the proportion of signal coming from components
with 75 < 40 ms to the total signal. This method does not assume knowledge of Aw or
K, but jointly estimates x. A fourth method, MESE-PERK, estimates MWF from a MESE
scan using PERK, with training data generated using the three-compartment exchanging
model. This method was included to determine whether performance differences were due
to the estimation method (i.e., NNLS versus PERK), or due to the scans (i.e., MESE versus
STFR). MESE-PERK does not assume knowledge of Aw or . Finally, because the proposed
STFR3-PERK assumes Aw and « are known, whereas the reference MESE-NNLS does not,
we compared a fifth method, STFR3-PERK-JE, that is the same as STFR3-PERK except
Aw and k are assumed unknown. Table 3.1 shows the training ranges for the methods that
use PERK.

The methods that use PERK require specifying the regularization parameter p and the
positive definite matrix A in the Gaussian kernel. For the Gaussian kernel, to eliminate
dependence on scale we set A = Adiag(myq), where X is a regularization parameter and
myq denotes the sample average across all voxels of the magnitude test data |g|, where gq
collects the magnitude STFR signals |y| and the known parameters v (see Section 3.2.4).
We chose p = 27% and \ = 235 for the regularization parameters, which we tuned using a

holdout process described in [9, Section S.IIJ.
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Table 3.1: Unknown and known parameters used in scan design and in simulation. Values
were chosen to match literature values for white matter [1-4]. The columns “Design A”
and “Design B” contain the tissue distributions used for computing the expectation in the
CRLB scan design cost function (3.6). We used My = 1 for the scan designs because it
only scales the STFR signal. The columns “WM” and “GM” specify the tissue parameters
used for simulating white matter and gray matter tissues, respectively. For such simulations,
we hold the tissue parameters fixed across different voxels, but vary Aw and k. The last
column contains the tissue parameter distributions from which we sampled sets of tissue
parameters for training PERK. The line below x separates parameters used in both the
two-compartment and three-compartment models (above) from those used only in the three-

compartment exchanging model (below). WM: white matter. GM: gray matter.

Parameter ‘ Design A Design B ‘ WM GM ‘ PERK Training Ranges
M, 1 1 0.77  0.86 unif (0, Mpex)2
fe unif (0.03,0.31) unif(0.03,0.31) | 0.15  0.03 unif (0.03,0.31)
Ty (ms) N (400, 802) N (400, 802) 400 500 unif (320, 480)
Tis (ms) | N(1000,200%)  AN(1000,200%) | 832 1331 unif (800, 1200)
Tos (ms) N(20,4?) N(20,4?) 20 20 unif (16, 24)
T (ms) N (80, 16%) N (80, 162) 80 80 unif (64, 96)
Aw (Hz) unif (5, 35) 0" 15 5 unif (0, 35)
Aw (Hz unif (—50,50)"  unif(—50,50)" | Varies Varies unif (—50, 50)°
K unif(0.8,1.2)"  unif(0.8,1.2)" | Varies Varies unif (0.8,1.2)°
fm N/A N/A 0.1  0.03 unif (0.03,0.31)
Ty m (ms) N/A N/A 1000 1000 unif (800, 3000)
Ty (ms) N/A N/A 0.02  0.02 unif (0.01,0.1)
Tr—s (ms) N/A N/A 100 20 unif (80, 150)
Tt—m (mMS) N/A N/A 50 10 unif (40, 75)

N/A — Not applicable (scan designs only used the two-compartment model).

unif(a, b) — Uniform distribution on the interval [a, b].

N (i1, 0%) — Normal distribution with mean ;1 and variance o?.
“Known parameter.

My given by the maximum signal value from data divided by the mean signal value
from the signal model with M, = 1.

bUnless the parameter is known at test time, in which case the training range covers
the range of values in the known map.
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Numerical Simulation

We compared the two optimized sets of STFR scans to validate the scan design process. We
simulated test data using the two-compartment non-exchanging STFR signal model (3.2)
using the range of tissue parameters over which the scans were optimized (to match the scan
design assumptions), and we estimated MWF using STFR2-PERK. We measured the root
mean squared error (RMSE) of the MWF estimates versus the additional myelin water off-
resonance Awy for three cases: first, using design B and training data that ignored Aws (i.e.,
all training points had Aws = 0); second, using design B and training data that accounted
for Awy; and third, using design A and training data that accounted for Aws. Section 3.7.1
describes another experiment where test data was generated using the two-compartment
model with fixed white matter and gray matter tissue values (see Table 3.1).

Next, we investigated the effects of exchange and compared STFR-based MWF estimates
to MESE-based estimates. We simulated STFR scans using design A and a MESE scan using
Qox = 90°, ager = 180°, Nyt = 32, Ty = 10 ms, and T = 1200 ms. We simulated test data
using the three-compartment model with exchange and tissue parameters corresponding to
white matter and gray matter (see Table 3.1). Additionally, we chose bulk off-resonance
Aw values to vary from —30 to 30 Hz and x values to vary from 0.8 to 1.2. We compared
MWF estimates from each of the aforementioned methods (STFR3-PERK, STFR2-PERK,
MESE-NNLS, MESE-PERK, and STFR3-PERK-JE). For these simulations we added com-
plex Gaussian noise corresponding to a SNR in white matter ranging from 7-28 across the
STFR scans and from 2-122 across the 32 MESE echoes (to match the SNR of the in vivo
data), where SNR was calculated by dividing the white matter signal mean by the noise
standard deviation.

The proposed method (STFR3-PERK) uses a model that matches the model used to
generate the test data in the previous experiment. To investigate the effects of model mis-
match, we repeated the previous experiment using a nine-compartment tissue model with
exchange for the test data. The nine compartments were created by splitting each of the
three compartments in the three-compartment model into three sub-compartments. For ex-
ample, the myelin water compartment with fraction f; and relaxation time 75y was split
into three compartments with fractions 0.5f¢, 0.25f¢, and 0.25f; and relaxation times Ty,
0.8T%¢, and 1.275¢. Section 3.7.2 repeats this experiment for a four-compartment model with

exchange and a three-compartment model without exchange.
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In Vivo Experiments

Under an IRB-approved protocol, we scanned a healthy volunteer to compare the proposed
STFR-based MWEF estimation to MESE-based MWF estimation. We used 3D acquisitions
for both the STFR and MESE scans to avoid slice profile effects. The STFR scans used
design A, and the RF pulses had time-bandwidth product of 8 and duration of 1 ms; the
two SPGR scans took 58 s and the nine STFR scans took 3 min 36 s for a total scan time of
4 min 34 s. We also acquired a pair of Bloch-Siegert (BS) scans for separate estimation of
[51]; the excitation RF pulse of these scans had time-bandwidth product of 8 and duration
of 1 ms, and used +4 kHz off-resonant Fermi pulses between excitation and readout. The
total duration of the BS scans was 2 min 40 s. Therefore, our overall STFR-based MWF
estimation scan protocol lasted 7 min 14 s. For the MESE scan, we used the same scan
parameters as in simulation (described above); the initial excitation RF pulse had time-
bandwidth product of 6, duration of 3 ms, and slab thickness of 0.9 cm, and each refocusing
pulse had time-bandwidth product of 2, duration of 2 ms, and slab thickness of 2.1 cm. Each
refocusing pulse was also flanked with crusher gradients, each of which imparted 14 cycles
of phase across the imaging volume. The total duration of the MESE scan was 36 min 11
s. For all scans, we acquired a 22 x 22 x 0.99 ¢cm? field of view (FOV) with matrix size
200 x 200 x 9 (except the BS scans used matrix size 200 x 50 x 9). We implemented the
protocol in TOPPE [52].

We used a GE Discovery™ MR750 3.0T scanner with a 32-channel Nova Medical® head
coil. We used conventional inverse FFT reconstruction followed by square-root of sum-of-
squares coil combination to make the magnitude images used for MWEF estimation. We
estimated the SNR in the white matter brain regions (pooling the four white matter regions
of interest (ROIs) in Table 3.4 for each scan/echo) to vary from 8-17 across the STFR scans
and from 6-73 for across MESE echoes.

We analyzed the center slice of the acquired data. We estimated MWF using STFR3-
PERK, STFR2-PERK, MESE-NNLS, and MESE-PERK. In this case, for STFR3-PERK
and STFR2-PERK we took bulk off-resonance Aw to be unknown (but still assumed & to

be known).

3.4 Results

3.4.1 Scan Design

Table 3.2 reports the two optimized scan design parameters. For design A, the additional

myelin water off-resonance Aw; was taken to be unknown and distributed uniformly from 5

30



Table 3.2: Optimized STFR scan parameters. All values have units of degrees. For design
A, the additional myelin water off-resonance Awy was taken to be unknown and distributed
uniformly from 5 to 35 Hz. For design B, Aw; was ignored (i.e., taken to be known and
equal to 0). Both design A and design B also include two fixed SPGR scans with a = 5°.

Scan # 1 2 3 4 3 6 7 8 9
@ 15.0 15.0 150 15.0 15.0 15.0 15.0 114 15.0
Design A B 15.0 15.0 11.6 15.0 13.3 150 149 0.3 14.4
0] -139.3 -108.1 -66.0 -28.0 25.9 64.4 104.1 146.3 173.0
o 15.0 15.0 150 15.0 15.0 15.0 15.0 15.0 15.0
Design B Ié] 15.0 145 149 148 148 149 0.0 145  15.0
) -139.3 -113.3 -63.7 -14.3 14.3 63.7 &83.2 1133 139.3

to 35 Hz. For design B, Aw was ignored (i.e., taken to be known and equal to 0).

Figure 3.2 compares the expected CRLB of the standard deviation of MWF of these two
scan designs versus Awy, where at each data point Aws is fixed (unlike the other parameters
that vary according to the distributions in Table 3.1) but still unknown, i.e., is contained in
x (see Section 3.2.3). For these CRLB calculations, we used a noise standard deviation that
corresponds to SNR ranging from 9-15 in white matter across the STFR scans to match the
SNR of the 1.1 mm isotropic in vivo data. Figure 3.2 shows that modeling Aw; improves the
precision of the optimized scan design, and that MWF becomes easier to estimate as Awy

increases.

3.4.2 MWPF Estimation

Numerical Simulation

We computed the RMSE of MWF estimates for test data generated using (3.2) with different
values of Aw; and a range of tissue parameters. For design A, we estimated MWF using
training data that was generated with a range of Awy values. For design B, in one experiment
we estimated MWEF using training data that was generated with a range of Aws, and in
another experiment the training data included only Aw; = 0. Figure 3.3 shows the results.
The mean MWF value in the test data was 0.17, so the minimum RMSE of 0.045 corresponds
to about 26% relative error. Figure 3.7 reports an analogous experiment using fixed white
matter and gray matter tissue values.

Furthermore, we investigated the effects of exchange on MWF estimates. We simulated
STFR scans (using design A) and a MESE scan, and we used the three-compartment tissue

model with exchange using tissue parameters corresponding to white matter and gray matter.
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Comparison of CRLBs of Scan Designs

ar —l- Design B:Ignore Aws during scan design
—@— Design A: Optimize over range of Aws

CRLB of Standard Deviation of MWF

0 10 20 30 40
Aws (Hz)

Figure 3.2: The two optimized scans (see Table 3.2) were evaluated to explore how including
the additional myelin water off-resonance Awy in the design process affects performance.
Design A (where Awy was included in the optimization) has a better expected CRLB for
every value of Awr within the 5-35 Hz range over which design A was optimized. Design
B (where Aws was ignored) understandably has a better expected CRLB for Aws = 0. For
each value of Awy investigated in this plot, the expected CRLB was computed with that
value of Awr held constant but unknown. Typical values of Awr in white matter are 5-35
Hz [1]. Although these CRLB values predict estimator standard deviation (for an unbiased
estimator) on the order of 100% MWF or more, we are not restricted by these large values
because we are using a Bayesian estimator (see Figure 3.11 for details).
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Comparison of How to Account for Aws
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Figure 3.3: RMSE of MWF estimates from simulated test data for various ways of accounting
for the additional myelin water off-resonance Aws. The diamond-markered green curve was
generated using scan design B (where Awy was ignored) and using PERK training data where
Aw; = 0. In other words, Awy was not considered in any aspect, neither in the scan design
nor when training. The square-markered red curve was also generated using scan design B,
but the training data included a range of Awy values. The circle-markered blue curve was
generated using design A and a range of values of Awg. The latter two methods look almost
identical, but both have much better RMSE than the first method as Aws increases.
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Table 3.3: Comparison of various methods of MWEF' estimation. The reported time refers to
the entire estimation, combining the time to estimate MWEF in white matter voxels and gray
matter voxels; it also includes training time for the methods that use PERK. The best value
in each column is highlighted. See Figure 3.4 for a visual comparison of these methods.

White Matter Gray Matter
(MWF = 0.15) (MWF = 0.03)
RMSE Mean SD |RMSE Mean SD | Time (s)
STFR2-PERK 0.215 0.349 0.082 | 0.185 0.209 0.047 21.9

STFR3-PERK 0.021 0.158 0.020 | 0.046 0.074 0.015 43.1
STFR3-PERK-JE | 0.026 0.145 0.026 | 0.044 0.069 0.021 41.3
MESE-NNLS 0.063 0.092 0.025 | 0.029 0.001 0.003 | 1602.4
MESE-PERK 0.029 0.134 0.025 | 0.026 0.026 0.025 142.7

We estimated MWF using STFR2-PERK, STFR3-PERK, MESE-NNLS, MESE-PERK, and
STFR3-PERK-JE. Table 3.3 shows the RMSEs, means, and standard deviations of the MWF
estimates. Figure 3.4 shows the ground truth map and a visual comparison of the estimated
MWFEF maps. Figure 3.5 shows the results of this experiment when using a nine-compartment
exchanging model. Figures 3.8 and 3.9 show results when using a four-compartment exchang-
ing model and a three-compartment non-exchanging model, respectively. The anatomy for

the simulated data used in these experiments came from BrainWeb [53].

In Vivo Experiments

We scanned a healthy volunteer using scan design A. Figure 3.10 shows images of the two
SPGR and nine STFR scans of the subject. In the same scan session, we also scanned the
volunteer with a MESE scan. Figure 3.6 shows MWF maps that were computed from the
STFR and MESE scans. In this case, we made the STFR-based MWF estimates without
using a separately estimated Aw map because the MWEF estimates made with the separately
estimated Aw map exhibited spatial variation that mimicked the field map spatial variations,
which we do not expect in MWF maps (i.e., we expect myelin content to be independent of

Aw). Table 3.4 shows numerical results for the in vivo data for several ROIs.

3.5 Discussion

Almost all of the optimized flip angles o and ( for both scan designs A and B are equal
to (or are very close to) the upper constraint, and there is a wide spread of tip-up phases

(see Table 3.2). This seems to suggest that most of the information needed for estimating

34



Ground Truth
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STFR3-PERK-JE
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MESE-NNLS

-0.25

-0.20
MESE-PERK 0.15
0.10

0.05

0.00

Figure 3.4: Right: MWF maps from five methods using simulated test data for a three-
compartment tissue model with exchange. Table 3.3 reports numerical results. The proposed
STFR3-PERK estimates are closer to the true MWF value for white matter tissue values
than are the MESE-NNLS estimates. Left: Bulk off-resonance Aw and flip angle scaling x

maps used in this simulation.

Table 3.4: Left: White matter (WM) and gray matter (GM) regions of interest (ROIs).
The underlying image is from a standard MP-RAGE acquisition, acquired in the same scan

session and registered to the other scans. Right: Sample means + standard deviations of
MWEF estimates for four WM ROIs and one GM ROI. Figure 3.6 shows corresponding MWF

maps.

ROI ‘STFR2—PERK STFR3-PERK

WMI | 0.175+£0.021  0.116 + 0.029
WM2 | 0.1754£0.009 0.117 +£0.011
WM3 | 0.206 £0.010  0.133 £ 0.010
WM4 | 0.195£0.008  0.138 £0.010

0.187+£0.034  0.110 £ 0.029
ROI ‘ MESE-NNLS  MESE-PERK
WMI | 0.096 £0.042  0.105 £ 0.030
WM2 | 0.089£0.046  0.097 £ 0.023
WM3 | 0.108£0.036 0.133 £0.014
WM4 | 0.121 £0.039  0.141 £0.014

0.034 £0.035  0.085 £ 0.034

35
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Figure 3.5: MWF maps from five methods using simulated test data for a nine-compartment
tissue model with exchange. These results are essentially the same as when using the three-
compartment exchanging model (see Figure 3.4). Thus, even though STFR3-PERK was
trained with a three-compartment exchanging model, it still produced good MWEF estimates
from signal generated using a nine-compartment exchanging model.
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Figure 3.6: MWF maps from in vivo MESE data and STFR data using scan design A.
Table 3.4 shows numerical results for several manually selected regions of interest. The
MESE-NNLS MWF map appears noisier than those shown in other works. This is likely due
to the lower SNR of our data due to differences in voxel size. To match the STFR resolution,
we acquired MESE with 1.1 mm isotropic voxels, whereas often MESE data is collected with
slice thickness of 5 mm and 1.6 mm or greater in the phase encode direction. Remarkably,
MESE-PERK is much less noisy than MESE-NNLS. This is likely due to PERK being a
Bayesian estimator that discourages estimates that are far from the mean MWF training
value.
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MWEF lies in the phase accrual that occurs between the tip-down and tip-up excitations, so
the flip angles should be chosen to maximize SNR. Interestingly, however, an unreported
experiment showed that a scan design with flip angles set to 15° and with an even spread
of tip-up phases ¢ resulted in CRLBs that were many orders of magnitude worse than
the optimized scans. This result emphasizes the importance of the scan design process in
choosing scan parameters, because these optimized parameters are robust across a range
of Awy values (see Figure 3.2). We also looked at optimized scan parameters when fixing
Thee to 6 ms. We found that the tip-up phases still covered a spread of values, but the
range of phases was slightly smaller, which makes sense because a smaller Tf.. leads to less
off-resonance precession.

The expected CRLB for scan design A is better than that of design B when compared
across many values of the additional myelin water Awy (see Figure 3.2), as expected because
the optimization of design B ignored the presence of Aws. Figure 3.2 also illustrates the
impact that Aw; has on estimates of MWF; MWF becomes harder to estimate as Aws
approaches 0. These findings appear to be at variance with the findings in [54], where in
multi-GRE MWF estimation modeling Aw; led to worse estimates at 3T. However, there
is likely more information about Awg in the STFR scans because of the optimized tip-up
phases, which could explain why modeling Awy in this work improved MWF estimation.

Simulated test data showed that scan design A and scan design B gave similarly good
estimates of MWF across many values of Awy, at least for a range of tissue parameters (see
Figure 3.3). At first glance, one may be surprised that design A performed noticeably better
than design B with respect to the expected CRLB, and yet the two designs had similar
RMSE values. One may also be surprised that the RMSE values were relatively small
(about 25% of the mean MWF value) even though the expected CRLB predicted errors of
100% or more. However, PERK is a Bayesian estimator; thus, the unbiased CRLB does
not necessarily predict the precision of MWEF estimates computed by PERK. We minimized
the unbiased CRLB during scan design because of its simplicity, but recognize that other
objective functions for scan optimization may be better suited for MWE estimates from
PERK or other Bayesian estimation methods. We investigated the effect of bias in Section
S3 of the Supporting Information.

Simulated test data also shows that STFR-based myelin water imaging compares well to
MESE-based approaches. Compared to the conventional MESE-NNLS, STFR3-PERK gives
more accurate results in simulated white matter voxels, in addition to reducing estimation
time by more than an order of magnitude (see Table 3.3). This result is interesting because
the simulated MESE echoes generally had much higher SNR than the STFR scans. Combin-
ing MESE with PERK improves upon the NNLS results. However, the MESE scan is longer
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than the combined time of all the STFR and BS scans. Furthermore, MWF estimation
using MESE-PERK takes longer than STFR3-PERK because when simulating the MESE
signal one must simulate a collection of spins to account for stimulated echoes, which is not
necessary for STFR. This simulated data also shows that ignoring exchange when estimating
MWEF with STFR scans results in drastically overestimated MWEF values (see Figure 3.4), so
it is essential to generate training data that accounts for exchange. These same results hold
even when the test data was generated using a nine-compartment exchanging model (see Fig-
ure 3.5). See Section S2 of the Supporting Information for results using a four-compartment
exchanging model and a three-compartment non-exchanging model.

The in vivo MWEF estimates in Figure 3.6 further emphasize the importance of modeling
exchange. The MWF map given by STFR2-PERK has higher MWF values than the map
given by STFR3-PERK. The three-compartment model led to maps that better agreed with
the MWEF maps estimated from MESE data. Table 3.4 indicates that in all white matter
ROIs the STFR3-PERK estimates are within one standard deviation of the mean MESE-
NNLS estimates. In gray matter it is different; however, this difference could be due to
how the STFR training data were simulated, as typical values for gray matter 7} ¢ and 7 ¢
are slightly outside of the range of values generated for training. Figure 3.6 and Table 3.4
also demonstrate the effect that the estimation method has on MWF estimates: the MESE-
PERK estimates have decreased standard deviation compared to the MESE-NNLS estimates.
Furthermore, Table 3.4 demonstrates that STFR-based MWF estimates have lower standard
deviation than MESE-based MWEF estimates, despite the MESE scans being 5x longer than
the STFR scans.

For the in vivo data, we did not use a separately acquired bulk off-resonance Aw map as
a known parameter for our proposed STFR-based MWF estimation technique, even though
the scan design and simulations assumed that Aw was known. When we attempted to use
the separately acquired Aw map for the in vivo data, the MWF estimates appeared to be
more biased in regions with high Aw values. Further work is needed to investigate this
behavior.

For the in vivo data we acquired a 9 mm slab in about 7 minutes total scan time with 1.1
mm isotropic resolution. Whole brain coverage would require 4 times as much data (with 2
mm slices), so our proposed approach would take about 28 minutes, which is longer than the
8 minutes achieved by the GRASE method. However, in [26] the authors under-sampled the
GRASE data by a factor of 4, whereas we acquired fully sampled data. By under-sampling
by the same factor the proposed STFR approach would achieve whole-brain coverage in

about 7 minutes.
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3.6 Conclusion

This work optimized a set of STFR scans that can be used to estimate MWF. We found that
estimates of MWEF are more precise for larger values of the frequency difference Aws between
myelin water and non-myelin water. Fortunately, in white matter reported values of Aws
that are far enough away from 0 to aid estimation of MWF [1]. We also found that modeling
exchange (i.e., using a more accurate tissue model) greatly impacts the MWF estimates from
STFR scans. When modeling exchange, STFR with PERK yields MWF estimates that are
comparable to MESE-based MWF estimates.

This is the first work to compare STFR-based MWF estimation to MESE-based MWF
estimation. Additionally, to our knowledge, this is the first work to generate MWF estimates
from a MESE scan using PERK. While this estimation method was not the main point of
this chapter, it illustrates another potential method for MWEF estimation.

This study was a proof-of-concept study to see if STFR could be applied to estimating
MWE. As such, only a single healthy volunteer was scanned. While the initial comparison
of STFR to MESE is promising, future studies should compare the two methods across mul-
tiple volunteers. Additionally, our proposed MWEF estimation method should be validated
in pathology to verify that it can detect, e.g., multiple sclerosis lesions. Such verification is
especially important because the proposed method assumes a fixed number of tissue com-
partments, which may or may not inhibit its sensitivity to anomalies.

There are several ways in which the scan design process could be further explored. Our
choice to optimize nine STFR scans for scan design was somewhat arbitrary, so one could
explore different numbers of scans to see how the CRLB is affected for a given scan time
budget. Additionally, one could change the space of scan parameters over which to optimize;
especially interesting would be to increase the upper bound on v and S to see if the optimized
scans would have a greater variety of flip angles. Another route to explore is to adjust the
weighting matrix W to optimize STFR scans for estimating other parameters in addition
to or instead of MWF'. In particular, since the results here suggest that the STFR scans are
sensitive to the effects of exchange, it could be interesting to optimize STFR scan design for
quantifying exchange parameters. Additionally, future work could explore what parameters
to include as known parameters versus unknown parameters, in both the scan design and in
PERK.

Finally, to reduce the scan time of the STFR scans, either to allow for more scans or to
reduce scan time, one could under-sample the MRI k-space data. The image reconstruction
would then be under-determined, thus requiring some sort of regularized reconstruction.

Methods that jointly reconstruct all D scans at once would be a natural approach, e.g.,
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(55, 56].

3.7 Supporting Information

This supporting information presents additional results and discussion for experiments not

included in the main body of the chapter.

3.7.1 Estimator RMSE for White and Gray Matter Tissue Values

We compared MWF estimates from scan designs A and B. We simulated test data using the
two-compartment non-exchanging STFR signal model using tissue values typical of white
matter and gray matter (see Table 3.1), and we estimated MWF using STFR2-PERK. We
plotted RMSE of MWF estimates from both scan designs versus the additional myelin water
off-resonance Aws. Figure 3.7 shows the results.

Figure 3.7 indicates that scan design A gives better MWF estimates in white matter over
values of Aw; we expect to see, but scan design B performs better in gray matter. However,
the values of 11 ¢ and T} for gray matter are (slightly) outside of the range of values used
for the scan designs and for training our estimator. When quantifying MWF in gray matter

is of interest, one probably should use a wider range of values for scan design and training.

3.7.2 Estimator Performance with Model Mismatch

We compared MWF estimates from STFR2-PERK, STFR3-PERK, MESE-NNLS, MESE-
PERK, and STFR3-PERK-JE for different ground truth models. First, we generated test
data for white matter and gray matter tissue values using a four-compartment exchanging
model. The four compartments were myelin water, axonal water (i.e., water in myelinated
axons), all other water, and macromolecules. Myelin water was in exchange with the macro-
molecular pool, myelin water and axonal water exchanged with each other, and myelin water
and all other water exchanged with each other. Figure 3.8 shows the results, and Table 3.5
reports numerical values. STFR3-PERK still provides good MWEF' estimates despite the
model mismatch between the test data and the training data.

We then generated test data for white matter and gray matter tissue values using a
three-compartment non-exchanging model. The three compartments were the same as in
the three-compartment exchanging model that STFR3-PERK was trained with, except no
exchange occurred (i.e., the exchange rates were set to 0). Figure 3.9 shows the results,
and Table 3.6 reports numerical values. Without exchange, the three-compartment model

becomes essentially a two-compartment model because the T; of the macromolecular pool
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Figure 3.7: RMSE of MWF estimates for white matter and gray matter simulated test data.
Scan design A has better RMSE in white matter for values of Aw; we expect to see in white
matter. This better RMSE in white matter is at the cost of worse RMSE in gray matter.
Note that the values of 77 and T} ¢ for gray matter were outside of the range of values used
for the scan designs and for training our estimator.

Table 3.5: Numerical results for Figure 3.8.

White Matter Gray Matter
(MWF = 0.15) (MWF = 0.03)
RMSE Mean SD | RMSE Mean SD | Time (s)
STFR2-PERK 0.170  0.308 0.062 | 0.112 0.133  0.044 14.7

STFR3-PERK 0.028 0.130 0.020 | 0.028 0.052 0.017 42.1
STFR3-PERK-JE | 0.040 0.120 0.026 | 0.028 0.046 0.022 42.2
MESE-NNLS 0.071 0.084 0.024 | 0.029 0.001 0.004 | 1623.6
MESE-PERK 0.033 0.127 0.023 | 0.056 -0.005 0.043 167.3
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Figure 3.8: MWF maps from five methods using simulated test data for a four-compartment
tissue model with exchange. The four compartments considered were myelin water, axonal
water (i.e., water in myelinated axons), all other water, and macromolecules. The results
are similar to those using the three-compartment model with exchange. Table 3.5 shows
numerical results.
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Table 3.6: Numerical results for Figure 3.9.

White Matter Gray Matter
(MWF = 0.15) (MWF = 0.03)
RMSE Mean SD | RMSE Mean SD | Time (s)

STFR2-PERK 0.048 0.181 0.037 | 0.047 0.045 0.044 14.8
STFR3-PERK 0.097  0.055 0.020 | 0.051 0.058 0.043 41.9
STFR3-PERK-JE | 0.092 0.061 0.024 | 0.047 0.045 0.045 41.9
MESE-NNLS 0.031 0.148 0.031 | 0.027 0.007 0.013 | 1606.2
MESE-PERK 0.038 0.178 0.025 | 0.046 0.066 0.029 142.1

is so small. Thus it makes sense that STFR2-PERK gives good MWF' estimates. The
overestimation of MWEF could be because the macromolecular pool has a nonzero f,,, but
since it contributes no signal the estimator assumes that the smaller signal is due to a
larger MWF. MESE-NNLS does better without exchange, though it still underestimates
gray matter MWEF | while STFR3-PERK does poorly. It is possible, though, that if the
training ranges for the residence times were adjusted appropriately (increased, to allow for
less exchange) then STFR3-PERK would also do well, although doing so might cause greater
estimator bias. It is somewhat surprising that MESE-PERK still gives good MWF estimates,
despite being trained with the three-compartment exchanging model. This could be because

the Tx of the MESE scan is long compared to the residence times (more than 10x longer).

3.7.3 Estimator Bias

To assess the effect of MWF estimator bias, we computed the biased CRLB [30] of scan
design A for fixed white matter tissue values (for the two-compartment non-exchanging
model). (This is unlike what we did in Figure 3.2, where we calculated an expected CRLB
over distributions of the parameters.) The biased CRLB was computed by multiplying the
inverse Fisher information matrix (3.5) by the partial derivatives with respect to the unknown
parameters of the expected parameter estimates given by PERK [30]. The biased CRLB
indeed was smaller than the unbiased CRLB (see Figure 3.11), suggesting that estimator
bias is why our estimates had low variance. We investigated the bias of our STFR3-PERK
estimator for test data using the three-compartment exchanging model with fixed white
matter tissue values. We found that even with (mild) estimator bias, our proposed MWF
estimation technique is still sensitive to changes in MWF' (see Figure 3.12). Furthermore,
our estimator bias decreases as SNR increases (e.g., by using larger voxels). Thus, while the

proposed method is biased, it still shows promise for detecting changes in MWF.
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Figure 3.9: MWF maps from five methods using simulated test data for a three-compart-
ment tissue model without exchange. Without exchange, the three-compartment model
becomes essentially a two-compartment model because the T5 of the macromolecular pool is
so small. Thus it makes sense that STFR2-PERK performs well. Surprisingly, MESE-PERK
still produces good MWEF estimates, even though it is trained with the three-compartment
exchanging model (like STFR3-PERK). This could be because the Tx of the MESE scan is
long compared to the residence times governing exchange. Furthermore, it is possible that
if the training ranges for the residence times were adjusted appropriately (increased) then
STFR3-PERK would also do well. Table 3.6 shows numerical results.
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Figure 3.10: In vivo images for two SPGR and nine STFR scans using scan design A. Each
image is the square root sum of squares combination of the individual coil data. STFR
produces contrast similar to balanced SSFP, including a similar off-resonance profile that
induces the characteristic banding artifact of balanced SSFP. Different points of this profile
are sampled as the phase ¢ of the STFR tip-up excitation varies. The nine STFR images
are sorted by increasing ¢, so this off-resonance profile is easily visualized. In the lower right
is the field map estimated from the two SPGR scans.
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Figure 3.11: Comparison of biased and unbiased CRLBs for white matter tissue values using
the two-compartment non-exchanging model. The biased CRLB is much lower than the
unbiased CRLB, suggesting that bias is the reason why our STFR-based MWEF' estimation
results in estimates with low variance. However, our proposed method still shows sensitivity
to changes in MWF (see Figure 3.12).
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Figure 3.12: Expected MWF estimates from the proposed STFR3-PERK MWF estimation
technique for fixed white matter tissue values from a three-compartment exchanging model.
The proposed method is (mildly) biased, yet it is still very sensitive to changes in true MWF
value. Furthermore, bias decreases as SNR increases. (An unbiased estimator would have
estimates along the line of identity, i.e., along the dashed line.)
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CHAPTER 4
End-to-End MRI Scan Design Approach for Improved
Myelin Water Imaging

This chapter presents in-preparation journal paper [13] that extends conference abstract
[14]. Sections 4.1-4.6 are taken from the main paper [13], and Section 4.7 is taken from
the supporting information of the paper. Further results not found in the paper are also

presented in Section 4.8.

4.1 Introduction

Myelin water imaging (MWTI) consists of making quantitative maps of myelin water fraction
(MWF) [2], the proportion of the total magnetic resonance imaging (MRI) signal within a
voxel that arises from myelin water, or water trapped within the myelin sheath. MWF maps
have potential clinical utility in that they can allow tracking the progression of demyelinating
diseases such as multiple sclerosis [6].

The most widely accepted MWI technique uses the multi-echo spin echo (MESE) scan [6].
A faster variant of this approach uses a combined gradient and spin echo (GRASE) scan [25].
Steady-state scans also have been used for MWI, including combinations of balanced steady-
state free precession (bSSFP) and spoiled gradient-recalled echo (SPGR) scans [27], multi-
echo gradient echo scans (mGRE) [31-33], dual-echo steady-state (DESS) scans [34-36], and
small-tip fast recovery (STFR) scans [10-12,14]. With the exception of the MWT approaches
using DESS and STFR, these approaches use manually chosen scan parameters, which may
limit their overall effectiveness.

In MRI, there are a number of scan parameters that are user-controlled and that affect
the acquired signal. In situations where many different scans are run, e.g., in MWI or in
quantitative MRI (QMRI) in general, one would like to choose scan parameters that produce
images that are as informative as possible. Because of complicated nonlinear relationships

between scan parameters and the acquired images, optimizing the scan parameters is not
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always straightforward. One way to automate the design of scan parameters is first to define
an objective function that provides some measure of how much information a set of images
produced by given scan parameters has, and then optimize the objective function to find the
scan design that gives the best objective function value.

The Cramér-Rao Lower Bound (CRLB), a lower bound on the variance of parameter
estimates from an unbiased estimator, often is used for optimizing scan parameters in QMRI
applications. For example, the CRLB has been used for optimizing scan parameters for
estimating relaxation times [9, 40,42, 44, 57], for B1 mapping [43], for MWT [10-12, 34—
36], for arterial spin labeling [58], in magnetic resonance fingerprinting (MRF) [57, 58], and
when estimating parameters using machine learning [9-12, 34-36,58]. However, the CRLB
characterizes only unbiased estimators; therefore, scan parameters optimized using the CRLB
may be suboptimal when paired with a biased estimator (such as regularized least squares
methods and machine learning models).

Other methods also exist for designing scan parameters. For example, in MRF one can
maximize the discrimination between tissue types present in the pattern matching dictionary
[59,60].

An alternative scan design approach is to use an end-to-end approach, where one in-
corporates an estimator into the scan design process and directly optimizes the quality of
parameter estimates from that estimator rather than the CRLB or any other metric that
is not specific to any one estimator. Such an approach has been used in, e.g., coded aper-
ture design, in which a neural network was trained while jointly optimizing the set of coded
apertures [61]. End-to-end approaches also have been used in MRF to jointly train a neural
network to estimate relaxation times while optimizing the MRF scan parameters [62] and to
design a MRF scan to minimize the error of relaxation time maps estimated using pattern
matching [63].

In this work, we introduce an end-to-end scan design approach for QMRI and apply it to
MWTI. Specifically, we optimize scan parameters for a set of STFR scans [8] by minimizing
the mean squared error (MSE) of MWF estimates obtained using parameter estimation via
regression with kernels (PERK) [9]. We compare this proposed approach to optimizing
STFR scan parameters by minimizing the CRLB of MWF estimates and show improved
MWEF estimates using the proposed approach. This work expands upon the results of a
recent conference abstract [14].

The organization of this chapter is as follows. Section 4.2 details the end-to-end scan
design approach. Section 4.3 describes our experiments. Section 4.4 reports the experimental
results. Section 4.5 provides some discussion of the results and the proposed scan design

approach. Section 4.6 gives concluding remarks.

50



4.2 Theory

Suppose, for a given voxel, there are L tissue parameters (e.g., relaxation times, field map’,
etc.) to estimate that describe the MRI signal for the voxel. Further suppose we want to
optimize P scan parameters (e.g., flip angles, repetition times, etc.). Let f : Rl x RF — CP
be a signal model that takes tissue and scan parameters & and P as input and outputs
the signal produced for a single voxel by a set of D scans (or a time series of length D in
the MRF setting). Note that f may also depend on other parameters (scan parameters or
not) that are not estimated/optimized, but we assume for simplicity of notation that these
parameters are included in f. (Such parameters could include scan parameters that are held
fixed or tissue parameters that are assumed to be known, e.g., off-resonance determined via
a separately acquired field map, in which case f would differ from voxel to voxel according
to the spatial variation of the known parameter.) Thus P contains all the scan parameters
to be optimized for each of the D scans (or for the MRF schedule).

The scan design process involves solving

argmin U(P), (4.1)
PcP

where VU is a cost function to minimize and P is the set of possible scan designs. (P includes
scans that are physically realizable, e.g., scans with positive timing parameters, and that
satisfy user-defined constraints such as flip angle limits.) For a CRLB-based scan design, ¥
computes, e.g., an average CRLB over a distribution of tissue parameters one expects to see
when scanning [10,40]. For an end-to-end scan design, ¥ will involve parameter estimates
given by a particular choice of estimator & (-) that estimates the tissue parameters given the

output of a signal model f.
In this work, we use MSE for the cost function. Given a signal model f and N sets of

tissue parameters {x, }_,, the cost function has the form

1 & 2
= N g fs L, )) - wn)”Q? (4'2)

where W is a diagonal weighting matrix used to place emphasis on the parameters of interest,

and f.(x,, P) = f(x,, P) + €, is the signal model with noise added to simulate scanner

Tn this work, we use the term “tissue parameters” to mean all parameters that influence the acquired
MRI signal that are not user-controlled scan parameters. We include non-tissue-specific parameters such as
B0 and B1+ inhomogeneities as well. An alternative label could be “non-scan parameters”, but that seems
less clear (though more precise). Because the main “tissue parameter” of interest in this work is MWF,
which is an actual tissue parameter, we trade precision of writing for clarity of intent.
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noise. With this cost function, we optimize scan parameters specifically to improve the error
of our chosen estimator, thus tailoring the scan parameters to the estimator’s needs.

Typically, the tissue parameters x, will be drawn randomly from user-chosen distri-
butions. If @(-) is a supervised machine learning method, then T training data pairs
{(@4, f-(x4, P))}L_, also are required, in which case the training tissue parameters &; also
typically will be drawn randomly from user-chosen distributions (usually the same as used
for the x,, draws). We randomly draw these parameters once and then hold them constant
throughout the scan design process.

Another consideration for supervised machine learning estimators is that the training
data pairs (@, f-(@;, P)) depend on P. As a result, one cannot train &(-) once and use it
throughout the scan design process; rather, &(-) must be retrained whenever P is updated.
In this case (or in any case where the estimator depends on P, such as when generating a
dictionary for pattern matching in MRF), the MSE cost function more appropriately would

be written

UP) = =3 [W(a( (. P), P) — )} (1.3

where (-) first trains @(-) using P and then applies &(-) to estimate tissue parameters.
Figure 4.1 shows a block diagram illustrating the end-to-end scan design approach using

(4.3).

4.3 Methods

In this work, we used a tissue model with two compartments: myelin water and non-myelin
water. In each voxel we modeled L = 10 tissue parameters: the overall My, MWF f;, T} for
each compartment (7' and 7)), T» for each compartment (T5¢ and Th), residence time
Tr_s Of water exchange from myelin water to non-myelin water, bulk off-resonance frequency
Aw, additional off-resonance frequency offset Aws experienced by myelin water [1], and flip
angle scaling k. (The subscript “f” refers to the fast-relaxing compartment, or myelin water,
while the subscript “s” refers to the slow-relaxing compartment, or non-myelin water.) We
assumed the two water pools were in chemical equilibrium, and thus the residence time of
exchange from non-myelin water to myelin water was determined from f; and 7, [10]. We
evaluated the STFR signal model with this two-compartment exchanging tissue model using
the Bloch-McConnell equation [18] implemented in the Julia [50] package BlochSim.jl [64].
Table 4.1 lists the parameter distributions used for generating N = 1,000 validation and
T = 20,000 training sets of tissue parameters for the scan designs and for training PERK.

These parameter distributions were chosen to cover a range of tissue parameter values seen in
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Figure 4.1: Diagram of the end-to-end scan design process, in which scan parameters P are
optimized subject to constraints P to minimize the end-to-end cost function (4.3). Validation
and training sets of tissue parameters are sampled before and held fixed during the iterative
optimization. The end-to-end cost function is computed in several steps. First, the current
candidate scan design P is used to simulate noisy data, using a signal model f, from both
the validation and training tissue parameter sets. The training set of tissue parameters is
then paired with the associated noisy signals and used to train the estimator @(-). Next,
the noisy signals from the validation set of tissue parameters are given to the estimator to
estimate the underlying tissue parameters. Finally, these estimates are compared to the true
tissue parameters to compute a (weighted) MSE. The scan design process seeks to minimize
this MSE.
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Table 4.1: Tissue parameter distributions used in scan designs and in simulation results,
unless otherwise noted in the text. Parameters were uniformly distributed between the
given minimum and maximum values. PERK training also used these same distributions,
except for a slightly expanded M, distribution ([0.6,1.2] instead of the values in the table)
to account for the uncertainty in in vivo M, values due to unknown scanner gain. Note that
we chose the range for Aw to cover one full period of the magnitude STFR signal model
(which is periodic in Aw with period 1/T}.e., where we fixed The = 8 ms for the scan design
process).

Parameter ‘ Minimum Maximum

My 0.7 1

fe 0.02 0.31
Ty ¢ (ms) 200 500
T, (ms) 1500 2500
T (ms) 10 25

Ty (ms) 60 100
Ti—ys (MS) 10 150
Awe (Hz) 0 10

Aw (Hz) —62.5 62.5
K 0.8 1.2

cerebral white matter (WM) and gray matter (GM) [2-5,23]. (See Section 4.7 and Table 4.3

for a discussion of using the results in [5] to determine values to use for T’ s and T} ;.)

4.3.1 Scan Designs

We sought to optimize the scan parameters of D STFR scans for improved MWF estimation
(i.e., we chose W in (4.3) to place emphasis only on MWF, thus computing the MSE of MWF
estimates). We chose to use STFR scans because STFR is a fast, steady-state scan that also
incorporates an additional tip-up RF pulse, giving additional degrees of freedom (relative to
typical steady-state scans that include just one RF pulse per repetition) for the scan design
process to explore and potentially exploit for improved MWF estimation. Furthermore, in
addition to relaxation times, STFR is also sensitive to Awg [10], which we modeled in this
work. (We note, however, that the end-to-end scan design approach proposed in this work is
general and can be applied using other scans or even a combination of different scans.) For
simplicity, we fixed all timing parameters with Tje. = 8 ms (time between the excitation, or
tip-down, pulse and the tip-up pulse), T, = 2.8 ms (time after the tip-up pulse during which
gradient spoiling occurs), and Ty = 4 ms. We optimized the tip-down angle a € [1,75]°, the
tip-up angle § € [0, 75]°, and the phase of the tip-up pulse ¢ € [—180, 180]° for each STFR

scan. Thus we optimized a total of P = 3D scan parameters.
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We used the BFGS optimizer in the Optim.jl [65] package to optimize the scan pa-
rameters. We computed gradients of the cost function and for computing the CRLB us-
ing the Zygote.jl [66] and ForwardDiff.jl [67] automatic differentiation packages. We ran
the scan designs until reaching convergence to a local minimum (when the fy-norm of the
gradient of the cost function was less than 1078, the default Optim.jl tolerance) or after
running for 16 days. We wrote the code for running the scan designs (and for the exper-
iments below) in the Julia programming language [50]. The code is publicly available at
https://github.com/StevenWhitaker/EndtoEndScanDesign.

In addition to optimizing scan parameters, we also selected the two hyperparameters used
in PERK: the Tikhonov regularization parameter p and the Gaussian kernel length scale \.
We used cross-validation to select the hyperparameters. Specifically, we randomly selected
20,000 sets of training points and 1,000 sets of validation points using the distributions in
Table 4.1. Then for each (p,\) € {27%°,2734 .. 20} x {27° 2749 ... 2°} we trained PERK
and computed the MSE of MWF estimates from the validation data and then chose the p and
A that resulted in the least MSE. We did cross-validation before optimizing scan parameters,
i.e., using the initial scan design, held p and A fixed during the scan design, and then did
cross-validation again with the optimized scan parameters.

In previous work [10], Aw and k were taken to be known parameters, simplifying the
computation of the CRLB during the scan design process at the cost of needing to acquire
separate BO and B1+ maps when scanning. Here, we first performed four end-to-end scan
designs of 18 STFR scans, varying whether Aw and x were known or unknown parameters
to determine the impact knowledge of those parameters has on the optimized root mean
squared error (RMSE) of MWF estimates, thus determining whether acquiring separate B0
and B1+ maps is worth the additional scan time needed. For each of the four scan designs,
we initialized 16 of the STFR scans with « linearly spaced in the range [15, 30]°, 5 = ¢-a with
¢ linearly spaced in the range [0.9,1], and ¢ linearly spaced in the range (—180,180]°. The
remaining two STFR scans were initialized with Thee = 10.3 ms, Ty = 2.8 ms, a = 5°, B = 0,
¢ = 0, and two different echo times: Tk 1/Tk 2 = 4/6.3 ms. These two scans are equivalent to
a pair of Tg-offset spoiled gradient recalled echo (SPGR) scans that can be used for separate
Aw estimation. Thus, for the two designs where Aw was taken to be known these two SPGR
scans were held fixed, whereas for the two designs where Aw was taken to be unknown the
a, 3, and ¢ of these two STFR scans were optimized as for the other 16 STFR scans. Note
that in the case were Aw was taken to be known we included the fixed SPGR scans with the
STFR scans during the scan design so the scan design could optimize the STFR scans while
accounting for any (potential) additional knowledge provided by the SPGR scans beyond

just a BO map. We did not include Bloch-Siegert scans (used for separate s estimation) with
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the STFR scans because neither type of scan is a special case of the other. After these four
scan designs, we took Aw and k to be unknown for the remaining scan designs.

We then investigated how the number of optimized STFR scans impacts the RMSE of
MWF estimates. We varied the number of scans D from 11 to 20 and we ran 10 scan designs
with different initializations for each, for a total of 100 scan designs (separate from the four
scan designs from the previous paragraph). We used multiple starting points because the
end-to-end scan design cost function is non-convex, and thus there are possibly many global
and local minima, and the choice of initialization influences which local minimum is found.
For each D, one initialization was similar to the initialization described above, excluding the
two SPGR scans. For the other initializations, we uniformly randomly chose the STFR scan
parameters for each scan such that o € [5,70]°, 8 € [0, ], and ¢ € [—180, 180]°.

We next ran 10 CRLB scan designs, in which we optimized the STFR scan parameters
for D = 18 scans to minimize the mean CRLB of MWF estimates, as in [10]. We computed
this mean by averaging the CRLB for 20,000 sets of tissue parameters, randomly selected
according to the distributions in Table 4.1. We initialized these CRLB designs in the same
way as the 18-scan end-to-end designs, except we replaced one of the random initializations
with an optimized end-to-end scan design (so that CRLB design started where the end-to-end
design stopped).

4.3.2 MWF Estimation

We compared the MWEF estimates of the 18-scan end-to-end design with the lowest MWF
estimation error to those of the 18-scan CRLB design with the lowest CRLB of MWEF es-
timates. We computed the MWF estimates using PERK, as in the end-to-end scan design.
Unlike in the scan design, in the following experiments we also de-biased the MWEF esti-
mates. (De-biasing in the end-to-end scan design was avoided for computational reasons.)
To de-bias, we first randomly generated 1,000 sets of tissue parameters according to the
distributions in Table 4.1. We then used the scan design to simulate the 18 STFR signals for
each set of tissue parameters, repeated 100 times, each time with a different noise realization.
Thus there were 100,000 sets of 18 noisy STFR signals each. Each set of STFR signals was
given to PERK from which to estimate MWF, resulting in 100,000 MWEF estimates total,
or 100 MWF estimates for each true MWF value. For each true MWF value, we averaged
the associated 100 MWF estimates to obtain the average PERK MWF estimate for that
true MWF value. We then fit a line to the 1,000 average MWF estimates to obtain an
estimate of the average PERK MWF estimate for any given value of MWF. Then, whenever
PERK produced a MWF estimate from test data, we took the estimate and returned the
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corresponding estimate of the true MWF' value from the line fit above.

We first compared the MWF estimates of the two scan designs in simulation. As was
done for the de-biasing process, we randomly generated 1,000 sets of tissue parameters,
added 100 noise realizations for each, and then estimated MWEF using PERK, resulting in
100,000 MWF estimates for each scan design. We then compared the de-biased estimates to
the true MWF values.

We next compared the end-to-end design to the CRLB design using a modified BrainWeb
digital phantom [53]. We included WM and GM tissues with the following fixed tissue
parameters for WM/GM: My = 0.77/0.86, T1 ¢ = 250/250 ms, T s = 2000/2000 ms, To¢ =
15/15 ms, Tp s = 80/80 ms, 7r_,s = 100/20 ms, and Awr = 7/2 Hz. The flip angle scaling x
was fixed to 1 throughout the digital phantom. We varied f; from 0.1/0.02 to 0.2/0.05 from
image bottom to top for WM/GM, and we varied Aw from —62.5 to 62.5 Hz from image left
to right. We used each scan design to simulate noisy signals for each voxel in the phantom.
To mimic differences in scale between acquired data and simulated training data, we scaled
the simulated test data by a factor of 3 (that was unknown by the training data). We then
added noise to achieve a SNR comparable to that of the in vivo data we acquired. After
simulating the noisy test data, we then normalized each voxel by the mean STFR signal
for that voxel across the 18 scans of the scan design. For training, we tried to add noise to
result in a similar training SNR as the test SNR by taking the noise standard deviation that
was used for the test data and scaling it by the ratio of the mean test STFR, signal (across
all voxels and scans) to the mean STFR signal generated from 10,000 randomly selected
sets of tissue parameters from the distributions in Table 4.1. We also normalized the noisy
training data by the mean STFR signal across STFR scans. Because we ran cross-validation
previously without signal normalization, we ran cross-validation again for both scan designs
as before, but this time scaling the validation signals by 3 and finding an appropriate training
noise standard deviation as just described. We also altered the de-biasing approach to take
into account signal normalization. We compared the de-biased MWF' estimates to the true
MWF map.

Under an IRB-approved protocol, we scanned a healthy volunteer with both the end-to-
end scan design and the CRLB scan design. We implemented the protocol in TOPPE [52].
For the implemented STFR scans, The = 8.2 ms, T, = 4.2 ms, and T = 4.3 ms. We used
3D acquisitions to avoid slice profile effects. The RF pulses had time-bandwidth product of
4 and duration of 1.5 ms. Each STFR scan took 19.9 s for a total of 5 min 57 s for each scan
design. We acquired a 24 x 24 x 1.07 cm? field of view (FOV) with matrix size 180 x 180 x 8.
We used a GE UHP 3T scanner with a 32-channel Nova Medical® head coil. We ensured

the scanner gain was the same across all 36 STFR scans. We used conventional inverse
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Table 4.2: Comparison of RMSEs of MWEF estimates from simulated data of optimized 18-
scan end-to-end designs with combinations of bulk off-resonance Aw and flip angle scaling
k being assumed unknown and known parameters. The RMSE is unchanged regardless of
whether a separate B0 map (Aw) is acquired, whereas acquiring a separate Bl+ map (k)
improved the RMSE by about 13%. In this work, despite the predicted increase in MWF
estimation error, we decided to forego acquiring separate BO and Bl1+ maps for ease of
practical in vivo implementation and to lessen the overall scan time.

‘ Aw Unknown Aw Known

x Unknown 0.046 0.046
x Known 0.041 0.041

FFT reconstruction followed by square-root sum-of-squares coil combination to make the
magnitude images used for MWF estimation. We analyzed the fifth slice of the end-to-end
data and the sixth slice of the CRLB data (there was slight motion between the scans, so we
chose the CRLB data slice that visually looked closest to the chosen end-to-end data slice).
For PERK, we used the updated hyperparameters we used in the BrainWeb experiment. For
the training data noise, we used a noise standard deviation that was approximately half that
found by taking the standard deviation of background noise voxels and scaling it as we did in
the BrainWeb experiment. To choose the noise standard deviation, we manually inspected
the MWF maps resulting from training PERK with different noise standard deviations and
chose the one that seemed to give the most visually reasonable MWF map for the end-to-
end design. (In the Supporting Information we also estimated MWF training PERK without
manually tuning the training noise standard deviation.) We compared the de-biased MWF

estimates obtained from both scan designs.

4.4 Results

4.4.1 Scan Designs

All four end-to-end scan designs that we ran to investigate the effects of taking Aw and « to
be known or unknown ran to local convergence. Table 4.2 shows that the MWF RMSE of
these scan designs was virtually unaffected by whether Aw was known or unknown, whereas
the RMSE increased by about 13% (from 0.041 to 0.046) when x was taken to be unknown
compared to when it was known.

All 100 end-to-end scan designs that we ran to investigate how the number of scans
influences the RMSE of MWF estimates ran to local convergence. When varying the number
of STFR scans in the end-to-end scan design, we found that the best MWF RMSE in each

58



5 o
+—
= 0052 °
: g .

0050 ¢ & 8 e
&2 0 '
= § o ¢ :
= 0.048 e o 8 0 $
i ® ! o e
(@) (] ®
2 0.046 ! 8
z .
= .

0.044

| | | | | | | | |
11 12 13 14 15 16 17 18 19 20
Number of Scans

Figure 4.2: Optimized RMSE of MWF estimates from end-to-end scan designs with varying
initializations and number of STFR scans. The 10 points in the plot for each given number
of scans correspond to the scan designs optimized starting from 10 different initializations.
From these results, we decided that using 18 scans was a good trade-off between scan time
and performance.

case monotonically decreased (with two exceptions), as seen in Figure 4.2. From these results,
we decided that using 18 scans was a good trade-off between scan time and performance.

None of the CRLB scan designs ran to local convergence, though in all cases the opti-
mized designs yielded lower expected CRLBs than their respective initializations. Figure 4.3
compares the 10 18-scan end-to-end designs to the 10 18-scan CRLB designs. The expected
CRLBs of 8 of the CRLB designs are understandably much lower than those of the end-to-
end designs. Surprisingly, one of the CRLB designs has a much higher expected CRLB than
do all the end-to-end designs; this is likely due to a poor initialization and possibly due to
not having enough time to reach a local minimum. One CRLB design was initialized with an
end-to-end design; the corresponding optimized scan design, though having a (very slightly)
lower expected CRLB, remained virtually the same as the initialization, which explains why
in both plots of Figure 4.3 there is one CRLB design that matches up with one of the end-
to-end designs (the one with which the CRLB design was initialized). On the other hand, all
of the end-to-end designs have much lower RMSE of MWF estimates than all of the CRLB
designs (with one exception just discussed).

Figure 4.4 shows the scan parameters of the best end-to-end scan design and the best

CRLB scan design that were used in the remaining experiments.
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Figure 4.3: Comparison of 10 CRLB scan designs to 10 end-to-end scan designs, each with
18 STFR scans. We computed the square root of the expected CRLB of MWF estimates
(left subplot) and the RMSE of MWEF estimates (right subplot) for each of the 20 scan
designs. Optimizing scan parameters to minimize the RMSE results in scan designs that
have lower RMSEs than scan designs optimized to minimize the expected CRLB. (The one
CRLB design that has a RMSE on par with the end-to-end designs, indicated by the white
triangle marker, was initialized with an end-to-end design and did not change much, i.e.,
was stuck near a poor local minimum, during the optimization process.)
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4.4.2 MWF Estimation

The de-biased MWF estimates obtained using the end-to-end scan design were more ac-
curate, less biased, and less noisy than those obtained using the CRLB design. The end-
to-end/CRLB designs’ estimates had a RMSE of 0.060/0.080, an average absolute bias of
0.040/0.043, and an average standard deviation of 0.035/0.060. Figure 4.5 shows a 2D his-
togram of the estimates versus the true MWEF values for each scan design.

Figure 4.6 shows the results of the modified BrainWeb experiment. As in the previous
experiment, the de-biased MWF estimates obtained using the end-to-end scan design were
more accurate, less biased, and less noisy than those obtained using the CRLB design.

Figure 4.7 shows the de-biased MWF maps estimated from the in vivo data. Figure 4.8
shows one of the STFR scans with WM regions of interest (ROIs) shown from which we
computed the mean and standard deviation of the MWF estimates. The MWEF map from
the end-to-end design was less noisy and appeared to have more reasonable values and decent
WM/GM contrast.

4.5 Discussion

Even though treating the flip-angle scaling factor x as a known parameter improved the
MWF RMSE of end-to-end scan designs (see Table 4.2), we decided to take it as an unknown
parameter to simplify our method and to lessen the overall scan time by avoiding a separate
B1+ acquisition (e.g., a pair of Bloch-Siegert scans). Future work could explore this trade-off
more in-depth.

Although Figure 4.2 shows many points (representing the optimized RMSE resulting from
different initializations) for each value of D (number of scans), the most relevant RMSE in
terms of minimizing the end-to-end cost is the lowest value; it is the value closest to the true
global minimum. Intuitively, this value should monotonically decrease as D increases, and
for the most part we observe this behavior. Strangely, however, the minimum RMSE for
D = 17 scans is greater than that for D = 16 (and again for D = 19 versus D = 18). Further
investigation is needed to determine why this is the case. One should keep in mind, however,
that the end-to-end scan design optimization problem is non-convex, and thus Figure 4.2 does
not show the global minimum RMSE for each value of D; this global minimum, if it could
be determined, very likely would decrease monotonically with increasing D as expected.

We note for reference that the 18-scan end-to-end scan designs typically took about 7-8
days to run to convergence on a 20-core, 2.8 GHz CPU with 64 GB memory running Ubuntu

18.04.6. However, we used the default tolerances for determining convergence, which may
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Estimated MWF

0.1 0.2 0.3 0.1 0.2 0.3
True MWF True MWF
| RMSE  Average [Bias| Average SD
End-to-End | 0.060 0.040 0.035
CRLB 0.080 0.043 0.060

Figure 4.5: Histograms of estimated MWF versus true MWF obtained when using the end-
to-end scan design and when using the CRLB scan design for the experiment where we drew
the test data randomly from the distributions in Figure 4.1. Though only MWF is shown
as varying, we varied all tissue parameters. The table shows the ensemble RMSE, average
absolute bias, and average standard deviation of the MWEF estimates. The MWF estimates
obtained using the end-to-end scan design were more accurate, less biased, and less noisy
than those obtained using the CRLB design.
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Figure 4.6: Estimated MWF maps obtained when using the end-to-end scan design and when
using the CRLB scan design. The true MWF varied from 0.1 to 0.2 in WM and from 0.02 to
0.05 in GM from image bottom to top. The results using the end-to-end design were more
accurate, less biased, and less noisy than those obtained using the CRLB design. The second
row shows the error maps for reference. The table shows the RMSE, mean, and standard
deviation (SD) of the MWF estimates across all WM and GM voxels. For reference, the true
MWF map has a mean value of 0.151 for WM and 0.035 for GM.
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Figure 4.7: Estimated MWF maps obtained from in vivo data acquired using the end-to-end
scan design and the CRLB scan design. The MWF map from the end-to-end design was
less noisy and appeared to have more reasonable values and decent WM /GM contrast. The
table shows the mean and standard deviation (SD) of the MWF estimates across a pooled
region of interest (ROI) consisting of WM voxels (see Figure 4.8).
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Figure 4.8: One STFR scan with WM ROIs shown from which we computed the mean and
standard deviation of the MWEF estimates from the in vivo data.
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have been too stringent; relaxing the tolerances may have led to quicker convergence without
noticeably impacting the resultant scan designs. It is possible the CRLB designs also would
have converged to local minima (instead of timing out at 16 days) had we used less stringent
stopping criteria. However, we find it unlikely (particularly in light of Figure 4.3) that having
the CRLB scan designs converge would significantly impact the overall findings of this work.

The results in Figure 4.3 underscore that having a low CRLB does not imply having a low
RMSE, at least under the conditions explored in this work. Therefore, if the goal is to have
low estimation error then an end-to-end scan design approach is preferable. Future work
could extend the analysis here to consider other applications and /or estimators to determine
whether the result seen here generalizes.

The simulation results (see Figures 4.5 and 4.6) further illustrate the improved perfor-
mance of the end-to-end scan design compared to the CRLB design. The MWF estimates
resulting from the end-to-end design outperform those resulting from the CRLB design in
terms of RMSE, bias, and standard deviation; this holds when considering an ensemble of
tissue parameters (Figure 4.5) as well as when considering WM- and GM-like parameters
(Figure 4.6).

The in vivo MWF maps in Figure 4.7 also demonstrate the potential for improved per-
formance of the end-to-end scan design. The end-to-end design resulted in a less noisy
MWFEF map, and overall it appeared to have more reasonable MWF values. However, we
had to manually adjust the noise standard deviation to use for PERK training. Further
work is needed to determine a more principled way to choose an appropriate noise standard
deviation to use for training PERK to estimate MWF from in vivo data.

We also tried using the noise standard deviation computed from background voxels and
then scaled as we did for the BrainWeb experiment (this scaled noise standard deviation was
about two times that used in Figure 4.7). Figure 4.9 shows the resulting MWF maps. In
this case, the MWEF maps for both scan designs had higher values than shown in Figure 4.7.
However, the end-to-end design still resulted in cleaner MWF estimates. Additionally, the
CRLB design’s MWF map had spatial variations that appeared to mimic coil sensitivity
patterns (i.e., diminished values in the center of the brain, and increasing towards the edges
of the brain), whereas the end-to-end design’s MWF map did not. Having said that, it is
difficult to conclude much about the accuracy of the in vivo MWF maps without a ground
truth. Work towards developing a well-characterized phantom including multiple exchanging
water compartments would be very valuable in this regard.

As illustrated in the previous paragraph, the way PERK is trained can significantly
impact the resulting MWF estimates. We have found in unreported experiments that the

distributions used for generating tissue parameters for training PERK, as well as the PERK
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hyperparameters p and A, can also influence the resulting MWF estimates. Future work could
more thoroughly characterize how the way PERK is trained impacts parameter estimates.

Because the end-to-end scan design approach incorporates a specific estimator, in prin-
ciple one could optimize estimator hyperparameters jointly with scan parameters. Doing so
would increase the computational cost of each iteration of optimization but could also result
in a better local minimizer, leading to better parameter estimates. PERK has two hyperpa-
rameters (p and \), but we chose not to optimize them jointly because we found in unreported
experiments that jointly optimizing the hyperparameters only marginally improved the MSE
of MWF estimates compared to selecting the hyperparameters via cross-validation after opti-
mizing the scan parameters. Other estimators with more tunable parameters (such as neural
networks) potentially could benefit from such joint optimization.

Because the training data depends on P, PERK must be retrained each time P is updated
during the scan design process. Training PERK is non-iterative and so retraining PERK
is not computationally prohibitive. However, using a deep neural network as the estimator
could be infeasible due to the computationally expensive training required. Thus, for neural
networks, it may be preferable to optimize scan parameters to minimize training error as in
[62] rather than optimizing scan parameters to minimize generalization error as proposed in
this work.

The end-to-end scan design approach we proposed in this work is similar to the approach
in [63] in that scan parameters are optimized to minimize a validation loss (as opposed to
a training loss). One major difference, however, is that the loss in [63] is computed over
three specific sets of tissue parameters, whereas in this work we compute the loss over a
large ensemble of tissue parameters. We are able to do so because we consider collections
of individual voxels, whereas an entire image is considered in [63] to enable the modeling of
under-sampling artifacts, which are severe in the MRF approach considered in that work.
Future work could apply the end-to-end scan design proposed here to MRF and compare
this approach to that in [63].

4.6 Conclusion

In this work, we proposed an end-to-end scan design approach and applied it to MWI using
STFR scans. We compared an end-to-end scan design to a CRLB design in simulation and
in viwo. In simulation, we found that the end-to-end design resulted in more accurate, less
biased, and less noisy MWF estimates than the CRLB design, both for an ensemble of tissue
parameters and for WM- and GM-like parameters. In the in vivo case, we likewise saw that

the MWF map from the end-to-end design was less noisy and appeared qualitatively more
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reasonable than that from the CRLB design. However, there was no gold standard method
to which to compare our MWEF maps, so it is difficult to make a definitive conclusion about
whether the end-to-end scan design worked better than the CRLB design.

The aim of this work was to introduce the end-to-end scan design approach. As such,
only a single healthy volunteer was scanned. Further studies are needed to use the proposed
method across multiple volunteers, both with and without pathology, to validate the efficacy
of the proposed approach.

There are several ways in which the end-to-end design approach could be further explored.
For example, one could consider a different cost to minimize rather than MSE. One approach
could be to decompose MSE as a sum of variance and bias squared terms and then introduce
a tuning parameter to control how much emphasis the optimization places on minimizing
bias versus variance. Or, rather than having a tuning parameter, one could minimize the
bias of parameter estimates subject to a constraint on the maximum allowed variance in
the estimates. Alternatively, one could replace MSE with another metric such as the mean
absolute error of parameter estimates.

Future work could also use the end-to-end design approach itself in different ways. In
this work, we only explored one estimator (PERK) and one application (MWI with STFR
scans). One could use the end-to-end scan design approach to optimize the scan parameters
of a different type (or a collection of different types) of scans for estimating one (or more)
different parameters using a different estimator.

Finally, in this work we used fully sampled data. Thus another avenue for future work is
to acquire under-sampled data and see how parameter estimates look when estimated from
the reconstructed under-sampled images even though the end-to-end design did not account
for under-sampling effects. Regularized reconstruction techniques would be needed in this
case. Methods that reconstruct all D images jointly (such as [55,56]) would be a natural
approach.

4.7 Supporting Information

4.7.1 Choosing PERK Training Distributions for 77 and 7

To choose training distributions for 7} ¢ (myelin water 77) and T} ¢ (non-myelin water 77) to
use with PERK (and to inform the range of those values to use for the simulated evaluation
data during the end-to-end scan design), we relied on the work of Manning et al. [5].
Manning et al. developed a four-pool model for describing white matter (WM) longitudinal

relaxation. The pools included both water and macromolecules for both myelin and non-
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myelin. Relative pool sizes, T7 values for each pool, and exchange times between the pools
were estimated by fitting the model for several tissue samples.

To simplify the model from four to two pools to use in our work, we combined the
water and macromolecule pools associated with myelin and non-myelin by determining an
apparent 77 for myelin water and non-myelin water, resulting in one myelin water pool and
one non-myelin water pool with T} values that reflect contributions from both water and
macromolecules. We determined the combined 7} values by computing the eigenvalues of

the Bloch-McConnell equation for longitudinal relaxation [18]:

d]\é?t’m - Rm - km—)w kw—>m Mz7m MO,mRm
_ n (4.4)

dM, '
dt kmﬁw _RW - k'w%m MZ,W MO,WRW

where the subscripts “m” and “w” respectively stand for “macromolecules” and “water”,
M, 1w is the longitudinal magnetization, R,y is the longitudinal relaxation rate, kp, /w—w/m
is the exchange rate from one pool to the other, and M, /w is the equilibrium magnetization.

The eigenvalues? are given by [68]

1
)\f/s = §(Rm + Rw + km%w + kw%m)

1
+ 5\/(Rm - RW + km—Wv - kw—>m)2 + 4]'{:m—WVk:W—Hn- (45)

The combined T} is then given by 1/)s. As there are two pairs of water and macromolecule
pools to combine, we used (4.5) twice: once to obtain T3¢ by combining myelin water and
myelin macromolecules, and again to obtain 7} ¢ by combining non-myelin water and non-
myelin macromolecules.

Manning et al. estimated model parameters for three WM tissue samples. We com-
puted Ti¢ and T4 using those parameters for each tissue sample. Values for R, Ry,
km_w, and kg, were determined using values in Table 1 in [5]. For the myelin wa-
ter pool, Ry = 1/Tim, Ry = 1/Timw, kmow = kwomMuw(00)/My(00), and ky_ym =
Myi(00) /(Ter v (Maiw (00) +1)). Similar expressions hold for the non-myelin water pool.
We also investigated accounting for the BO dependence of R,, assuming an inversely propor-
tional relationship [68], in which case Ry, was scaled by = field strength in[5)) “rpy )16 4 3 shows

3.0 T (our field strength)
the resulting 7' ¢ and T} ¢ values. Based on this range of values, we trained PERK using 7 ¢

values uniformly distributed from 200 to 500 ms and 7} ¢ values uniformly distributed from

1500 to 2500 ms.

2Technically, (4.5) gives the negated eigenvalues (to result in positive values). The original eigenvalues
are negative because they describe exponential decay.
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Table 4.3: Computed myelin water and non-myelin water 7} values (T} and T} g, respec-
tively) determined by combining the water and macromolecule pools associated with myelin
and non-myelin, respectively, using (4.5). Values for Ry, Ry, knm_w, and ky_,, were de-
termined using values in Table 1 in [5]. We also computed T} values 77 and Tf, with an
adjusted Ry, to account for field strength, in which case R,, was scaled by %. Units for all
table values are s~! except for 1(;)/57 which have units of ms. Based on this range of values
for Ty and T} 5, we trained PERK using 77 ¢ values uniformly distributed from 200 to 500

ms and 7} 5 values uniformly distributed from 1500 to 2500 ms.

‘ Rm RW km%w kw%m )\s Tl,f )\: Tla,f

Sample WM-fr 4.3 033 12 21 2.7 370 41 250
Sample WM-spl | 5.3 042 9.9 17 3.3 310 48 210
Sample WM-sp2 | 6.7 0.45 11 15 3.6 280 52 190

Rm RW km%w kw%m )\s TLS )\: Tf,f

Sample WM-fr 1.6 033 10 1.8 | 0.50 2000 0.61 1600
Sample WM-spl | 1.0 0.42 13 1.3 10.47 2100 0.51 1900
Sample WM-sp2 | 0.40 0.45 12 1.3 1044 2300 0.46 2200

Myelin

Non-Myelin

We also determined the overall apparent 77 by applying (4.5) again, this time with
the myelin water pool (subscript “m”) and the non-myelin water pool (subscript “w”). In
this case, we let Ry jw = 1/T1¢s, kmow € {13,21,18} s (each entry corresponding to
one of the tissue samples in Table 4.3 and computed from values in Table 1 of [5]), and
kwosm = fikmow/(1 — f¢), where f; is the myelin water fraction (MWF). For f;, we used
values of 0.12, 0.078, and 0.10 (derived from [5] for each tissue sample) as well as 0.15 and
0.20. The range of overall apparent T} values was about 990 to 1500 ms, which is in line with
the largest eigenvalues (i.e., the overall apparent T} computed using a four-pool version of
(4.5)) reported in Table 2 in [5]. When accounting for field strength, the range of apparent
Ty values was about 790 to 1300 ms, which is consistent with [68] (see As in Table 2 therein).

4.7.2 Comparison of Initial and Optimized Scan Designs

Here we compare the CRLB and RMSE of MWF estimates of the optimized 18-scan CRLB
and end-to-end scan designs to those of their corresponding initializations. Table 4.4 shows
the comparison, revealing several interesting points. First, the CRLB designs resulted in
significantly improved CRLBs than the initial values (the one exception being the CRLB
design that was initialized with an end-to-end design); despite this, the RMSEs were much
more mildly affected. Second, the end-to-end designs resulted in significantly improved

RMSEs than the initial values despite resulting in drastically worse CRLBs in nearly all
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cases. Third, the hand-crafted initialization (described in Section 4.3.1) had a CRLB about
40 times worse than the average random initialization, and yet it had the best RMSE. Finally,
despite having the best initial RMSE, the hand-crafted initialization actually resulted in the
worst end-to-end design. The best end-to-end design had a RMSE 13% better than the
hand-crafted design.

Table 4.4 (a) reports CRLB values that are much higher than a nominal MWF value of
0.15. However, the results in this table are expected CRLB values, where the expectation is
taken over quite a large range of parameter values. Computing the CRLB using literature
WM tissue parameters lowers the CRLB of the best CRLB design from 16.6 to 2.8. While
the CRLB still is huge compared to a nominal MWF value, Figure 3.11 (though computed
with a tissue model without exchange) indicates that bias is likely responsible for PERK

still obtaining MWF estimates with low variance.

4.7.3 In Vivo MWF Map Using Computed Noise

Here we present MWF maps estimated from in vivo data acquired using the end-to-end
scan design and the CRLB scan design. We followed the same PERK training procedure as
described in the main text, but instead of manually adjusting the noise standard deviation
to use for the training data, we computed the standard deviation of background noise voxels
from the acquired data and scaled it by the ratio of the mean acquired STFR signal (across
all voxels and scans, pooling the data for both scan designs) to the mean STFR signal
generated from 10,000 randomly selected sets of tissue parameters from the distributions in
Table 4.1 using all 36 scans from both scan designs. We used this scaled standard deviation
as the training noise standard deviation for training PERK for both scan designs. Figure 4.9
shows the resulting maps. In this case, the MWF maps for both scan designs had higher
values than shown in Figure 4.7. However, the end-to-end design still resulted in cleaner
MWF estimates. Additionally, the CRLB design’s MWF map had spatial variations that
appeared to mimic coil sensitivity patterns (i.e., diminished values in the center of the brain,
and increasing towards the edges of the brain), whereas the end-to-end design’s MWF map
did not.

4.7.4 Noise Cross-Validation

Figures 4.7 and 4.9 show the MWF estimates resulting from using two different noise stan-
dard deviations for training PERK, and the resulting maps are quite different. We thus
investigated a way to choose the noise standard deviation via cross-validation. We swept

—-15 9—-14.9
277,277,

different values of noise standard deviation in the set { ...,275}. For each value,
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Table 4.4: CRLB (a) and RMSE (b) of MWF estimates computed using the optimized 18-
scan CRLB and end-to-end scan designs as well as the scan designs used for initialization.
The end-to-end design used to initialize a CRLB scan design was initialized with the hand-
crafted initialization. (The optimized RMSE of the end-to-end design initialized with the
hand-crafted design is different than the initial RMSE for the CRLB design initialized with
the end-to-end design due to slightly different PERK hyperparameter values.) The displayed
percentages indicate the change relative to the initial value. Despite resulting in drastically
worse CRLBs compared to the initial values in nearly all cases, the end-to-end designs
significantly improved the RMSEs in all cases.

(a) sqrt(Expected CRLB of MWEF Estimates)
Initialization ‘ Initial CRLB Design End-to-End Design

Hand-Crafted | 4710 445 (=91%) 166 (—96%)
Random 1 102 16.8 (—83%) 276 (+171%)
Random 2 105 17.1 (—84%) 208 (+97%)
Random 3 118 17.5 (—85%) 157 (+33%)
Random 4 72.6 N/A 192 (+165%)
Random 5 96.6  17.5 (—82%) 288 (+198%)
Random 6 121 17.5 (—86%) 188 (+55%)
Random 7 98.9 17.1 (—83%) 225 (+127%)
Random 8 134 185 (—86%) 289 (+116%)
Random 9 79.3  16.6 (—79%) 175 (+121%)
End-to-End | 166 166 (—0%) N/A

(b) RMSE of MWF Estimates

Initialization | Initial

CRLB Design

End-to-End Design

Hand-Crafted | 0.0519 0.0595 (+15%)  0.0465 (—10%)
Random 1 0.0599 0.0577 (—3.5%)  0.0457 (—24%)
Random 2 0.0604 0.0583 (—3.5%) 00453( 25%)
Random 3 0.0597 0.0621 (+3.9%)  0.0460 (—23%)
Random 4 0.0576 N/A 0.0462 (—20%)
Random 5 0.0605 0.0606 (+0.1%)  0.0457 (—24%)
Random 6 0.0612 0.0588 (—4.0%)  0.0458 (—25%)
Random 7 | 0.0571 0.0594 (+4.2%)  0.0453 (—21%)
Random 8 0.0596 0.0615 (+3.3%)  0.0464 (—22%)
Random 9 0.0593 0.0592 (—0.3%)  0.0459 (—23%)
End-to-End | 0.0462 0.0460 (—0.6%) N/A
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Figure 4.9: Estimated MWEF maps obtained from in vivo data acquired using the end-to-end
scan design and the CRLB scan design, with PERK trained with a noise standard deviation
that was computed from background voxels of the reconstructed images. The MWEF map
from the end-to-end design had higher values than what one might expect in the brain, but
was less noisy than the MWF map from the CRLB design. The table shows the mean and
standard deviation (SD) of the MWF estimates across a pooled region of interest (ROI)
consisting of WM voxels (see Figure 4.8).
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Figure 4.10: MSE of fitted STFR signals versus PERK training noise standard deviation for
the modified BrainWeb experiment. The noise standard deviation added to the BrainWeb
data was 2796 (denoted by the vertical line). The cross-validated noise standard deviation
performed well in this case.

we trained PERK as usual and then estimated tissue parameters from several voxels in WM
ROIs. After clamping the parameter estimates to physically reasonable values, we used them
to simulate the STFR signals for each voxel, normalizing the signals on a per-voxel basis as
done previously. We then computed the error between the predicted STFR signals and the
actual STFR signals for each voxel. We used the noise standard deviation resulting in the
lowest error to train PERK for estimating MWF over the whole object.

For the modified BrainWeb experiment, we found that this cross-validation process chose
a training noise standard deviation that resulted in MWF estimates that were just as good as
those in Figure 4.6. Figure 4.10 shows the signal fitting MSE versus training noise standard
deviation.

For the in vivo data, however, the cross-validation chose a training noise standard devia-
tion that did not result in (visually) good MWF estimates; the resulting maps were closer to
those in Figure 4.9 (and actually had a bit higher MWF values) than to those in Figure 4.7.

Figure 4.11 shows the in vivo signal fitting MSE versus training noise standard deviation.
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Figure 4.11: MSE of fitted STFR signals versus PERK training noise standard deviation for
the in vivo data. The training noise standard deviation we manually chose based on visual
preference (used for Figure 4.7) was 271%® (denoted by the vertical line). The cross-validated
noise standard deviation did not perform well in this case.
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Figure 4.12: Trend lines used for de-biasing MWF estimates. We estimated MWF' using
PERK for 1,000 sets of non-scan parameters and averaged over 100 noise realizations. Here
we show 2D histograms of the average estimates versus the true MWEF values. We then
fit a trend line to the scatter plot underlying each histogram. This trend line was used in
de-biasing MWEF' estimates; when an estimate was given by PERK, we would look up the
corresponding true MWF value predicted by the trend line and return that MWEF' value as
the de-biased estimate.

4.8 Appendix

This appendix presents additional results not included in the main body of the chapter.

4.8.1 De-biasing

Figure 4.12 shows a 2D histogram of the MWF estimates and fitted trend line used for
de-biasing the MWF estimates in the chapter for both the end-to-end scan design and the
CRLB design. To de-bias, when an estimate was given by PERK, we would look up the
corresponding true MWF value predicted by the trend line and return that MWEF' value as
the de-biased estimate. From the trend lines, we observe that the end-to-end design appears
to be more informative of MWF than the CRLB design because its trend line is closer to
the ideal case. (A scan design with no information about MWF would result in a horizontal

trend line, i.e., would regress to the mean training MWEF value.)
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Figure 4.13: M, BrainWeb estimates. The true M, values are shown before scaling by 3.
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Figure 4.14: T} ; BrainWeb estimates.

4.8.2 Other BrainWeb Parameter Estimates

Here we show the other parameter estimates obtained with PERK for the modified BrainWeb
digital phantom experiment for both the end-to-end scan design and the CRLB design. Note
that the scan designs were optimized for just MWF, so we do not have any expectation as
to how good the other parameter estimates should be. Figure 4.13 shows M,, Figure 4.14
shows T ¢, Figure 4.15 shows T s, Figure 4.16 shows T5¢, Figure 4.17 shows T5, Figure 4.18
shows 7¢_,s, Figure 4.19 shows Awy, Figure 4.20 shows Aw, and Figure 4.21 shows k.
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Figure 4.17: T; s BrainWeb estimates.
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Figure 4.20: Aw BrainWeb estimates.

80



True End-to-End CRLB

1.50

1.25

1.00 «

0.75

0.50

Figure 4.21: x BrainWeb estimates.

End-to-End CRLB

Figure 4.22: My in vivo estimates.

4.8.3 Other In Vivo Parameter Estimates

Here we show the other parameter estimates obtained with PERK from the in vivo data
for both the end-to-end scan design and the CRLB design. These estimates correspond
to Figure 4.7 (i.e., we trained PERK with a manually chosen noise level). Figure 4.22
shows My, Figure 4.23 shows T ¢, Figure 4.24 shows T} 5, Figure 4.25 shows T5¢, Figure 4.26
shows Th, Figure 4.27 shows 7, Figure 4.28 shows Awy, Figure 4.29 shows Aw, and
Figure 4.30 shows k. Of these parameter estimates, only Aw appears reasonable, as verified
with the independently measured field map. All other parameter estimates are too high or
low compared to values typically reported in literature. We again note that the scan designs
were optimized for just MWF. Despite the poor parameter estimates for most of the other

parameters, the MWF estimates from the end-to-end design still seem reasonable.
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Figure 4.25: Ty ¢ 1n vivo estimates.
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Figure 4.26: T, ¢ in vivo estimates.
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Figure 4.27: 71¢_,s in vivo estimates.

Figure 4.28: Awy in vivo estimates.
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Figure 4.29: Aw in vivo estimates alongside a reference BO map acquired from two Tg-offset
SPGR scans. While some tissue structure remains visible in the Aw estimates from the
end-to-end design, overall there is good visual agreement between the estimated BO map
and the reference one.
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CHAPTER 5
Intravoxel BO Corrected Image Reconstruction with
RF Prephasing

This chapter presents preliminary work extending conference abstract [15].

5.1 Introduction

Various MRI methods require acquiring signal with either a long readout and/or a long
TE (e.g., fMRI, multi-gradient echo sequences, etc.), allowing a long time for off-resonance
precession to occur. In areas of relatively constant B0 field inhomogeneity, this precession
impacts only the phase of the image. However, in voxels having large BO gradients, spins
within a single voxel can dephase with respect to each other, inducing signal loss in the
reconstructed image.

One approach to reduce the effect of this intravoxel dephasing is to sample higher fre-
quency components in k-space [69], thus decreasing the size of voxels and limiting the in-
travoxel variation of off-resonance. A drawback of such an approach, however, is that longer
scan times are needed. Another drawback of smaller voxels is lower SNR because there are
fewer spins contributing signal in each voxel.

Another approach is to use model-based reconstruction using a model that accounts for
intravoxel B0 effects [70-72]. Reconstructing images in this way can help alleviate artifacts
from B0-induced signal loss. However, in areas of severe signal loss such as near the sinuses,
such reconstruction can fail to fully recover the image due to near complete signal loss.

Therefore, in this work we propose to combine model-based reconstruction with the use
of a prephasing RF pulse so that the intravoxel spread of spins is approximately zero at the
echo time, mitigating the associated signal loss. We incorporate the effects of this prephasing
into a model-based reconstruction method and demonstrate improved reconstructed images.

The organization of this chapter is as follows. Section 5.2 provides some background

necessary for understanding model-based image reconstruction. Section 5.3 explains the
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model-based image reconstruction technique proposed in this chapter. Section 5.4 describes
our experiments. Section 5.5 reports the experimental results. Section 5.6 provides some
discussion of the results. Section 5.7 gives concluding remarks and discusses ideas for future

work.

5.2 Background

The data d. acquired by the cth RF receive coil at time ¢ in a MRI scan can be modeled as
[72]
de(t) = / se(r)p(r)e2mAI T ETOT dp, (5.1)

where s, is the spatially varying receive coil sensitivity map for the cth coil, p is the imaged
object, Af(r) = A;—y) (see (2.1)) is the off-resonance map that accounts for spatially vary-
ing differences in spins’ resonance frequencies due to deviations in the main By field, the
integration is over 3D spatial location r = (x, vy, z), and k(t) = (k«(t), ky(t), k,(t)) is the 3D
k-space location that represents systematic spatial variations in By introduced by separate
gradient coils used for spatial localization of signal. These gradient coils are controlled by
the user and are used to determine what points k to sample. As seen from the Fourier
transform structure of the last exponential in (5.1), these points are points in the spatial
frequency domain (also called k-space) of the imaged object. The set of sampled k-space
points and the time at which they are sampled comprise a readout, or k-space, trajectory.

One common readout trajectory is the echo planar imaging (EPI) readout. The EPI
readout is a Cartesian sampling scheme in which, after RF excitation, k, is fixed but a
matrix of ky and &, samples are acquired in rapid succession. This readout can be repeated
for as many k, samples as desired, resulting in a stack-of-EPI readout. The EPI readout also
generalizes directly to 3D, in which case k, is not fixed and a 3D array of data is acquired.
This is called a single-shot 3D EPI readout.

Introducing a voxel basis function v (-) (representing the shape of a voxel, or the dis-
tribution of signal within a voxel) and discretizing in space allows one to replace s.(r)p(r)
with 25:1 SenTn(r — 1,), where N is the number of voxels, s, is the coil sensitivity for
the nth voxel and cth coil, z,, is the image intensity for the nth voxel, and 7, is the spatial

position of the center of the nth voxel. Combining this discretization with (5.1) yields

N oo
0t) =3 Senin / B — 1) 2T 2Tk )T gy (5.2)
n=1 -0
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Note that typically v is taken to be a Dirac impulse, resulting in

N
dc<t) _ Z ScmxnefiQWAf('r'n)tefﬁﬂk:(t)-rn’ (53)

n=1

which, if one ignores the off-resonance term and samples in time are taken such that k-space
samples lie on a suitable Cartesian grid, permits the use of the Fast Fourier Transform (FFT)
for image reconstruction.

To model intravoxel B0 effects, 1 cannot be a Dirac impulse (i.e., it must have some
spatial extent). One choice is to use a rectangular basis. Further assuming off-resonance

varies linearly within each voxel and discretizing in time yields [72]

N o0
r—r, —3 (r— —3 .
dc(tm) _ 2 :Sc,nxn/ rectg( X )6 27 (fn+gn-(r rn))tme z27rkmrd,r,
n=1 -

ZN > r—r
= SenTne z27rfntm/ rects ( n )6 27 gn- (T rn)tme Z27Tkmrd'l"
n=1

N
= Z Senne 2™t gincs (K, + gutm) © A)e” 2Tkm ™ (5.4)
n=1

where t,, is the k-space sample time, f, is the off-resonance frequency at the center of the
nth voxel, sincg is the 3D sinc function (i.e., sincg(z,y, 2) = sinc(z) sinc(y) sinc(z)), rects is
the 3D rectangle function (defined similarly), k,, is the k-space location for the mth sample
time, g, is the spatial gradient of the B0 field map at the nth voxel, A is the voxel size,
and © is element-wise (Hadamard) product. Signal loss due to the intravoxel dephasing
of spins is modeled via the sincs term (which includes dephasing due to variations in off-
resonance frequency as well as due to the gradient coils used for spatial localization, i.e.,
k-space location).

Collecting M time sample points into data vector y., one can rewrite (5.4) in matrix-

vector form:

Ye = Acxy (55)

where © = [z1,...,zx]T and A, is the system model, which, for (5.4), is given by
A. = (W @ F)S,, (5.6)
where S, = diag([sc,1, ..., Sen]|T), F is the Fourier operator, and the elements of W are given

by [72,73] Wy = e/t sincs((k,, + gntm) © A). In this case, one cannot use the FFT

to compute A.x, even when assuming M = N and the k-space samples lie on a Cartesian
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grid (in which case F' is the 3D Discrete Fourier Transform (DFT) matrix).

To improve computational efficiency, one can use a rank-L approximation of W and then

rewrite (5.5) as [72]
L
Ye = ((Z umf) ® F) S.z
=1

=Y w o (F(v © S.x)), (5.7)

where u; and v; are the columns of U and V, respectively, such that W ~ UV’, (-)’ denotes
conjugate transpose, and (-)* denotes element-wise conjugation. Now, instead of performing
one matrix-vector product to compute A.x, L FFTs can be used, greatly reducing the

computational burden for L < N (L ~ 10 usually suffices in practice).

5.3 Theory

In this work, we propose a model-based image reconstruction technique that incorporates
the effects of both intravoxel dephasing and RF prephasing. Typically, RF excitation pulses
are chosen not to impart any phase on the imaged object. However, one can adjust the phase
of the excitation pulse, thus adjusting the phase of the image. Furthermore, this imparted
phase can vary spatially. Purposely imparting phase on an object using the RF excitation
pulse is called RF prephasing.

The effects of RF prephasing can be incorporated into (5.1):

dc(t) _ / Sc(r)p(,r)e—i%rqb(r)e—iQWAf(r)te—i%rk(t)-r d'l", (58)

—00

where ¢ is the spatially varying phase (in units of cycles) imparted by the RF pulse. After
discretizing using the rectangular basis, assuming ¢ varies linearly within each voxel, and
rewriting in matrix-vector form, the data vector again is given by y. = A.x. This time,

however, the system matrix A, includes the effects of RF prephasing. In particular,
A.=(Wo F)®S,, (5.9)

where ® = diag([e=2"¢(") . ¢7?7("V)|T) is a diagonal matrix containing the bulk phase

imparted to the center of each voxel by the RF prephasing pulse and now the elements of
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W are
Win = e~ 2™t gines (K + Gutm +Yn) © A), (5.10)

where v, = Vo(r)|
voxel. (Note that under the assumption that ¢ varies linearly within each voxel, ¢(r) =
Zle(fbn +n - (r—17y,)) rects (’“_A"'"), where ¢,, is the phase imparted by the RF prephasing

pulse to the center of the nth voxel.)

is the spatial gradient of the RF prephasing phase map at the nth

="y

Note that ® and =, are the key new aspects that incorporate the effects of RF prephasing
into the system model. An ideal RF prephasing pulse will impart phase such that f,Tg+¢, =
0 and an intravoxel spread of phase such that g,Tg + 7, = 03 Vn, i.e., all spins throughout
the object will be in phase at the echo time.

We use the system matrix A. in (5.9) in a regularized model-based reconstruction frame-

work for multi-channel data. In particular, we solve
1
i —||Acx — y.||2 + AR(x), 5.11
arg min ;QH T — yell; + AR(x) (5.11)

where vy, is the acquired k-space data from coil ¢, C' is the total number of coils, R is a
regularizer, and A is a tuning parameter. We note that (5.11) assumes we know all the terms
that make up the system matrix A.. In particular, coil sensitivity maps (S.) and a B0 field
map (f, values) must be separately acquired. The RF prephasing pulse is then designed
using the B0 field map and the echo time to determine the ideal amount of prephasing to
impart. (Thus the RF prephasing pulse is designed in an online way and then used to scan.)
Because the RF pulse is known, the RF prephasing map (®) is known. The spatial gradients
of the field map (g, values) and of the RF prephasing map (7, values) are computed via

finite differences.

5.4 Methods

For the experiments in this work, we reconstructed raw MRI k-space data using (5.11). We
used the lo-norm of 3D finite differences in the three principal (x, y, and z) directions for
the regularizer R with A = 0.1. We solved the minimization problem using 300 iterations
of conjugate gradient (ncg in the Julia [50] package MIRT.jl [74]), which was enough to
converge to the global minimum cost function value in all cases. We used a rank-10 approx-
imation of W. To ease the computational burden of computing the singular vectors of W,
we approximately computed them by randomly sampling 1,000 rows and columns of W,

following what was done in [72].
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Figure 5.1: BrainWeb image weighted by the four individual coil sensitivities used in the
simulation experiments. Only the middle slice of the simulated object is shown. Each coil
“sees” only part of the object, but the information from each coil is used jointly during
reconstruction to determine the true underlying object.

For the simulation experiments, we used a digital BrainWeb phantom [53] with matrix
size 128 x 128 x 3. We used four synthetic coil sensitivity maps (shown in Figure 5.1). We
generated an off-resonance map with values 0-85 Hz and spatial gradients with values —3.6—
3.6 Hz/voxel in the x direction, —3.6-3.6 Hz/voxel in the y direction, and —61-0 Hz/voxel
in the z direction (see Figure 5.2). In other words, each voxel had a linear intravoxel spread
of off-resonance frequencies in each of the x, y, and z directions. For example, if a voxel
had a spatial gradient of 3 Hz/voxel in the x direction, then spins within the voxel on
the right border of the voxel would precess with an off-resonance frequency 3 Hz greater
than spins on the left border of the voxel. The spatial gradients were computed using
central finite differences for all non-border voxels and left or right finite differences otherwise.
We generated noisy k-space data by simulating a Cartesian stack-of-EPI readout, unless
otherwise noted. Each readout occurred from 3 to 40 ms with T = 21.6 ms.

In the first simulation experiment, we compared different reconstruction methods for data
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Figure 5.2: Off-resonance map and its spatial gradients used in the simulation experiments.
Only the values corresponding to the middle slice are shown. The B0 gradients in the x and
y directions range from —3.6 to 3.6 Hz/voxel. For Tg = 21.6 ms, this corresponds to less
than 1/12 cycle/voxel at most. In the z-direction, the peak of —61 Hz/voxel leads to more
than one cycle/voxel.
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simulated both with and without RF prephasing. The data simulated with RF prephasing

used ideal prephasing. We compared three reconstruction techniques for each data set:

1. Square root sum-of-squares (S50S5): We reconstructed the data for each coil individually
using an inverse FFT and then combined the individual coil images with a square root
sum-of-squares combination. Note that this method uses a model that ignores coil
sensitivity effects, bulk BO and prephasing effects, and intravoxel effects, i.e., A, = F.

This method also has no regularization.

2. Model-based reconstruction without intravoxel effects: We reconstructed the data using
system matrix (5.9) but with g, = 7, = 03 ¥n. Thus we ignored intravoxel dephasing
due to off-resonance and RF prephasing, but we modeled coil sensitivity effects, bulk

B0 and prephasing effects, and intravoxel dephasing due to k-space location.

3. Model-based reconstruction with intravozel effects: We reconstructed the data using
the proposed system model (5.9) (which is the same as (5.6) when RF prephasing is
not used during data acquisition), thus accounting for both intravoxel B0 effects and

(when applicable) intravoxel RF prephasing effects.

We also repeated this experiment with a single-shot 3D EPI readout. We kept the readout
timing the same (from 3 to 40 ms, effectively traversing k-space three times more quickly
than in the initial experiment), but the echo time changed slightly to T = 21.5 ms.

In the second simulation experiment, we investigated what happens when RF prephasing
is not ideal. We simulated data with RF prephasing varying from none to ideal. In other
words, instead of having f,7s + ¢, = 0 and g,,Tg + 7, = 03 Vn, we had RF prephasing such
that f,t+ ¢, = 0 and g,t + =, = 03 Vn for rephasing times ¢ € {0, 5,10,12,15, Ty} ms. We
reconstructed the data using model-based reconstruction both with and without intravoxel
effects (methods 2 and 3 above). For the cases where we reconstructed the data accounting
for intravoxel effects, we assumed we exactly knew the amount of non-ideal RF prephasing

that was done.

5.5 Results

Figure 5.3 shows the ground truth image and the results of the different reconstruction
methods for the k-space data simulated with and without RF prephasing. Only the middle
slice is shown. Table 5.1(a) shows the corresponding normalized root mean squared error
(NRMSE) for each reconstructed image, where NRMSE = ||& — z||3/||z||3, where x is the

true image and  is the reconstructed image. Without RF prephasing, there was severe signal
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Table 5.1: NRMSEs for each of the reconstructed images in (a) Figure 5.3 and (b) Figure 5.4.
(a) Even though the NRMSE for the image reconstructed with a model including intravoxel
BO effects from data without RF prephasing was only 2.3%, residual artifacts are still clearly
visible in the reconstructed image. On the other hand, both model-based reconstructed
images from data with ideal RF prephasing had excellent NRMSEs, regardless of whether
or not intravoxel B0 and RF prephasing effects were modeled. (b) The NRMSEs from the
single-shot 3D EPI data were worse than those from the stack-of-EPI data (a), at least for
the model-based reconstructed images. In this case, reconstructing the data with ideal RF
prephasing requires using a model that includes intravoxel BO and prephasing effects for
good performance.

(a) Stack-of-EPI readout
‘ No RF Prephasing Ideal RF Prephasing

SSoS reconstruction 72.5% 67.2%
Reconstruction without intravoxel effects 21.5% 0.1%
Reconstruction with intravoxel effects 2.3% 0.2%

(b) Single-shot 3D EPI readout
‘ No RF Prephasing Ideal RF Prephasing

SSoS reconstruction 72.0% 66.8%
Reconstruction without intravoxel effects 34.8% 117.8%
Reconstruction with intravoxel effects 5.1% 0.7%

loss in the area of the image with large B0 gradients. Even when taking intravoxel B0 effects
into account during image reconstruction, there was still residual artifact. The reconstructed
images from the data with ideal RF prephasing were all free from signal loss artifacts,
though the SSoS-reconstructed image still had incorrect image scaling due to unmodeled
coil sensitivities. The two images reconstructed using model-based reconstruction were close
to the true image and were very similar despite one not modeling intravoxel BO and RF
prephasing effects.

Figure 5.4 is the same as Figure 5.3 but with the data acquired using a simulated single-
shot 3D EPI readout. Table 5.1(b) shows the corresponding NRMSEs. Overall, these re-
constructed images are of worse quality than those from the stack-of-EPI data, but they do
show similar trends. The most notable difference, however, is that ideal RF prephasing did
not recover the true image without also being combined with model-based reconstruction
using a model that included intravoxel BO and RF prephasing effects.

Figure 5.5 shows the images reconstructed with a model that included intravoxel effects
from data with different amounts of RF prephasing. Again, only the middle slice is shown.

Table 5.2 shows the corresponding NRMSEs. As expected, as the amount of RF prephas-
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Figure 5.3: True and reconstructed images for k-space data simulated with and without
ideal RF prephasing. We compared three reconstruction approaches: square root sum-of-
squares (SSoS) reconstruction and model-based reconstruction with and without modeling
intravoxel BO and RF prephasing effects. The SSoS reconstructed images were scaled for
display. Without RF prephasing, the reconstructed images had severe signal loss due to
intravoxel dephasing. This signal loss was mitigated, but not entirely removed due to (near)
complete signal loss that occurs at and near the zero-crossings of the sinc function in (5.4),
when reconstructing with a model that incorporated such intravoxel dephasing. Ideal RF
prephasing by itself essentially eliminated all signal loss due to intravoxel dephasing, regard-
less of reconstruction method.
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No RF Ideal RF
Prephasing Prephasing

SSoS

No Intravoxel

Intravoxel

Figure 5.4: True and reconstructed images for k-space data simulated with and without ideal
RF prephasing using a single-shot 3D EPI readout. The reconstruction approaches were the
same as in Figure 5.3. The SSoS reconstructed images were scaled for display. Overall, these
reconstructed images are of worse quality than those from the stack-of-EPI data, but they
do show similar trends. The most notable difference, however, is that ideal RF prephasing
did not recover the true image without also being combined with model-based reconstruction
using a model that includes intravoxel BO and RF prephasing effects.
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10 ms 5 ms No Prephasing

Figure 5.5: Reconstructed images for k-space data simulated with varying amounts of RF
prephasing. We reconstructed these images using a model that included intravoxel BO and RF
prephasing effects. As expected, the reconstructed image quality improved as the rephasing
time increased from 0 (no prephasing) to Tg (ideal prephasing). The residual signal loss
artifact was still severe for rephasing times ¢t € {0,5} ms. Starting at a rephasing time of 10
ms, however, the reconstructed image quality improved significantly.

ing increased from none to ideal, the quality of the reconstructed images improved. The
residual signal loss artifact was still severe for rephasing times ¢ € {0,5} ms. Starting at a
rephasing time of 10 ms, however, the reconstructed image quality improved significantly.
When reconstructing the images without modeling intravoxel BO and prephasing effects, a
similar trend was seen but with more severe signal loss as the rephasing time decreased (see
Figure 5.6 and Table 5.2).

5.6 Discussion

In the simulated experiments of this work, we used an artificially generated off-resonance map
with severe through-voxel gradients to illustrate the benefits of RF prephasing and model-

based reconstruction. We note that, in practice, the intravoxel B0 gradients, expressed in
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Table 5.2: NRMSEs for each of the reconstructed images in Figures 5.5 and 5.6. As expected,
the NRMSE improved as the amount of RF prephasing increased from no prephasing to
ideal prephasing. The NRMSEs for the images reconstructed using a model that included
intravoxel BO and RF prephasing effects were much better overall than those of the images
reconstructed without those intravoxel effects.

Model Intravoxel Effects?
Yes No
g Oms 2.0% 21.5%
= 5ms L.7% 16.1%
e 10 ms 0.7% 5.5%
% 12 ms 0.5% 2.2%
= 15 ms 0.3% 1.2%
~ 21.6 ms (Tg) 0.2% 0.2%
Ideal (21.6 ms) 15 ms 12 ms

10 ms 5 ms No Prephasing

Figure 5.6: Reconstructed images for k-space data simulated with varying amounts of RF
prephasing. We reconstructed these images using a model that did not include intravoxel BO
and RF prephasing effects. The image quality of these reconstructed images degrades much
less gracefully as the rephasing time decreases compared to Figure 5.5, which has images
reconstructed using a model that included intravoxel BO and RF prephasing effects.
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units of Hz/mm, are similar in all three principal directions, so the off-resonance map we
simulated in this work is not necessarily realistic. Therefore, future work could extend this
analysis to evaluate what effect RF prephasing and model-based reconstruction have for a
range of typical values for the spatial gradients of off-resonance maps encountered in practice,
particularly when scanning near the sinuses.

Figures 5.3 and 5.4 both illustrate the effect ideal RF prephasing has in the presence
of large BO gradients. Even when taking intravoxel B0 effects into account during image
reconstruction, there was still residual artifact when reconstructing data simulated without
RF prephasing, indicating that model-based reconstruction is not entirely sufficient on its
own to correct for the signal loss due to intravoxel B0 effects. Combining the model-based
reconstruction with ideal RF prephasing resulted in greatly improved reconstructed image
quality.

Figure 5.3 seems to indicate that modeling intravoxel BO and RF prephasing effects is
unimportant when ideal RF prephasing is used; the reconstructed image had less than 1%
error regardless of whether or not those intravoxel effects were modeled. However, Fig-
ure 5.4 demonstrates that other factors (in this case, the readout trajectory) can influence
the relative impact of reconstructing data with ideal RF prephasing using a model including
intravoxel B0 and prephasing effects versus using a model without those effects. Future work
could further investigate different readout trajectories to see in what circumstances using a
model including intravoxel effects is necessary for good reconstruction quality. Additionally,
other factors (e.g., under-sampling) could be investigated to see if they also influence the
relative impact of using such intravoxel modeling.

Even with the stack-of-EPI acquisition, Figures 5.5 and 5.6 show that modeling intravoxel
BO and RF prephasing effects becomes more important when the RF prephasing is not
ideal. Using such modeling during image reconstruction results in a more graceful decline in
reconstructed image quality as the rephasing time decreases (becomes less ideal) than when
reconstructing using a model without those intravoxel effects.

Figure 5.5 also indicates that ideal RF prephasing is not necessary to overcome the effects
of severe through-voxel B0 gradients; the NRMSE of the reconstructed image was still below
1% even for a rephasing time of 10 ms, which is less than half the ideal rephasing time
(Tg = 21.6 ms). This result bodes well for RF prephasing in practice, where achieving ideal
RF prephasing may at times be impractical.

Additionally, Figure 5.6 gives some sense of how robust the proposed reconstruction ap-
proach is to inaccuracies in the spatial gradients of the BO and prephasing maps. In this
work, we assumed perfect knowledge of the BO and prephasing maps and their spatial gradi-

ents. In practice, however, these estimates will be imperfect, and thus the reconstruction will
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assume some amount of dephasing exists that is more or less than the amount of dephasing
actually present in the data. In Figure 5.6, the case with a rephasing time of ¢ = 15 ms
assumed there was no dephasing at the echo time (i.e., g,Tg + 7, = 03), while in reality
the amount of dephasing was g, (T — t) (i.e., there was some dephasing that occurred from
the rephasing time ¢ to the echo time Tg). Despite this model mismatch, which can also be
viewed as an underestimation of g,, by about 30% or an overestimation of 4, by about 44%,
the reconstructed image has high visual quality and low NRMSE (1.2%). Thus the proposed
reconstruction approach appears to be robust to errors in the spatial gradients on the order
of 30%. Of course, the robustness of the proposed approach to such inaccuracies likely also
depends on the readout trajectory. Future work could do a more thorough characterization
of such robustness for different readout trajectories.

In this work, we used a rectangular basis function for representing the shape of voxels.
However, it may be that other basis functions lead to better reconstructed images. In
particular, a sinc basis may be a better choice due to the nature of the Fourier sampling.
Future work could explore different voxel basis functions in more detail and analyze the

impact they have on image reconstruction, both with and without RF prephasing.

5.7 Conclusion

In this work, we proposed incorporating RF prephasing into model-based reconstruction
that models intravoxel BO and prephasing effects. We compared this approach in simulation
to model-based reconstruction with intravoxel B0 effects but without RF prephasing. The
proposed approach resulted in a reconstructed image that more closely matched the true
underlying image. We also found that while RF prephasing can be sufficient on its own to
eliminate the signal loss artifact due to intravoxel dephasing, combining RF prephasing with
model-based reconstruction that incorporates intravoxel B0 and prephasing effects provides
better reconstructed images for a wider range of situations (e.g., for a different readout
trajectory, or when RF prephasing is not ideal, as explored in this work).

The aim of this work was to introduce the proposed reconstruction method. So far, only
simulations have been done. These results need to be verified with actual data. For this,
it will be necessary to develop algorithms for designing RF prephasing pulses. Future work
could investigate doing so with pulses based on spectral [75] and/or spatial [76,77] excitation
profiles.

Furthermore, the proposed reconstruction method can be used, e.g., as part of a fMRI
study where long echo times are needed to observe the BOLD effect. Therefore, future work

could investigate the effect of the proposed method on fMRI activation maps.
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CHAPTER 6
Future Work

This chapter offers ideas for future work that are more broadly applicable than for just one
of the previous chapters. The discussion and conclusion sections of Chapters 3, 4, and 5

contain ideas for future work that are more specific to the corresponding chapters.

6.1 Model Intravoxel Dephasing in MWI

When using STFR and PERK for MWT as in Chapters 3 and 4, we used a tissue model that
ignored so-called T effects, i.e., variations in off-resonance frequencies due to interactions
between spins at a microscopic level. These interactions cause a spread of off-resonance
frequencies within a voxel, which in turn causes magnetization vectors within a voxel to
dephase with respect to each other, causing signal loss. This phenomenon is similar to
intravoxel B0 effects as discussed in Chapter 5, but is different in that it is tissue-specific.
Another difference is that the intravoxel spread of off-resonance values due to T3 effects is
not well modeled by a uniform distribution of off-resonance values, but rather a Lorentzian
distribution. Ty effects influence the STFR signal [19]; therefore, an area of future work is
to model T effects in the STFR signal model used to train PERK for MWI and investigate
how PERK MWF estimates are affected. Additionally, intravoxel B0 variations could also
be modeled, and their effect on PERK MWF estimates studied.

6.2 Jointly Reconstruct Under-sampled STFR Scans

The in vivo results presented in Chapters 3 and 4 used fully sampled STFR scans. The
scan time can be reduced by under-sampling, at the cost of a more complicated image
reconstruction. Normally, under-sampled MRI images are reconstructed one at a time by

solving the following optimization problem:
. 1 2
T4 = argmin §HAdzc —y4ll; + BR(x), (6.1)
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where @, represents the reconstructed image for the dth scan, A, is the system matrix that
converts the true image x, into the observed data y,, R is a regularizer that encourages, e.g.,
sparsity and/or low-rankness in some domain [78], and # > 0 is a regularization parameter.
Note that, ignoring system imperfections and coil sensitivity profiles, and for the single-coil
case, Ay is given by taking the DFT matrix and removing the rows corresponding to the
unsampled data points for the dth scan. This formulation (6.1), however, does not take into
account image similarities across all scans.

One way to set up the reconstruction to use information across all scans is to jointly

reconstruct all images together, i.e.,

D
(#1,...,&p) = argmin » _ %HAd:vd —yal? + BR(x1, ..., xp), (6.2)

@1,ep 4T
where now the regularizer R is a function of all scans together. For MWI with STFR,
multiple STFR scans are acquired of the same anatomy, so choosing R to encourage common
structure across all scans, such as group sparsity [79,80] or low-rankness [80], should improve
the reconstructions. Also, for each spatial location of the imaged object, the D STFR values
lie on a manifold whose dimension is the number of free parameters in the STFR signal
model, so another choice for R encourages the STFR signals for each voxel to lie close to

that manifold. In this case,

2

: (6.3)

N
R(ml,...,mD):Zr%in )

n

.
‘ [a:@, . ,a:(g)] —5(6,)

n=1

where x&”) represents the nth voxel of the dth scan and s is the STFR signal model as a

function of the unknown parameters 6,,.

A direction for future work is to investigate different methods for reconstructing the
under-sampled STFR scans. In particular, one idea is to develop a method for group sparsity
using either a mixed f5-fp-norm or an {y-norm on the singular values of the matrix X £
[ ---xpl, using an exact reformulation of the {y-norm to make the problem tractable
[81,82], and compare it to the other aforementioned methods.

In addition to developing a method for reconstructing the under-sampled STFR scans,
one could also investigate the trade-off between sampling in space versus along the contrast
dimension. For a given amount of scan time, one can try to under-sample each STFR
scan as much as possible to maximize the number of STFR scans that can be acquired,
increasing sampling along the contrast dimension at the expense of less spatial sampling.

(This approach is akin to magnetic resonance fingerprinting [83].) On the other extreme, one
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can fully sample each STFR scan, minimizing the number of contrasts that can be acquired.
Future work could investigate the trade-off between the two extremes to determine how to

balance spatial sampling and contrast sampling.

6.3 Replace PERK with Deep Learning

In this dissertation, I used PERK for MWF estimation. Increasingly, however, deep neural
networks are being used to achieve state-of-the-art performance in various MRI applications,
including QMRI. One attractive aspect of using a deep neural network for QMRI is the ability
to incorporate a signal model into network training. One way to do this is to train a network
to estimate tissue parameters from the acquired images but optimize the network parameters
to minimize the error between the acquired images and the images obtained by passing the
estimated tissue parameters through a signal model [84-86]. An avenue for future work
could be to investigate different network architectures (e.g., fully connected, CNN, U-Net)
and jointly train the network and optimize the STFR scan parameters in an end-to-end

fashion similar to the one introduced in Chapter 4.

6.4 Explore Bias-Variance Trade-Off
in End-to-End Scan Design

In the end-to-end scan design (Chapter 4), I minimized the MSE of MWF estimates from
PERK. MSE is equal to the sum of the variance and squared bias of the estimates, so
minimizing the MSE places equal emphasis on both aspects. However, it may be useful to
place unequal emphasis on the two. For example, since humans are good at reading through
noise, it may be desirable to place more emphasis on minimizing the bias of estimates. One

way to achieve this is to introduce a weighting hyperparameter v € (0,2) and then minimize
Eo[y| Bias(®)|; + (2 — 7) var(2)], (6.4)

where the bias and variance are the conditional bias and variance of parameter estimates
given a particular true underlying parameter. Then, as in Chapter 4, the scan design would
minimize an expected cost, averaged over distributions of tissue parameters. In this way,
choosing a higher value of + places more emphasis on minimizing bias, while choosing a
lower value of v places more emphasis on minimizing variance. Note that choosing v = 1
is equivalent to minimizing the MSE. On one hand, adding ~ introduces another hyperpa-

rameter that must be tuned, but on the other hand, adding v allows finer control over the
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true objective of interest. Furthermore, adding v does not introduce any complexity to the
actual minimization (i.e., minimizing the modified objective function is just as easy as mini-
mizing MSE;, in the sense that no constraints are added). Note also that using this approach
would likely make the de-biasing procedure described in Chapter 4 unnecessary, as one could
increase 7 to decrease the bias of parameter estimates.

Besides adding ~, another way to place unequal emphasis on bias and variance is to
minimize one with a constraint on the other. For example, one may desire to minimize
bias subject to some constraint on the variance, resulting in MWEF' estimates that are as
unbiased as possible given some allowable amount of noise. While adding a constraint makes
the minimization problem harder, doing so can help ensure that MWF estimates have an

acceptable level of noise or bias, which is not guaranteed in the previous formulation.

6.5 Optimize Magnetic Resonance Fingerprinting

Scans

Magnetic resonance fingerprinting (MRF) is a successful, relatively new approach to QMRI
[83]. Rather than using the same scan parameters (flip angles, repetition times, etc.) for
each repetition of excitation and signal acquisition in a scan, in MRF the scan parameters
are allowed to vary from repetition to repetition. The result is a signal time course that can
then be fit to a model to estimate tissue parameters.

One idea for future work is to investigate optimizing MRF scan parameters using the
end-to-end scan design approach from Chapter 4. To adapt the experiments in that chapter
to MRF, instead of having a signal model to generate 18 STFR signals for a given set of
tissue parameters, one would use a signal model to generate a MRF time course of, e.g.,
1,000 time points. Furthermore, if not using PERK for parameter estimation, one would
replace PERK training with generating the dictionary used for MRF pattern matching or
with training a learning-based estimator (e.g., a neural network) as applicable.

There are a few things to consider when applying the end-to-end scan design approach to
MRF. The first is that many MRF scans contain on the order of 1,000 scan parameters (many
more than the 54 STFR scan parameters I optimized in Chapter 4). Thus the computational
burden of computing gradients may be an issue, particularly when using a signal model that
involves the Bloch-McConnell equation (2.6) (i.e., when modeling exchange between two or
more compartments). One approach to lowering the number of parameters to optimize is
to vary the scan parameters according to some parameterized function and then optimize

that function’s parameters. Then only a few parameters will need to be optimized, at the
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expense of adding constraints on the scan parameters.

Another consideration (that is applicable in general but is especially pertinent to MRF)
is under-sampling. MRF data often are severely under-sampled, resulting in reconstructed
images with severe artifacts. However, the end-to-end scan design ignores the effects of under-
sampling. If using a dictionary and pattern matching for parameter estimation, ignoring
under-sampling effects in the scan design may be acceptable due to the incoherence of such
artifacts with respect to the dictionary time courses [83]. On the other hand, if using a learned
estimator for parameter estimation, under-sampled time courses should be used for training,
and so should not be ignored in the scan design. To incorporate under-sampling effects
into the end-to-end scan design approach, instead of drawing sets of tissue parameters from
specified distributions (effectively simulating signals on a voxel-by-voxel basis), one would
need to simulate full images with realistic anatomical features (e.g., using a BrainWeb digital
phantom [53]), both for the validation data and for the training data. (Such an end-to-end
approach would be much closer to the work in [63].) One would need to investigate how many
realistic simulated images would be needed, particularly for training; for example, could one
image have a wide range of tissue parameter values, or would the resulting under-sampling
artifacts be too unrealistic?

Finally, the end-to-end scan design approach is amenable to optimizing continuous vari-
ables. Discrete variables, such as how many inversion pulses a MRF scan should have and

when to include them, would need to be selected in some other way.

6.6 Investigate CSF Partial Volume Effects

One physical effect I ignored in this dissertation is partial volume effects, in which two (or
more) macroscopic environments (such as WM and GM) exist within a single voxel. (This
is in contrast to multiple microscopic environments, such as myelin water and non-myelin
water, existing within a single voxel, which I did consider in this dissertation.) Partial volume
effects with cerebrospinal fluid (CSF) are of particular interest; for example, voxels near the
cortical surface of the brain will have a mix of GM and CSF. These effects also become more
pronounced as the brain ages and atrophies. Since PERK assumes each voxel comprises just
one of either WM or GM or CSF, partial volume effects lead to model mismatch. One avenue
of future work is to add a CSF compartment to the tissue model and to investigate the effect
this has on MWF estimates and, in particular, WM /GM contrast in vivo. For simplicity,
one could assume the CSF compartment does not exchange with the other compartments.
This assumption is reasonable for partial volume effects that are at the interface between

brain tissue and CSF in, e.g., the ventricles, where there is a natural barrier that prevents

106



exchange. However, this assumption breaks down in pathological conditions such as edema,
where brain tissue and CSF are in direct contact [87]. First, one could investigate the model
mismatch by simulating test data using the new tissue model but training PERK using the
model that does not include CSF'. If significant differences in the MWF estimates are found,
the new tissue model model could be used to train PERK for estimating MWF from in vivo

data to see whether WM/GM contrast improves.
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APPENDIX A
Effects of Magnetization Transfer on STFR-Based
Myelin Water Imaging

Chapter 3 estimated MWF by simulating the STFR signal for training PERK. The sig-
nals were simulated assuming instantaneous RF excitation pulses. However, real excitation
pulses have finite duration (about 1-2 ms). For magnetization with relaxation times much
longer than the excitation pulse duration, the difference between instantaneous and non-
instantaneous pulses is negligible, but for other magnetization, such as is found in macro-
molecules with T5 values on the order of 10 us, the difference can lead to significant changes
in the simulated signal. Though magnetization with such short 75 is not typically MR-
visible, it impacts the observed signal through exchange with other tissue compartments, a
process called magnetization transfer (MT). This appendix presents work investigating how
MT affects the STFR signal and how that, in turn, affects MWF estimates.

A.1 Introduction

It was shown in [88] that MT effects cause the steady state bSSFP signal to be much lower
than predicted by conventional theory. STFR produces a similar signal to bSSFP, so we

investigated to what extent MT effects influence the steady state STFR signal and, in turn,
MWEF estimates from STFR scans.

A.2 Methods

A.2.1 Modeling MT Effects

Brain tissues were modeled using a three-compartment model with exchange, as in Chapter 3.
When simulating the STFR signal for training PERK in that chapter, however, instanta-

neous RF excitation pulses were assumed, i.e., the magnetization simply was rotated by
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the prescribed flip angle without undergoing any relaxation or free-precession. To assess
the effects of model mismatch, we accounted for MT effects by simulating sinc-shaped RF
excitation pulses with 1 ms duration and time-bandwidth product of 8. Each RF pulse was
played out in 401 time points, each of which was treated as an instantaneous RF pulse, and

between each hard pulse, the magnetization experienced relaxation and free-precession.

A.2.2 Experiments

First, we looked at how a single-compartment macromolecule magnetization with My = 1,
Ty = 1000 ms, and Ty = 50 us was affected by the non-instantaneous RF excitation pulse.
We also looked at a single-compartment white matter magnetization with My = 1, 77 = 833
ms, and 75 = 80 ms for comparison. Next, we looked at the magnetization of a three-
compartment, exchanging system with My, = 1, f; = 0.15, f, = 0.1, T1y = 400 ms, T} =
1000 ms, 71 m = 1000 ms, To¢ = 20 ms, T5 ¢ = 80 ms, T, = 50 ps, ¢ = 100 ms, 74y, = 50
ms, Awr = 15 Hz, k = 1, and Aw ranging from —100 to 100 Hz. In both cases, we looked
at the magnetization arising from an STFR scan in steady state with Txee = 8 ms, Ty = 2.8
ms, a = 15°, f = 15°, ¢ = 0, and Tk at either 0 ms (immediately after the instantaneous
pulse), 0.5 ms (immediately after the 1 ms pulse), or 4 ms (the conventional echo time).
After looking at the STFR steady state signals for a single STFR scan, we then inves-
tigated how PERK MWF estimates were influenced by non-instantaneous RF excitation
pulses. We generated test data by simulating STFR scans with 1 ms sinc excitation pulses,
and we compared training PERK with instantaneous excitation pulses to training PERK
with non-instantaneous pulses. The STFR scans were simulated using scan design A from
Table 3.2, with The. = 8 ms, T, = 2.8 ms, and Ty, = 4 ms. Both test and training data were

simulated from a range of tissue parameters given in Table 3.1.

A.3 Results

A single-compartment macromolecule magnetization is greatly affected by the duration of
the excitation pulse (especially the longitudinal component M,), unlike a single-compartment
white matter magnetization, as seen in Table A.1. For a three-compartment, exchanging
system, however, the acquired signal in steady state is essentially the same for both instan-
taneous and non-instantaneous excitation pulses, as shown in Figure A.1. The results in

Figure A.1 are for Ty = 0.5 ms, i.e., immediately after the 1 ms sinc excitation pulse.
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Table A.1: Steady state single-compartment magnetization using instantaneous and non-
instantaneous RF excitation pulses. A macromolecule magnetization (especially the longi-
tudinal component M,) is much more sensitive to the duration of the excitation pulse than
is a white matter magnetization. iRF': instantaneous excitation. niRF: non-instantaneous
excitation.

Te=0| Tg=0.5ms T =4 ms
iRF niRF iRF | niRF iRF
Macromolectle My, | 0.035 | —0.001 0.000 | 0.000 0.000
M, 0.131 0.197 0.132 | 0.200 0.135
) My, | 0.175 0.173 0.174 | 0.166 0.166
White Matter 3 g 6s0 | 0652 0.652 | 0.653 0.654
0.20 \ \
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Figure A.1: Steady state STFR signal acquired at Tg = 0.5 ms for a three-compartment,

exchanging system using instantaneous and non-instantaneous RF excitation pulses versus
bulk off-resonance frequency Aw. The signals are essentially the same in both cases.
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The RMSE of PERK MWF estimates was essentially equal when training with instanta-
neous excitation pulses as it was when training with non-instantaneous pulses (0.0206 versus
0.0199).

A.4 Conclusion

We found that while the steady state of a single macromolecule magnetization changes
dramatically depending on whether the RF excitation pulses are instantaneous or not, the
steady state STFR signal from a three-compartment, exchanging system does not change
much at all. We also found that MT effects did not affect PERK MWF estimates very much,
which is in line with the finding that the steady state STFR signal did not change much. In
sum, it appears that for STFR-based MWF estimation using PERK modeling MT effects is

not important.
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