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Abstract

Q-ball imaging (QBI) is a popular high angular resolution diffusion imaging (HARDI) technique
used to study brain architecture in vivo. Simulation and phantom-based studies suggest that QBI
results are affected by the b-value, the number of diffusion weighting directions, and the signal-to-
noise ratio (SNR). However, optimal acquisition schemes for QBI in clinical settings are largely
undetermined given empirical (observed) imaging considerations. In this study, we acquire a
HARDI dataset at five b-values with 11 repetitions on a single subject to investigate the effects of
acquisition scheme and subsequent analysis models on the accuracy and precision of measures of
tissue composition and fiber orientation derived from clinically feasible QBI at 3T. Clinical
feasibility entails short scan protocols - less than five minutes in the current study - resulting in
lower SNR, lower b-values, and fewer diffusion directions than are typical in most QBI protocols
with research applications, where time constraints are less prevalent. In agreement with previous
studies, we find that the b-value and number of diffusion directions impact the magnitude and
variation of QBI indices in both white matter and gray matter regions; however, QBI indices are
most heavily dependent on the maximum order of the spherical harmonic (SH) series used to
represent the diffusion orientation distribution function (ODF). Specifically, to ensure numerical
stability and reduce the occurrence of false peaks and inflated anisotropy, we recommend
oversampling by at least 8-12 more diffusion directions than the number of estimated coefficients
for a given SH order. In addition, in an equal scan time comparison of QBI accuracy, we find that
increasing the directional resolution of the HARDI dataset is preferable to repeating observations;
however, our results indicate that as few as 32 directions at a low b-value (1,000 s/mm?) captures
most of the angular information in the g-ball ODF. Our findings provide guidance for determining
an optimal acquisition scheme for QBI in the low SNR and low scan time regime, and suggest that
care must be taken when choosing the basis functions used to represent the QBI ODF.
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Introduction

Diffusion-weighted magnetic resonance imaging (DW-MRI) is a medical imaging technique
sensitive to the random Brownian motion of water, which can provide contrasts that give
insight into the tissue architecture of the brain. There exists a wide variety of methods that
attempt to model the underlying three-dimensional displacement of water molecules (i.e.,
the diffusion propagator) from a series of “diffusion-weighted” (DW) images in order to
make inferences regarding tissue microstructure dimensions, organization, and orientation.
Diffusion tensor imaging (DTI) has proven useful in providing indices related to white
matter integrity and estimates of the primary direction of diffusion (1), which are assumed to
lie parallel to the axonal tract orientation within each MRI voxel. The diffusion directional
preference has been widely applied to map the white matter fiber pathways of the brain in a
process called fiber tractography (2-4).

Despite its successes, DTI can only recover a single fiber orientation in each voxel, which
leads to ambiguous orientation estimates in regions of complex fiber geometries and
subsequent failure of tractography (5,6). These limitations have led to the development of
alternative models and algorithms that aim to recover more detailed information about the
fiber geometry - collectively referred to as high angular resolution diffusion imaging
(HARDI) techniques (7-11). Q-ball imaging (QBI), one of the most commonly applied
HARDI methods, aims to extract an estimate of a function called the diffusion orientation
distribution function (ODF) using the Funk-Radon transform of the DW signal (10). The
diffusion ODF is a continuous function over a sphere that describes the probability that a
water molecule diffuses in a given direction, and it is generally assumed that the ODF has its
maxima aligned with the underlying fiber directions in every voxel. Measures of anisotropy
and orientation can be extracted from the ODF and used for subsequent tractography. QBI
and tractography have been shown to resolve complex fiber geometries in both white matter
(WM) and gray matter (GM) tissue and successfully track through crossing-fiber regions
(12,13). While cutting edge research in the field of diffusion MRI now largely focuses on
microstructural quantification, the ability to accurately and reliably estimate orientation
information is essential for subsequent fiber tractography and the study of the human
connectome. Studies utilizing QBI remain pervasive in recent literature (14-20), yet there is
little consensus on how best to implement this algorithm, particularly in clinical (or low
SNR) settings.

The QBI acquisition is characterized by the amount of diffusion weighting (b-value) and the
number of DW-directions sensitized to diffusion. Current practice is to acquire as many
directions, at as high a b-value, as time will allow. For example, Tuch et al. acquire 492
gradient directions at a b-value of 12,000s/mm? (21), and later collect 252 directions at
b=3,000s/mm? (10), while Kuo et al (22) study schemes consisting of b-values ranging from
1,000 to 6,000s/mm? with 253+ gradient directions. However, the increased angular
resolution and large diffusion-weightings come at the expense of increased scan times and
decreased signal-to-noise ratios (SNR), making these schemes impractical in clinical
applications or neuroscience investigations where scan time constraints exist due to cost,
patient comfort, or the need for additional neuroimaging sequences. Because of the complex
tradeoffs between these acquisition parameters, the optimal acquisition scheme in terms of
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b-value and number of DW-directions remains unclear. This problem has been partially
tackled by imaging physical phantoms in order to assess the effects of acquisition schemes
on the accuracy and precision of the g-ball ODF, or ODF derived metrics (23,24). However,
these studies, too, have little to no constraints on acquisition time, leading to high b-values,
large number of DW-directions, and favorable SNR. This problem has also been addressed
with the use of synthetic data. For example, simulations (25-27) at realistic SNRs suggest
QBI can adequately resolve complex fiber configurations at moderate b-values (~2000-
2500s/mm?2) and a relatively low number of DW-directions (48-100); however, it is unclear
how well the simulated data reflects the complexities of live tissue. To date, there has been
no attempt to address the effects of acquisition scheme on the reproducibility and
performance of QBI using empirical, clinically feasible datasets. The current study focuses
on short time acquisition paradigms, specifically scan times less than 4-5 minutes in
duration. As a consequence of the short duration, the number of diffusion weighting
directions remains low (less than 96), the b-value remains low (less than a maximum b-value
of 3000 s/mm?), and the resulting images have SNRs much lower than is typical in research
QBI applications (in this study, an SNR of ~10-12 in WM of b0 images), all of which are
expected to impact the fidelity of the estimated diffusion ODF.

In addition to the QBI acquisition, there is also the question of appropriate QBI
reconstruction and implementation. The g-ball ODF is typically represented using basis
functions on a sphere. Original work used spherical radial basis functions (10,21) to
represent the ODF. Later work uses spherical harmonics (SH) (8,28,29), which have become
popular because they give a more compact representation of the ODF and reduce numerical
computations. Because the SH are a complete set of orthogonal functions on a sphere, they
are capable of describing any bounded function defined on the surface of a sphere (i.e., any
ODF) given a sufficiently large harmonic series order. However, the number of DW-images
acquired limits the maximum order that can be applied to QBI. Truncating the SH order is
equivalent to apodizing the ideal ODF with a windowing function (30) which can smooth the
ODF and impact both the angular resolution and measures of anisotropy. Thus, while it is
desirable to reconstruct the ODF using high order SH for the highest angular resolution, the
higher frequency harmonics are less reliably estimated, and, in the presence of low SNR
data, can lead to false peaks in the ODF. Conversely, a smaller SH series ensures numerical
stability in generating the g-ball ODF with low SNR data while potentially blurring out
informative features of the ODF. While these properties are well-known, and have been
characterized both theoretically (28) and experimentally using high SNR data (31), it is
unknown how the maximum order SH fit of QBI impacts measures derived from the ODF on
low-SNR data, and what the appropriate numerical computation should be for empirical
datasets with varying numbers of DW-directions.

The aim of this study is to investigate how the acquisition and reconstruction of clinically
feasible g-ball data affects the derived contrasts through a direct in vivo analysis of
experimental data acquired in a short acquisition time - less than five minutes. This is done
using repeated scans on a single healthy subject, at a range of b-values. The study is divided
into two parts. In part one, we determine how the magnitude and reproducibility of the Q-
ball ODF (and subsequent contrasts) vary as a function of the number of gradient directions,
the b-value, and the maximum SH order. In the second half of the study, we ask whether
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increasing directional resolution is preferable to repeating observations by characterizing the
effects of different scan-time-equivalent (STE) schemes on the accuracy and precision of
QBI contrasts. This work extends (32) by considering the effects of SH order, different DW-
schemes, and additional metrics of accuracy and reproducibility. Overall, this study provides
guidance for both clinicians and researchers for determining an optimal acquisition scheme
for QBI in a clinically feasible scan time.

2. Methods

2.1 Acquisition

All data were acquired in accordance with the Vanderbilt University Institution Institutional
Review Board (IRB) guidelines and with signed consent from the volunteer. Diffusion MRI
was performed with a 32-channel head coil on a single healthy subject scanned on a 3T
Philips Achieva Scanner (Philips Medical Systems, Best, The Netherlands), in three two-
hour long sessions, on three consecutive days. The scan protocol consisted of five diffusion
shells (b-values of 1000, 1500, 2000, 2500, and 3000 s/mm?2) with 96 diffusion-weighted
directions each (Figure 1). Each was preceded by a non-diffusion weighted (b0) volume,
formed by 10 repeats averaged on the scanner. The data were acquired at 2.5mm isotropic
resolution, with a matrix of 96 x 96 x 38 slices, using a DW Stejskal-Tanner monopolar
PGSE-EPI sequence (multi-band=2; SENSE=2.2; TR=2650 ms; TE=101 ms; Partial
Fourier=0.7, receiver bandwidth=318 kHz), giving a total scan time for a diffusion shell of
106 volumes (96 DWIs + 10 b0 images) of just over 4.5 minutes. Fold-over direction was A-
P with a P fat shift. For each set of 5 shells, an additional “b0” was acquired with reverse
phase encoded volumes (i.e., fold over direction A-P with A fat shift). This protocol was
performed four times on days 1 and 3, and three times on day 2, resulting in a total of 11 sets
of data for each diffusion shell.

2.2 Data Pre-Processing

All volumes from each scan session were concatenated and corrected for movement,
susceptibility induced distortions, and eddy currents using FSLs topup and eddy algorithms
(33) (Figure 1). The gradient table was rotated based on the transformations obtained from
the corrections. Data were then registered to a common space to facilitate voxel-wise
comparisons (Figure 1). First, for each scan session, all b0 images were combined to obtain
the mean b0 for individual sessions. The mean b0 from session 1 (S1 Mean b0) was
registered to the MNI T2 template using a 6 degrees-of-freedom (DOF) rigid registration,
resulting in the “MNI” S1 Mean b0. The mean b0 from the other two sessions were then
registered to “MNI” S1 Mean b0 with 6 DOF. Finally, all b0’s and diffusion weighted
images from all sessions are moved to target space by applying the appropriate transform.
All registration was implemented using FSLs FLIRT command (34). The images were then
in MNI space, at 2.5mm isotropic resolution, resulting in an image matrix of 78X93X75.

Because of potential signal drift over time within sessions, and differences in gain and signal
magnitudes between sessions, global intensity normalization was needed (Figure 1). To do
this, all b0’s from all sessions (in common space) were averaged to form the overall mean b0
(MNI S1-S3 Mean b0). The individual b0 images were then divided by the overall mean b0
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and the median intensity (within a brain mask) was calculated. The inverse of this value was
the normalization weight used to create a weighted arithmetic mean of the bOs (“MNI”
Weighted Mean b0). Finally, all DWIs were divided by their corresponding b0, and
multiplied by the weighted average. This results in all DWIs normalized to the weighted b0,
and corrected for scanner gains across sessions, and signal drifts within sessions.

The full processed dataset is made available through the NITRC Project: “multimodal”.

2.3 Effects of acquisition and model fitting

The first aim is to perform an empirical analysis of the number of diffusion weighted images
and maximum SH order on the reproducibility of QBI measures. To assess the effects of
varying the number of sampled diffusion weighting directions (Figure 1), the full 96 gradient
directions were re-ordered to minimize the electrostatic potential energy of any partial set of
the first “N” directions, ensuring that the first “N” directions are maximally uniformly
distributed (35). From this, for each diffusion shell (b-value), subsets of DWIs from 20 to 96
directions (in increments of 4) were created for all 11 scans.

The g-ball ODF was stored in the form of spherical harmonic basis functions, which allows
a simplified representation of the ODF in terms of a small number of basis coefficients.
Because dMRI is incapable of distinguishing diffusion along opposite directions (i.e., ODF
is antipodally symmetric), only even order SH coefficients need to be calculated. Second,
because both the ODF and diffusion-weighted signal are real, the SH basis functions exhibit
conjugate symmetry, further reducing the number of estimated coefficients. This means that
for a SH representation of maximum order L, the number of coefficients to be estimated is
reduced from (L+1)? to (L+1)x(L+2)/2. Thus, representing the ODF using 4, 6t 8t and
10" order SH necessitates acquisition of at least 15, 28, 45, and 66 diffusion weighted
directions, respectively. To assess the effects of varying orders of the SH fit, all datasets were
fit to 41 order SH coefficients, datasets containing 28 to 96 directions were fit to 6! order
SH coefficients, those containing 48 to 96 directions were fit to 8! order, and those
containing greater than 68 were fit to 10t order (Figure 1). Note that these correspond to the
first multiple of 4 that meets the requirements for model fitting. A maximum order of 10 was
chosen as it is the highest observed in literature (while fits of 4, 6, and 8 are by far more
common).

Next, for all combinations of gradient directions and SH fits (for 11 scans), Q-ball
reconstruction of the ODF was performed following the analytic (non-regularized) solution
proposed in (29) using UCL’s Camino Diffusion MRI Toolkit (36). From this, shape and
orientation measures were extracted (Figure 1). First, peaks of the ODF were extracted by
searching for local maxima in the ODF that are larger than a threshold defined as 20% the
magnitude of the largest peak (this is common in diffusion literature (37-39) to reduce the
presence of false positive peaks). For each voxel, the peak orientation(s) and number of
peaks were stored, and if multiple peaks were detected, the crossing angle is calculated in
addition to a volume fraction for each peak. Next, the fractional anisotropy (FA), a scalar
value between 0 and 1 derived from DTI that describes the anisotropy of diffusion, was
calculated, as well as the generalized fractional anisotropy (GFA), an analogue of FA that
describes the variation of the ODF magnitude over the sphere. Finally, for each peak, the
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Hessian, or second derivative matrix of the ODF, was derived and its trace was calculated.
The trace of the Hessian (TH) describes the sharpness of each peak, and has been used in
fiber tracking algorithms, where the log of the TH is used to find the uncertainty in peak
orientation estimation (40).

From these measures, metrics of precision and reproducibility were calculated. The voxel-
wise mean and variance across 11 observations were calculated for FA, GFA, log of TH,
number of peaks, and crossing angle (if >1 peak). To describe precision of orientation
measures, the angular variability for the primary (AV1) and secondary (AV2) peaks were
computed using a method similar to that described in (41,42), although adapted to
accommodate more than one peak. Briefly, the ODFs from all 11 sessions were averaged to
create the mean ODF in each voxel. Local maxima of the mean ODF were extracted and
designated as the mean primary peak ( 554 71). and (if it exists) the mean secondary peak
(PEAK?)- The angular variability of the primary fiber orientation was computed as the
mean angle between each observation and the primary peak of the mean ODF:

1 Y -
AV1:N;(;05*1(PEAKZ- - PEAKT)

where N=11, and PEAK; is the peak from the observed data that minimizes the angular
difference from the mean peak. Similarly, the angular variability of the second fiber
orientation (if it exists) was computed as:

1Y S
AVQ:NZcos_l(PEAKi -PEAK?2)

i=1

where N is less than or equal to 11, and PEAK; is the peak from the observed data that
minimizes the angular difference from the mean peak. Note that this can be the same peak
used when calculating AV1.

Finally, to have a quantitative assessment of the reproducibility of the ODF (from which all
other parameters are derived), the Jensen-Shannon divergence (JSD) was calculated. The
JSD measures the distance between multiple probability distributions (in this case, the ODF
over a sphere) and has been used to compare ODFs from different reconstruction methods
(43) and in bootstrap analysis to quantify reproducibility of the Q-ball ODF (44). Here, we
used JSD to quantify the similarity between the observed ODFs and the mean ODF. Similar
to (44), we project both ODFs onto 724 values distributed equally over a sphere. Using the
same notation as in (44) the JSD is defined as

Dy, (P, M)+D,, (@, M)

JSD(P,Q)= .

with
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ALY

and P(i) and Q(i) are the ODF magnitudes of the observed and mean ODFs along index i
(i=1...724), and Dg__is the Kullback-Leibler divergence:

Dy (P:Q):Xijp(i)log (g 8)

The JSD is calculated for all combinations of directions, SH order, and b-values, across all
11 sessions.

All results regarding acquisition and model fit are displayed as qualitative images of a single
axial slice for selected acquisition schemes and SH fits, as well as quantitative plots in select
regions of interest (ROIs) (defined below).

2.4 Effects of diffusion weighting schemes

The second aim is to study the effects of diffusion weighting schemes on the reproducibility
and accuracy of QBI measures. Specifically, we ask, given a specific scan time, is it better to
improve angular resolution by acquiring more unique DWIs, or to improve SNR by
averaging a smaller set of DWIs? We chose to define a scan time equivalent (STE) as 96
DWIs (approximately 4.5 minutes with our protocol). We grouped data from DWIs within
sessions to form 4 “composite acquisitions” (Figure 1). STE#1 is an acquisition of 4
averages of 24 DW-directions (resulting in 2 total samples), STE#2 is 3 averages of 32
directions (3 samples), STE#3 is 2 averages of 48 directions (5 samples), and STE#4 is 1
average of 96 directions (11 samples). Although scans have been normalized across sessions
to remove potential changes in scanner calibration, we have chosen not to directly combine
diffusion data from different scan sessions in order to mitigate any potential inaccuracies in
registration. Finally, all schemes are compared to the “gold standard” contrasts derived from
the concatenation of all DWIs in an imaging session. It is important to remember that the
SNR of the DWIs is expected to increase proportional to the square-root of the number of
averages. For example, compared to the 1X96 acquisition, we expect SNR to increase by a

factor of 2, V'3, and V2 for the 4X24, 3X32, and 2X48 schemes, respectively.

Q-ball reconstruction and extraction of shape and orientation properties of the ODF are
performed as described previously. Again, metrics of accuracy and precision were
calculated, including the mean and variance across all samples in each STE scheme for
GFA, log of TH, number of peaks, and crossing angle. To describe errors associated with
orientation estimates, the mean angular difference for the primary (MAD1) and secondary
(MAD?2) peaks were computed. The mean angular difference describes the averaged angular
error between each observation and the gold standard primary peak (PEAK1gs) and (if it
exists) the gold standard secondary peak (PEAKZ2gs), and is calculated as:
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N
MAD1=%3" cos ' (PEAK; - PEAK1,,)
=1

cos Y(PEAK; - PEAK2,)

M=

MAD2=4%
7

1

where N=2, 3, 5, and 11 for STE#1, 2, 3, and 4, respectively. PEAK; is the peak from the
observed data that minimizes the angular difference from the gold standard peak. Finally, the
JSD is calculated as described previously; however, in this case, we are measuring the
similarity of each observed ODF with the gold standard ODF. Again, results are displayed as
qualitative images of a single axial slice in the 4 STE schemes, as well as quantitative plots
in select ROIs (defined below).

2.5 Region of interest definition

Five regions of interest (ROIs) were chosen to examine the effects of acquisition and
analysis in both WM and GM structures. ROIs were manually defined in order to minimize
partial volume contamination from adjacent structures. For analysis of WM structures, ROIs
were chosen in the splenium of the corpus callosum (SCC), the internal capsule (IC), and the
centrum semiovale (CS). These regions are representative of the spectrum of WM
complexity expected in the brain, ranging from dense, coherent fiber bundles of the SCC to
the complex CS which contains multiple fiber populations of varying volume fractions. The
FA in the areas of the SCC, IC, and CS, are approximately 0.85, 0.62, and 0.27, respectively
(Note that the results for FA are not shown - FA is derived from the diffusion tensor, and
there is considerable literature on the effects of b-value, DW-scheme, and SNR on this
measure). For analysis of GM structures, ROIs were chosen in the globus pallidus (GP) a
sub-cortical structure (FA ~0.25) and in the precentral gyrus (PCG) of the cerebral cortex
(FA ~0.12).

3. Results

3.1 Qualitative Results

QBI glyphs for two anatomical locations are shown in Figure 2 for various combinations of
diffusion weightings, number of diffusion directions, and different maximum SH orders. The
glyphs in a complex fiber crossing region (Figure 2, left) are generally able to resolve the
intersection of the callosal fibers and cortical spinal fibers, with some exhibiting the
presence of a third peak oriented anterior/posterior (association fibers). However, the most
striking feature of these glyphs is the presence of an increased number of peaks (often more
than three), and the sharpness of the peaks, when fitting with 8" and 10t order SH, for both
low and high b-values. In addition, there is little difference in the 41 and 6t order fits
between the lowest 32 directions and the full set of 96 directions.

For the single fiber region of the SCC (Figure 2, right), there is little noticeable difference
across various fitting orders, and across gradient directions. However, the ODF lobes are
noticeably sharper at a b-value of 3,000 s/mm? than at 1,000 s/mm?2. Small, spurious peaks
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are sometimes noticeable, which justifies the use of a threshold (relative to the maximum
peak amplitude) when counting the number of fiber populations in a voxel.

3.2 Effects of acquisition and model fitting

GFA and crossing angle—Representative maps of GFA and crossing angle are shown
for select combinations of DW-directions and maximum SH order in Figure 3 (a and b), for
the middle axial slice. The directions (for all qualitative results) are chosen to span a wide
range of possible acquisitions schemes and to highlight the “transition zones” where the next
highest SH order can be fit. This includes: 24 directions, from which only 4t order SH can
be fit; 28 directions, from which 4! order can be fit, and is the minimum sampling
requirement for 6! order fit; 48 directions, from which 41 and 6™ order can be fit, and is the
minimum sampling requirement (which is a multiple of 4) for 8t order fit; 68 directions,
from which 41, 6™ and 8™, order can be fit, and is the minimum sampling requirement
(which is a multiple of 4) for 10t order fit; and 96 directions, which is the maximum
acquired in this study.

Qualitatively, GFA appears higher in WM than in GM, and the contrast between the two
tissues is decreased at larger b-values (Figure 3a). Most striking is the loss of GM/WM
contrast and increased GFA across the entire brain when first transitioning towards higher
SH orders. However, in areas not in these transition zones, the GFA maps appear to be quite
similar and of comparable quality.

These trends are in agreement with quantitative ROI analysis. Here, the mean (Figure 3c)
and standard deviation (Figure 3d) of the GFA across all 11 sessions for a b-value of 2,000
s/mm? are shown, across all ROIs (for results at all b-values, see Supplementary Figure 1).
In descending order, the GFA for ROIs closely follow that of FA (i.e. SCC, IC, GP, CS,
PCG), and there is an increase in GFA as b-value increases (Supplementary 1a). Here, it is
clear that the GFA, for all regions, is overestimated when switching to a higher order SH fit.
The anisotropy is regularized with increasing angular samples, approaching that of the 4t
order fit after approximately 32, 52, and 80 samples for 6!, 8t and 10t orders, respectively
(with the exception of GP which takes slightly longer to regularize). However, in all cases, a
higher-order fit always results in a larger GFA. The variation across 11 sessions also shows
that these transition zones result in less reproducible measurements. In addition, the results
in GM regions show more variance than those of the WM ROls.

Maps of crossing angles (Figure 3b) show that resolved crossing occurs at more acute angles
at the “transition zones”. It is also interesting that the crossing angle appears somewhat
homogenous across the entire brain in most cases, suggesting that the resolved intravoxel
crossing is influenced more heavily by the number of DW-directions and g-ball model rather
than the underlying anatomical geometry. Plots of the crossing angle (Figure 3) show that
the SCC and IC tend towards orthogonal crossing as directional resolution increases;
however very few crossings are expected in these regions, so they are likely false positive
peaks. Crossings in GP, CS, and PCG are heavily dependent on SH order, and tend to remain
fairly constant for all direction numbers (except for 10" order, where there is again a trend
towards orthogonality). It is expected that 41 order SH resolve mostly orthogonal crossings
(78-90°), however it is unexpected that the 6™ order SH fits result in the most acute
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crossings (for GP, CS, PCG), with 8t and 10t order in the intermediate range. Crossing
angles become slightly more acute at higher b-values (see Supplementary Figure 1c);
however, the average crossing angle in any ROI never reached below 65 degrees, and very
few crossings were observed at less than 60 degrees.

Trace of Hessian (log) and Number of Peaks—Maps of the log(TH) and the number
of peaks are shown in Supplementary Figure 2 (a and b), again for an axial slice of the brain,
and for the same acquisition and processing schemes as in Figure 3. Qualitatively, the TH
shows strong contrast between GM and WM (Supplementary Figure 2a), with very little
dependence on b-value. Similar to GFA, contrast is lost at transition zones with resulting
overestimation of peak sharpness throughout the entire brain. Plots of the log(TH) across
gradient directions (Figure 4a) show that the highest TH belong to the primary peaks of the
GP and the SCC, followed by IC, CS, and PCG. Again, regularization occurs after
oversampling by approximately 4, 7, and 14 samples for 6!, 8t and 10 order SH,
although the log(TH) never approaches that of the 41 order fit, and is continually decreasing
as the number of DW-directions increases. Finally, the variation of log(TH) (Figure 4b)
shows slight decreases as the number of directions increase for higher order fits, although it
remains fairly constant for 41 and 6™ orders.

The number of extracted peaks is also heavily dependent on the SH order (see
Supplementary Figure 2b for qualitative results). Fitting the data exactly in the low-SNR
clinical scans results in 3 peaks consistently, in both WM and GM, even when no crossing
fibers are expected. Overall, there are fewer peaks identified with a lower order fit. A 4t
order SH fit consistently shows one peak throughout most of WM with one or two peaks in
GM, while all other orders tend to show one or two peaks in WM, with 3 identified in GM.
These results are verified in plots (Figure 4c) for a b-value of 2,000 s/mm? (plots for all b-
values, and all ROIs are provided in Supplementary Figure 3). The GP and PCG consistently
show the presence of 3 peaks (except for 4™ order fit, where 2-2.5 peaks are identified on
average), the SCC and IC trend towards 1 peak, while the CS is intermediate, ranging from
as many as 3 to as few as 1.2 average peaks depending on the scheme. Three trends are
apparent in all regions. First, for a given number of directions, a lower order SH fit always
results in a smaller number of extracted peaks. Second, the number of local maxima
decreases as the number of directions increase. Finally, a higher b-value results in an
elevated number of peaks (Supplementary Figure 3).

JSD, Angular Variation 1, Angular Variation 2—To describe the reproducibility of the
entire ODF, as well as the spread of the estimated orientations about the observation mean,
maps of JSD, AV1, and AV2 are shown in Figure 5. In most cases, the JSD is higher in the
ventricles, and there is no clear contrast between GM and WM (Figure 5a). The findings of
(44) are reproduced, where the JSD increases towards the center of the brain, likely
reflecting the decreased sensitivity of the array coils in this area and suggesting a direct
relationship between SNR and reproducibility of the ODF reconstruction. Similarly, the
ODFs reconstructed at higher b-values (lower SNR in DWIs) show larger JSD. As in all
previous measures (all of which are derived from the ODF), the reproducibility is
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significantly reduced at the transition zones, but quickly overcome by compensating with
greater angular oversampling.

The angular variation around the primary diffusion direction (Figure 5b) is typically less
than 10° throughout much of the WM, but approaches 30° in GM regions. However, the
angular variation about the secondary direction (Figure 5¢) is much higher, typically greater
than 30° throughout the entire brain. For both AV1 and AV2, there is little difference across
b-value, and the only schemes where differences can be appreciated are 8" order SH fit at 48
directions, and 10t order SH fit at 68 directions (the transition zones).

The ROI-based results across all directions are plotted in Figure 6 for b=2,000 ss/mm?. The
JSD (Figure 6a) decreases as the number of direction increases. Again, oversampling is
required by approximately 4-14 directions (depending on SH order) for the ODF
reproducibility to be on par with that from 4t order fit. In all cases, the JSD for a higher
order fit is always larger than that of the lower order fits, and the JSD increases as b-value
increases (see Supplementary Figure 4 for all b-value plots).

The WM ROIs (SCC, IC) showed greater precision (typically less than 10°) in estimation of
the primary diffusion direction (Figure 6b), while the GM ROIs (GP, PCG) had a much
larger angular variation (25-35°). The CS had an intermediate variation of 15-30°,
depending on acquisition and analysis model. In all cases, lower SH order had a higher
precision. In WM, significant reduction in variation was achieved after acquisition of 36, 52,
and 76-80 acquired images for 61, 8™ and 10t order fits. The angular precision of the
secondary peak (Figure 6c¢) was always poor, with variation typically greater than 30° for all
acquisition and processing schemes, all ROls, and all b-values (note that data points are not
shown if second peaks are not present in the ROI for a given scheme).

3.3 Effects of Diffusion Weighted Scheme

GFA and Crossing Angle—Representative maps of the GFA and crossing angle are
shown in Figure 7 for the four different STE schemes. There is little noticeable difference in
GFA across schemes (Figure 7a), however, there is an apparent increase in GFA in GM
regions as b-value increases, reducing contrast between GM and WM. Figure 7b shows plots
of the observed GFAs within ROIs by each diffusion scheme, with the gold standard contrast
designated as a horizontal line (results are shown for a b-value of 2,000 s/mm?, for results at
all b-values, see Supplementary Figure 5). With the exception of the GP, the gold standard
GFA iincreases for all ROIs as b-value increases. In the simple WM regions of the SCC and
IC, there appears to be no bias between any scheme and the gold standard. However, there is
an upward bias of GFA for CS, GP, and PCG for all STE scans.

Maps of fiber crossing angles (Figure 7c) highlight the near orthogonal crossings resolved in
the 4X24 protocol, as opposed to the more acute angles resolved across the other STEs.
Here, b-value appears to have little effect on intra-voxel crossings. Plots of the average
crossing angle in each ROI (Figure 7d) confirm that the 4X24 acquisition tends to resolve
fibers as crossing at more orthogonal angles, particularly in the GP, and PCG (for results at
all b-values, see Supplementary Figure 5). Note that both the SCC and ICC are expected to
be predominantly single fiber regions. However, a small number of voxels in the “gold
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standard” dataset still exhibited multiple fiber populations in these regions (average crossing
angle is shown as a solid horizontal line), which are likely the result of false positive peaks.
Finally, the results in the CS, where multiple fiber populations are expected, show general
consistency across all schemes.

Trace of Hessian and Number of Peaks—Maps of the log(TH) for varying STE
sessions (Supplementary Figure 6a) appear to be of similar quality, and differences across
schemes or b-values are not discernable by visual inspection alone. However, ROl analysis
of the mean log(TH) shows that the 4X24 protocol has a downward bias in TH relative to the
gold standard contrast, for both GM and WM. All other STEs show no apparent bias, and
little to no difference across schemes (Figure 8a). ROl analysis for all b-values is shown in
Supplementary Figure 6b.

When looking at the number of identified peaks Supplementary Figure 6c¢), it is clear that the
4X24 analysis consistently resolves less fiber populations. This is clearly seen in plots of the
CS, GP, and PCG (Figure 8b), where this scheme results in lower number of identified
peaks. The higher angular resolution schemes tend to overestimate the number of peaks in
these regions. It is interesting that the 4X24 protocol leads to the opposite effect at b-values
of 2500 and 3000 in the SCC (Supplementary Figure 6d), resulting in overestimation of the
numbers of peaks, where just a single fiber population is expected.

JSD, Mean Angular Difference 1, Mean Angular Difference 2—The STE results for
JSD, MAD1, and MAD?2 are shown qualitatively in Figure 9, along with plots of the mean
quantity in the ROIs for all samples of the different schemes (for plots at all b-values, see
Supplementary Figure 7). Visually, the JSD shows little difference across protocols (Figure
9a), although there is a slightly increased reproducibility with 4 averages of 24 directions.
Similar to earlier results, JSD is higher in the central brain (particularly the ventricles), and
increases as b-value increases. From ROI analysis (Figure 9b), we confirm little difference
between the STEs, and notice a higher reproducibility in the WM relative to GM, with the
highest JSD seen in the GP in the middle of the brain.

From the MAD1 images (Figure 9c), there is almost no difference detectable across differing
STE acquisitions, and, in agreement with previous results, little to no difference across b-
values. These results are confirmed in the ROI plots (Figure 9d). In addition, the SCC and IC
have less than 10° average angular difference, the CS shows less than 20° MAD, while the
GP and PCG show significant angular difference of 20-40°. The ROI analysis suggest that,
for the primary direction detection, there is no benefit to increasing angular resolution, and
overall low orientation accuracy in GM regions.

Visual inspection of the MAD2 images (Figure 9e) shows that the 4X24 protocol results in
the largest angular differences, particularly in the b=1000 DWIs. There is little noticeable
difference in the mean deviation from the second diffusion peak in all other schemes. This is
confirmed in the ROI-based analysis (Figure 9f), where the 4X24 consistently results in
larger angular deviation for both WM and GM regions. In CS, where multiple fiber
populations are expected, the mean angular difference is typically less than 20° (for all
schemes except 4X24), and there is slight reduction in MAD?2 at larger b-values. For the GM

Magn Reson Imaging. Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schilling et al. Page 13

ROIs (GP and PCG), the angular deviation is much larger, typically ranging from 20-40°.
Thus, the second peak shows considerable deviation in the GM.

Discussion

The primary aim of this study was to assess the effects of the DW imaging acquisition and
reconstruction method on QBI from a clinically feasible dataset. The question of the
appropriate b-value and number of unique sampling directions needed to adequately
describe the g-ball (and HARDI methods in general) is an open area of research. Tournier et
al. (31) studies this by analyzing the angular structure of the diffusion-weighted signal in
order to determine the highest angular frequency present in the DW-data. Given a certain
angular frequency, the acquisition scheme needs only to contain as many coefficients
necessary to recover the SH coefficients that contain that frequency. They show that at a b-
value of 1000 s/mm?, spherical harmonics beyond order 4 are negligible in practice when
characterizing the signal profile. Consequently, only 15 unique DWI’s are necessary to
estimate these harmonics. Their results also suggest that the highest angular resolution
achievable is obtained at a b-value of 3000 s/mm?, which can be fully characterized using
order 8 SH (requiring only 45 DW-directions). However, with low-to-moderate SNR (SNR
less than ~15 in the study), order <=6 terms capture the highest frequency, meaning that, in
practice, only 28 DW-directions are needed to characterize any orientation information.
However, they caution that these represent the bare minimum number of directions, and
recommend acquiring more in order to meet SNR requirement of the intended reconstruction
method.

Our findings clearly demonstrate the importance of oversampling the minimum number of
directions for a given SH order. Without appropriate oversampling, the resulting SH
coefficients fit the ODF (including noise errors) exactly, leading to low reproducibility of the
ODF, increased measures of anisotropy, and spurious peaks. Specifically, to estimate SH
coefficients of order 6, we recommend sampling 32—36 unique DW-directions (as opposed
to the minimum 28 directions) in order to reduce variability of the ODF, reduce the number
of peaks and angular variation of the peaks, and to regularize measures of anisotropy. We
recommend even greater oversampling for higher orders, for example 52-56 directions for
8t order, and 76-80 for 10t order. However, we find no substantial advantages in fitting SH
orders larger than 6. This means that in low-SNR empirical datasets, as few as 32—-36
directions are required to reproducibly characterize the angular content of the ODF. In
addition, we conclude that there is also no additional advantage to increasing the diffusion
weighting beyond a b-value of 1,000 s/mm?2. This is a surprising result, and is typically not
the acquisition paradigm of choice when it comes to research studies, where higher b-values
are used due to the theoretical increase in angular resolution at high b-values (10). Although
there is a slightly increased ability to resolve crossing fibers at larger diffusion weightings,
there is no significant improvement in accuracy or precision when estimating the primary or
secondary fiber orientations. In addition, the higher b-values lead to less reproducible ODFs
(larger JSD), likely due to the decreased SNR. It is interesting that the lowest reproducibility
(lowest JSD) regions are located near the center of the brain where the lowest SNR is
expected. It is also important to point out that all diffusion weightings in this study were
acquired at the same 101 ms echo time (resulting in the same SNR for all b0 images). This is
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not optimal for the lower b-value shells, which can be acquired with a shorter TE and
subsequent increase in SNR. Thus, the lower b-value shells in our study likely underestimate
the reproducibility of these metrics that can be achieved with an optimized TE for a single
low b-value shell, further emphasizing the importance of low b-value DWIs in low-SNR
datasets. It is important to point out that these results regarding optimal b-value are not
generalizable to high SNR datasets (often acquired in the research domain), where time is
not as critical a factor as in the clinic. Overall, we find that QBI on our data sets performs
quite poorly at resolving discrete measures of orientation information or discrete measures
derived from these peaks. However, the overall shape of the ODF is fairly reproducible (as
shown by the JSD), even with acquisition protocols similar to those recommended for DTI
(low b-value, low number of directions).

Another question regarding QBI acquisition is whether it is more beneficial to increase
angular sampling (more unique directions), or image SNR (more image averages) with a
limited time available for scanning. Interestingly, we found very little difference in accuracy
or precision of orientation or anisotropy metrics with 32 or more directions acquired. The
only STE protocol that did not result in high accuracy was 4 averages of 24 directions. This
suggests that, even with the increased SNR from 4 averages, 24 directions are not adequate
to characterize that g-ball ODF. Again, we found little benefit to increasing b-value, even at
the higher SNRs afforded by multiple averaging. It should be emphasized that our dataset
represents the lower range of SNR expected in diffusion imaging, with SNR of
approximately 10-12 for WM in the non-diffusion weighted image. However, this data was
acquired quickly (>100 volumes in 4.5 minutes), and is in the range expected in a clinically
relevant time-limited scan. It is expected that datasets with higher SNR will experience
considerable improvement in reproducibly extracting discrete orientation measures from the
ODF.

There are additional parameters that may exist for QBI that were not addressed in this study.
For example, different approaches are proposed to use regularization methods while solving
for the SH coefficients when large orders are estimated. For example, Tikhinov (28) and
Laplace-Beltrami (29) regularization have been used to minimize the perturbing effects of
high order fits, at the cost of a slightly reduced angular resolution (29). However, this was
not introduced in our study for two reasons. First, several software and open-source
implementations do not do this, and our goal was to reproduce what is arguably the most
commonly implemented (and most simple) form of QBI, and second, it makes the parameter
space to be investigated less tractable. Regularization will certainly reduce false peaks and
reduce anisotropy, but it is likely that oversampling is still required for estimates of any SH
order. One form of regularization that was applied is removing ODF peaks whose amplitude
does not meet some threshold relative to the maximum ODF amplitude in each voxel (20%
in this study). This is commonly done to reduce false positive peaks (37). Despite this
threshold, false positive peaks were still prevalent in our data when fitting to high SH orders,
even in regions known to contain a single dominant fiber population. In addition to
regularization parameters, there are also multiple variations of the g-ball algorithm itself,
some of which have been shown to result in sharper ODFs (45-47). Furthermore, QB is just
one of a large number of HARDI techniques (see (48) and (49) for validation and
performance assessment of a comprehensive set of algorithms on phantom and simulated
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data). However, we have chosen to perform a thorough analysis on QBI, arguably the most
commonly utilized HARDI technique.

A limitation of this study is the use of a single subject to compare different acquisition
paradigms and analysis methods on QBI. This research follows on existing single-subject
studies (41,42,44) that follow a single healthy subject in detail over repeated acquisitions in
order to assess reproducibility and reliability of quantitative diffusion MRI measures. Thus,
we expect these findings to be generalizable across multiple individuals. Decreased imaging
time, which is a necessity for clinical relevance, is accompanied by an inevitable SNR loss,
making the findings of this study particularly valuable for analyzing any set of DWIs that
may have a low to moderate SNR. In addition, it is expect that advances resulting in higher
SNR will be utilized to acquire higher resolution datasets(50), particularly if fiber tracking is
the ultimate goal.

The ability of QBI to accurately and reliably describe the underlying fiber orientation in
each voxel is critical for success of fiber tracking. The optimal HARDI acquisition in
regards to accurate and reproducible characterization of the underlying fiber geometries is
still an open question. In deterministic tracking, it is common to extract only the local
maxima in the ODF (i.e., peaks) to use for propagating the track streamlines. Similarly, for
probabilistic tractography, the peaks must be properly estimated, as well as some measure of
uncertainty, such as the TH. Our results show that for DW-MRI scans achievable in a limited
time (less than 5 minutes), the primary peaks in WM are reliably estimated; however, the
secondary peak is often not extracted, and if detected, is not precise. In GM, neither primary
nor secondary peaks are reproducible, or accurate, varying by as much as 30-50° across
sessions. Fiber tracking from or into the cortex, or through deep brain structures, is unlikely
to be anatomically accurate. Similarly, even in regions of crossing fibers, the resolved
structure is heavily dependent on the SH fit used to model the ODF. Finally, the log(TH) was
also heavily dependent on the SH order, and continually decreases as more directions were
acquired. Thus, results of fiber tracking will be heavily dependent on the acquisition and
analysis protocols. Great care must be taken when comparing clinical studies acquired at
different b-values, using different acquisition schemes, and processed using different SH
orders.

Conclusion

In this paper, the effects of acquisition and subsequent analysis models on the accuracy and
precision of clinically feasible QBI were investigated. We find that the b-value and the
number of DW-directions impact measures of the diffusion ODF orientation and anisotropy.
In addition, we show the importance of oversampling DW directions to suppress noise when
estimating the QBI ODF. Our results indicate that as few as 32 directions, and low b-values,
can reproducibly capture a majority of the orientation information from the DW-
measurements. These results provide guidance for determining optimal acquisition schemes
and analysis protocols for QBI where scan time constraints exist, and low SNRs are
expected.
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Standard pre-processing routines were performed within each session and within-scan
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normalization was performed. The effects of acquisition and model fitting were examined
through subsampling the number of gradient directions used for the fits. Scan equivalent
sessions were constructed to understand the tradeoffs between SNR and angular sampling.
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Figure 2.
QBI glyphs in crossing fiber (left) and single fiber (right) regions, for various b-values,

number of gradient directions, and maximum SH order fit. Glyphs are shown min-max
normalized and are displayed on top of fractional anisotropy maps.
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Figure 3.
The effect of the number of gradient directions, and maximum SH order on the GFA and

Crossing Angle are shown in representative axial slices (A and B) and ROI-based analysis
(C-E) for a b-value of 2,000 s/mm?2. Maximum SH order fit is indicated by line style (dotted
line=4'™ order; dash-dot=6™ order; dashed=8t™ order; solid=10t" order). Note, in the
Crossing Angle figures (B), voxels with only one resolved fiber population are shown as
black. For results at all b-values, see Supplementary Figure 1.
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Figure 4.
The effect of the number of gradient directions, and maximum SH order on the log(TH) (A,

B) and Number of Peaks (C) are shown as an ROI-based analysis for a b-value of 2,000
s/mm2. Maximum SH order fit is indicated by line style (dotted line=4t" order; dash-dot=6
order; dashed=8 order; solid=10t" order). For results at all b-values, see Supplementary
Figure 3.
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The effect of b-value, number of gradient directions, and maximum SH order on JSD, AV1,

and AV2 are presented in representative axial slices.
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The effect of number of gradient directions, and maximum SH order on JSD, AV1, and AV2
are presented for an ROI-based analysis for a b-value of 2,000 s/mm2. Maximum SH order
fit is indicated by line style (dotted line=4t order; dash-dot=6" order; dashed=8™ order;
solid=10™ order). For results at all b-values, see Supplementary Figure 4.
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The effects of diffusion-weighting scheme on GFA and crossing angle for four scan-time-
equivalent sessions are shown as representative axial slices and as ROI-based analysis. The
three separate scan sessions are represented as triangles, diamonds, and circles. Horizontal
lines indicate the mean over three sessions of all data acquired per session, for the
corresponding STE, ROI, and b-value. Note that axis limits are different across ROIs (while
the scale remains the same). Results are shown for a b-value of 2,000 s/mm?, for results at
all b-values, see Supplementary Figure 5. If no second fiber crossing is detected, no data

point is shown.
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Figure 8.
The effects of diffusion-weighting scheme on Number of Peaks and log(TH) for four scan-

time-equivalent sessions are shown as ROI-based analysis. The three separate scan sessions
are represented as triangles, diamonds, and circles. Horizontal lines indicate the mean over
three sessions of all data acquired per session, for the corresponding STE, ROI, and b-value.
Note that axis limits are different across ROIs (while the scale remains the same). Results
are shown for a b-value of 2,000 s/mm?2, for results at all b-values, see Supplementary Figure
6.
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Figure 9.
The effects of diffusion-weighting scheme on JSD, MAD1, and MAD?2 for four scan-time-

equivalent sessions shown as representative axial slices and as ROI-based analysis at a b-
value of 2,000 s/mm?. The three separate scan sessions are represented as triangles,
diamonds, and circles. For ROI-based results at all b-values, see Supplementary Figure 7.
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