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Optimization of diffusion spectrum imaging and q-ball
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Mapping complex crossing fibers using diffusion MRI techniques
requires adequate angular precision and accuracy. Beyond diffusion
tensor imaging (DTI), high angular resolution sampling schemes such as
diffusion spectrum imaging (DSI) and q-ball imaging (QBI) were
proposed to resolve crossing fibers. These schemes require hundreds of
data approximately five to ten times more than DTI, offsetting their
clinical feasibility. To facilitate its clinical application, optimumvalues of
highest diffusion sensitivity (bmax) must be investigated under the
constraint of scan time and gradient performance. In this study,
simulation of human data sets and a following verification experiment
were performed to investigate the optimum bmax of DSI and QBI. Four
sampling schemes, two with high sampling number, i.e., DSI515 and
QBI493, and two with low sampling number, i.e., DSI203 and QBI253,
were compared. Deviation angle and angular dispersion were used to
evaluate the precision and accuracy among different bmax of each
scheme. The results indicated that the optimum bmax was a trade-off
between SNR and angular resolution. At their own optimum bmax, the
reduced sampling schemes yielded angular precision and accuracy
comparable to the high sampling schemes. On our current 3 T system,
the optimum bmax (s/mm2) were 6500 for DSI515, 4000 for DSI203,
3000 for QBI493 and 2500 for QBI253. DSI was incrementally more
accurate than QBI, but required a greater demand for gradient
performance. In conclusion, our systematic study of optimum bmax in
different sampling schemes and the consideration derived wherein could
be helpful to determine optimum sampling schemes in other MRI
systems.
© 2008 Elsevier Inc. All rights reserved.
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Introduction

Diffusion MRI has been widely used to assess the integrity of
axonal fibers because of its unique ability to map fiber orientations in
vivo (Le Bihan, 2003; Mori and van Zijl, 2002). To measure fiber
orientation, diffusion tensor was proposed to estimate the probability
distribution of water molecules using 3-dimensional (3-D) Gaussian
approximation, from which the principal direction of the tensor was
inferred to the fiber orientation (Basser et al., 1994; Pierpaoli et al.,
1996). This method, called diffusion tensor imaging (DTI), can
accurately define the fiber orientation of a voxel containing fibers with
coherent directions, but cannot define directions of heterogeneous
fibers presented with crossing or kissing patterns (Frank, 2001, 2002;
Tuch et al., 2002; Wiegell et al., 2000). To address this problem, high
angular resolution sampling schemes such as diffusion spectrum
imaging (DSI) and q-ball imaging (QBI) were proposed to resolve
local crossing fibers within each voxel (Gilbert et al., 2006a,b; Lin
et al., 2003b; Schmahmann et al., 2007; Tuch, 2004; Tuch et al., 2003,
2005;Wedeen et al., 2005). Typically, thesemethods sample hundreds
of data, approximately five to ten times more than DTI, offsetting its
advantage in clinical applications (Hagmann et al., 2006; Khachatur-
ian et al., 2007). Recently, diffusion MRI has been considered a
potential tool to study abnormal connectivity of neural circuit in
patients with neuropsychiatric disease (Ciccarelli et al., 2006; Ge
et al., 2005; Jones et al., 2006; Kubicki et al., 2007). In addition,
diffusion MRI and especially high b-value and angular resolution
techniques are important to study normal and abnormal neural
circuitry (Hagmann et al., 2007). It is a timely need to investigate the
optimum setting of DSI and QBI for clinical scanners.

To performDSI, we need hundreds of diffusion-attenuated images
with variable directions and strengths of diffusion-sensitive gradients
(Lin et al., 2003b;Wedeen et al., 2005). A spectral bandwidth (bmax)
larger than 10,000 s/mm2 is recommended to sample diffusion-
encoding points over the 3-D q-space so that the probability density
function (PDF)with sufficient resolution and field-of-view (FOV) can
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be obtained (Wedeen et al., 2005). High sampling number of DSI
prolongs the scan time, making implementation of this method more
susceptible to motion-induced errors (Jiang et al., 2002). Using high
bmax poses a stringent challenge to the gradient performance in
current clinical systems (Le Bihan et al., 2006). In addition, the high
bmax used in clinical scanners resulted in low signal-to-noise ratio
(SNR) due to prolonged TE and substantial diffusion-induced signal
decay (Meca et al., 2004). Poor SNR affects the accuracy of PDF
orientation and consequently the accuracy of fiber orientation. In
order to overcome these limitations, one approach is to reduce the
number of the diffusion-encoding gradients as well as the bmax of
DSI. For example, by reducing the routine number of diffusion-
encoding gradients from 515 to 203, the scan time can be reduced
from approximately 1 h to 30 min. By lowering bmax, the maximum
diffusion gradient strength can be reduced to secure gradient stability.
Moreover, diffusion time and TE can be reduced to provide better
SNR for the diffusion-weighted images.

More efficient than DSI, QBI samples data on a shell of a constant
b-value in the q-space (Tuch, 2004; Tuch et al., 2003). Typically, its
bmax and number of gradient encoding are approximately two- to
three-fold lower than DSI, thus is considered more feasible in clinical
applications. In QBI, orientation distribution function (ODF) along
each radial direction is derived and the local fiber orientation can be
inferred by the local maxima of ODF at each voxel.

Although QBI and DSI with reduced bmax and encoding number
are potentially advantageous for reducing scan time and improving
gradient stability, insufficient sampling rate and inadequate bmax over
the q-space may lead to inaccurately estimating fiber orientations. For
DSI, insufficient sampling rate within the 3-D q-space may result in
aliasing in the PDF profile. On the other hand, inadequate bmax may
result in truncation in Fourier transform, causing a ringing artifact to
PDF (Wedeen et al., 2005). As for QBI, it is known that the resolution
of ODF depends on the bmax. Accordingly, reduced bmax may
degrade the angular resolution of QBI (Tuch, 2004). All the above
problems may lead to inaccurately estimating local fiber orientation.
Therefore, a systematic study on how to determine the optimum bmax
and encoding number for clinical application is needed.

To facilitate clinical application, it is necessary to investigate
optimum values of bmax under the constraint of scan time and
gradient performance on current clinical system. Thus, the purpose
of this study is to determine the optimum sampling scheme for DSI
and QBI obtained from 3 Tclinical system. In either DSI or QBI, one
schemewith a higher encoding number (approximately 500) and one
with a lower encoding number (approximately 200) were studied.
For each scheme, the precision and accuracy of fiber orientation
were quantified and compared between different bmax values. Since
it is exhausting to perform all the experiments on clinical system,
simulation from human data sets was first performed to determine
the optimum parameters. Based on the simulation results, selective
ranges of optimum bmax for each sampling schemewere decided for
the verification study. Finally, the combined effects of gradient
number and bmax on the angular resolution of DSI and QBI were
discussed and the strategy of determining optimum sampling
schemes on clinical scanners was recommended.

Materials and methods

Diffusion spectrum imaging (DSI) and q-ball imaging (QBI)

The concept of DSI is based on the Fourier relationship
between the attenuated echo signal in q-space E(q) and the
probability density function (PDF) of water molecular diffusion
Ps(r)

E qð Þ ¼ R
Ps R;Dð Þexp i2pqRð ÞdR; ð1Þ

where R is the relative displacement of water molecular diffusion
during the diffusion time (Callaghan, 1991). Based on this relation-
ship, 3-D Fourier transform of the echo signal over the q-space yields
the 3-D PDF (Wedeen et al., 2005). In practice, the diffusion spectrum
is reconstructed by applying the 3-D discrete Fourier transform to the
grid q-space data E(q). For each voxel, the attenuated echo signals are
filled into the 3-D Cartesian coordinate space (17×17×17) according
to their respective position vectors. As suggested by Wedeen et al.
(2005), a Hanning window is used to smooth the attenuated echo
signal to prevent the truncation artifact. In our analysis, the Hanning
window with a raised cosine function, h(r)=0.5×cos(2πr/17), was
applied for all the DSI schemes. After 3-D Fourier transform applied
on E(q), a discrete 3-D PDF space can be derived in a 3-D Cartesian
coordinate space (17×17×17). In order to characterize the magnitude
of directional diffusion probability, orientation distribution function
(ODF) was then calculated based on the following definition. The
definition of the ODF in the direction of the unit vector u for DSI is

ODF uð Þ ¼
Z rmax

0
Ps ruð Þr2dr: ð2Þ

This approach can be viewed as a weighted radial summation of
Ps and the local fiber orientations were inferred by the orientations
of the local maxima of ODF (Lin et al., 2003b; Wedeen et al.,
2005).

QBI is reconstructed based on the relationship of the interested
ODF vector and its orthogonal plane projected onto the acquired
q-space data, so-called Funk–Radon transform (Tuch, 2004; Tuch
et al., 2003, 2005). The ODF was directly calculated from the
attenuated echo signal on a shell in the q-space with a fixed b-value
based on the Funk-Radon transform approach. The detailed pro-
cedures of QBI reconstruction can be found in Tuch's papers, and
were described very briefly here. It bypasses the computation of
PDF and estimates ODF and local fiber orientations directly. To
derive ODF in a desired direction, the circular integral is performed
along the equator whose plane is perpendicular to this particular
ODF direction based on the following equation:

ODF uð Þ ¼ 1
Z

Z
q8u

E q;Dð Þdq; ð3Þ

where u is the unit vector for the desired ODF direction and Z is the
normalization constant. In practice, the signals on the equator have
to be interpolated and the interpolation kernel width (σ) closely
affects the accuracy of the ODF estimation. According to Tuch's
simulation results, we performed QBI reconstruction using σ=5°
to achieve a trade-off between the accuracy and stability (Tuch,
2004). To further improve ODF accuracy, appropriate smoothing
function was applied to the estimated ODF. To simplify the
comparison, a simple average smoothing function with the same
smoothing window was performed to post-process the QBI data.
For both DSI and QBI, ODF within each voxel was reconstructed
to 162 radial directions pointing at the vertices of regular triangular
mesh on the unit sphere surface. Reconstruction of DSI and QBI
data was performed using an in-house program written in MATLAB
7.0 (The Mathworks, Natick, MA, USA).



Table 1
The radii and encoding numbers of DSI schemes

DSI925 DSI691 DSI515 DSI203

Radius (r) 6.0 5.4 5.0 3.6
Encoding numbers 925 691 515 203
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Simulation

To optimize bmax for different DSI or QBI encoding schemes,
simulation from in vivo human data was performed to estimate the
optimum range of bmax. The simulation consisted of three
procedures: subsampling, reconstruction and angular analysis. A
total of five volunteers were recruited in the simulation study. For each
volunteer, a DSI data set of high sampling rate and bandwidth in
q-space was acquired to support the full sampling reference, sub-
sampled DSI and QBI data. In the present study, a DSI data set with
925 encoding grid points over the 3-D q-space (DSI925) with bmax of
9000 s/mm2 was acquired. Considering sufficient SNR,we chose 691
grid points (DSI691) with the same sampling rate as DSI925 in the
q-space to serve as the full sampling reference. Theoretically, using
higher bmax can achieve better angular resolution to resolve fiber
crossing and can reduce the truncation artifact in 3-D Fourier
transform. In order to achieve high bmax on clinical scanners,
however, long δ and Δ have to be applied, and this leads to long TE
Fig. 1. Illustration of the encoding schemes over the q-space. Panels a–f correspond
QBI253, respectively. The maximum q-value was normalized to unit for each plot.
DSI925. In verification study, data sets of DSI691 (b) and one of four encoding s
and consequently reduced SNR. Insufficient SNR may bias the
estimated orientation and offset the advantages brought by using high
bmax values. In fact, we found that fiber vectors reconstructed from
DSI925 with bmax of 9000 s/mm2 showed large noise fluctuation,
whereas fiber vectors produced from DSI691 with bmax of 7000 s/
mm2were reasonable and reproducible. Based on this observation, we
decided to use the DSI691 data set as a reference in the simulation
study. Therefore, the rationale of choosing DSI691 as the reference is
that DSI691with bmax of 7000 s/mm2 is the data set attainable on our
current system with sufficiently high bmax and sampling density
without compromising SNR.

Four plausible DSI and QBI encoding schemes were investi-
gated, and their optimum settings were determined by comparing
them with the full sampling reference. For DSI, two fixed gradient
numbers, 203 (DSI203) and 515 (DSI515), were subsampled with
bmax of 1000, 2000, 3000, 4000, 5000, 6000 and 7000 s/mm2.
For DSI schemes, the position vectors are the entire grid points
(qx, qy, qz) over the 3-D q-space under the relationship that
(qx

2+qy
2+qz

2)≤ r2, where r is the radius specified for a DSI encoding
scheme. The DSI encoding schemes and specified radii are shown
in Table 1. To obtain QBI data sets with comparable subsampled
numbers, including one null image with no diffusion weighting,
252 (QBI253) and 492 (QBI493) gradient numbers were sub-
sampled with the same bmax values as those for DSI subsampling
schemes. For QBI schemes, the position vectors are sampled
to DSI925, DSI691 (full sampling reference), DSI515, DSI203, QBI493 and
In simulation, all of the encoding schemes from b to f were subsampled from
chemes from c to f were acquired.
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symmetrically on a unit sphere in the q-space and tessellated from
icosahedrons. Specifically, the encoding points of QBI493 and
QIBI253 are obtained from the vertices of seven-fold and five-fold
tessellated icosahedrons, respectively. All of the subsampled data
sets were obtained by performing linear interpolation on the DSI925
data set using MATLAB built-in function. The full sampling
reference, DSI691, was a subset of DSI925 without performing
interpolation. Note that for each encoding scheme, the number of
encoding points was fixed, and bmax was the only variable. Fig. 1
illustrates the encoding schemes of DSI925, full sampling reference
(DSI691) and four subsampled DSI and QBI, showing, respectively,
grid and spherical encoding points over the q-space. After
subsampling, all subsampled data sets and full sampling reference
were reconstructed to determine the local fiber orientations.

The angular precision and accuracy of fiber orientation were
assessed by the deviation angle and angular dispersion between the
reference and the four schemes. Voxels in the cerebral white matter
were selected for comparison, the white matter was segmented by
setting the threshold of the diffusion anisotropy (DA) of the full
sampling reference (Kuo et al., 2003). These voxels were
categorized into two groups, one containing single fiber and one
containing crossing fibers. The number of local maxima orientations
derived from the full sampling reference was used to categorize the
single-fiber or crossing-fiber groups. For the angular analysis, only
the first two longest local maxima vectors were compared. This led
to four types of combinations; as illustrated in Fig. 2a, types 1 and 2
for single-fiber group and types 3 and 4 for crossing-fiber group. For
types 1 and 2, the pair of vr1 and vc1 was used to evaluate the angular
precision and dispersion. For type 3, both vr1 and vr2 were compared
with vc1, resulting in two pairs for analysis; for type 4, two pairs were
used for analysis, (vr1, vc1) and (vr2, vc2). Note that in the crossing-
fiber group only the voxels with the ODF ratio higher than 0.7 were
Fig. 2. Procedures of angular analysis. (a) Four types of combination for single-fibe
in a voxel of the full sampling reference and the right column represents the fibers in
the full sampling reference and in the compared data were denoted, respectively, by
were denoted respectively by the subscripts 1 and 2. (b) Transformation of the refere
the transformation from vr to vr′, R was then applied to the corresponding compared
on the unit hemisphere.
used for angular analysis, the ODF ratio was defined as the ratio of
length of the second longest vector to that of the first longest vector.

To perform angular analysis for single- and crossing-fiber
groups, vector transformation was applied to each pair; a rotating
matrix which rotated the reference vector of each pair to align with
the z-axis was determined and the same matrix was applied to the
compared vector (Fig. 2b). After this step, all the compared vectors
were distributed around the z-axis (Fig. 2c). The distribution on the
unit hemisphere of these transformed compared vectors was
assumed unimodal (Mardia and Jupp, 2000).

After vector transformation, two indices were derived to
evaluate the angular precision and angular dispersion for both
single-fiber and crossing-fiber groups. Angular precision (Pa) was
defined as the mean of the angles distended by the individual
transformed compared vectors and the reference vector,

Pa ¼ 1
n

Xn
i¼1

hi; ð4Þ

where θi was the deviation angle between ith transformed vector
and the reference vector and n was the total number of transformed
vectors. Angular dispersion (D) was defined as the first eigenvalue
of the scatter matrix (S), where

S ¼ 1

n

Xn
i¼1

viv
T
i ; ð5Þ

vi was the ith transformed vector, T represented the vector transpose
function, and nwas the total number of transformed vectors (Mardia
and Jupp, 2000). This index indicated the degree of dispersion of
these vectors on a unit sphere, and was used to investigate the
uncertainty of mapping fiber orientations or angular accuracy. In
fact, the quantity Pa in our study is the mean deviation angle, and is
r (1–2) and crossing-fiber (3–4) groups. The left column represents the fibers
the same voxel position of the compared DSI or QBI data set. The vectors in
the subscripts r and c, and the first and second longest local maxima vectors
nce vectors and compared vectors. The rotating matrix R was determined by
vector vc to obtain vc′. (c) Distribution of the transformed compared vectors



Table 3
Summary of TE and corresponding bmax for DSI and QBI encoding
schemes

Schemes TE(bmax) (TE: ms, bmax: s/mm2)

DSI925 155(9000)
DSI691 147(7000)
DSI515, sameTE 147(5000, 6000, 7000)
DSI515, minTE 137(5000), 142(6000), 147(7000)
DSI203, sameTE 147(1000, 2000, 3000, 4000, 5000)
DSI203, minTE 101(1000), 114(2000), 123(3000),

130(4000), 137(5000), 142(6000)
QBI493, sameTE 147(2000, 3000, 4000, 5000)
QBI493, minTE 114(2000), 123(3000), 130(4000), 137(5000)
QBI253, sameTE 147(1000, 2000, 3000, 4000, 5000)
QBI253, minTE 101(1000), 114(2000), 123(3000),

130(4000), 137(5000), 142(6000)

“sameTE”means a series of study performed with the same TE for all bmax,
“minTE” means a series of study performed with the minimum TE for
individual bmax.

Table 2
Sequence parameters for DSI and QBI encoding schemes

Schemes Field-of-view (mm) Matrix size×slice numbers Voxel dimensions (mm) TR (ms) Δ/δ (ms) gmax (mT/m)

DSI925 (simulation) 350×350 128×128×15 2.7×2.7×2.7 2900 85/38 35
DSI691/DSI515/DSI203/

QBI493/QBI253 (verification)
350×350 128×128×9 2.7×2.7×2.7 2000 80/35 35

Healthy volunteers were studied in the simulation (N=5) and verification studies (N=8).
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equivalent to the angular resolution in terms of deviation from this
direction in degree for a given reference direction. The quantity D is
a metric indicating the orientation spread function, implying the
capability of resolving two directions of diffusion maximum.

To summarize our simulation approach, first, in vivo human
data of high sampling density and bmax (DSI925) were acquired.
A full sampling reference (DSI691) with bmax of 7000 s/mm2 and
four subsampling schemes (DSI515, DSI203, QBI493 and
QBI253) were obtained by interpolating DSI925. Different bmax
from 1000 to 7000 s/mm2 with a step size of 1000 s/mm2 was
investigated to determine the optimum bmax for each subsampling
scheme. To evaluate the angular precision and accuracy between
each scheme and the full sampling reference, two indices, Pa and
D, were derived for both single- and crossing-fiber groups. In
simulation, the results among five subjects were averaged to
determine the optimum range of bmax for each scheme, according
to which a verification study was performed.

Verification study

To confirm the simulation results, a verification study was
performed on other eight normal volunteers. In addition to the DSI
and QBI schemes used in the simulation, another comparison was
performed among schemes using the minimum echo time (TE) to
attribute the best SNR for each scheme. Therefore, a total of eight
schemes were compared, including DSI203, DSI515, QBI253 and
QBI493 with the same TE as the full sampling reference, and those
with the minimum TE. The range of bmax for each sampling scheme
was decided based on the simulation results, which reduced the total
scan time for each subject to prevent artifacts due to long scan time,
such as motion or B0 shift. Similar to the simulation, angular
precision and accuracy were analyzed, from which the optimum
bmax for each sampling scheme was determined.

MR experiments

MR experiments were performed on a 3 T MRI system with the
maximum gradient strength of 40 mT/m and maximum slew rate
along a single direction of 200 mT/m/ms (Trio, Siemens, Erlangen,
Germany). To secure gradient power supply, the maximum diffusion
gradient strength was restricted to 35 mT/m. A Siemens eight-
channel head array coil was used as a receiver and no parallel
imaging technique was applied in this study. Subjects' heads were
fixed by a vacuum sponge. To reduce the eddy current effect, twice-
refocused balanced spin-echo diffusion echo-planer imaging (EPI)
sequence was used to acquireMR diffusion-weighted images (DWI)
(Reese et al., 2003). The protocol was approved by the hospital
ethics committee and informed consent was obtained from all the
volunteers. In the simulation study, MR experiments were per-
formed on five healthy adult volunteers (four males and one female,
24–35 years old). Note that only one DSI data set (DSI925) with
bmax of 9000 s/mm2 was acquired in the simulation study for each
volunteer. Fifteen slices were acquired covering the middle
cerebrum with TR of 2900 ms, resulting in the total scan time of
approximately 60 min. DWI at the in-plane resolution and slice
thickness of 2.7 mm was obtained with TE minimized to 155 ms,
diffusion time (Δ) of 85 ms and diffusion gradient duration (δ)
of 38 ms, resulting in that qmax=γgδ=0.57 μm

−1 and rmax=Δq
−1=

11 μm, where γ is the gyromagnetic ratio and g is the diffusion
gradient vector. In the verification study, MR experiments were
performed in eight healthy adult volunteers (two males and six
females, 22–35 years old). For each volunteer, we obtained a full
sampling reference data set DSI691 with a bmax of 7000 s/mm2 and
a TE/Δ/δ of 147/80/35 ms as well as one of the four subsampling
schemes with variable values of bmax decided from the simulation
study. Note that four volunteers were performed with the same TE as
the full sampling reference and the other four were performed with
the minimum TE. A total of nine slices covering the middle
cerebrum were acquired with a TR of 2000 ms. The minimum TE
values were 101, 114, 123, 130, 137, 142 and 147 ms, respectively,
corresponding to bmax values from 1000 to 7000 s/mm2 with an
equal step size of 1000 s/mm2. The sequence parameters and
encoding schemes are summarized in Tables 2 and 3, respectively.

Results

Simulation

Table 4 lists the summary of the simulation study. For the single-
fiber group of DSI515, there was a significant difference (pb0.05) of
Pa and D between bmax of 6000 s/mm2 and any other bmax except
7000 s/mm2. For the crossing-fiber group of DSI515, there was a
significant difference (pb0.05) between bmax of 6000 s/mm2 and any
other bmax. For both groups of DSI203, significant differences



Table 4
Summary of simulation results

Scheme bmax (s/mm2)

1000 2000 3000 4000 5000 6000 7000

DSI515 Single-fiber Pa (°) 53.72±3.92 21.46±2.31 10.11±0.83 6.98±0.32 4.53±0.15 2.64±0.09 2.67±0.14
D 0.402±0.033 0.816±0.030 0.936±0.007 0.960±0.002 0.976±0.001 0.986±0.001 0.986±0.001

Crossing-fiber Pa (°) 57.88±0.40 44.33±1.41 33.73±0.94 27.17±1.17 21.69±1.12 16.53±0.93 18.07±1.29
D 0.354±0.005 0.513±0.020 0.644±0.010 0.719±0.013 0.777±0.013 0.829±0.011 0.811±0.015

DSI203 Single-fiber Pa (°) 17.15±1.08 9.83±0.23 4.25±0.19 3.91±0.35 5.30±0.78 6.43±1.24 7.71±1.63
D 0.870±0.013 0.940±0.002 0.977±0.001 0.979±0.002 0.970±0.006 0.962±0.010 0.952±0.014

Crossing-fiber Pa (°) 40.99±0.88 31.67±0.89 22.09±1.00 23.09±1.81 26.99±3.37 29.69±3.59 31.79±3.61
D 0.558±0.012 0.672±0.011 0.772±0.013 0.758±0.021 0.715±0.040 0.684±0.042 0.661±0.042

QBI493 Single-fiber Pa (°) 5.77±0.80 6.00±1.63 10.02±4.21 12.05±3.51 13.35±1.58 15.37±1.89 18.39±2.57
D 0.968±0.005 0.962±0.014 0.927±0.043 0.909±0.037 0.870±0.016 0.875±0.020 0.841±0.029

Crossing-fiber Pa (°) 28.66±0.97 27.42±4.31 32.15±5.43 34.90±4.81 36.85±3.23 38.06±2.29 40.03±2.46
D 0.697±0.010 0.705±0.051 0.654±0.065 0.624±0.060 0.601±0.040 0.589±0.028 0.564±0.031

QBI253 Single-fiber Pa (°) 5.87±0.82 6.16±1.62 10.06±4.15 12.15±3.49 13.54±1.59 15.51±1.84 18.74±2.62
D 0.967±0.005 0.961±0.014 0.926±0.042 0.908±0.037 0.895±0.016 0.874±0.019 0.836±0.029

Crossing-fiber Pa (°) 28.61±1.14 27.31±4.17 32.42±5.32 34.81±4.63 36.52±3.40 37.99±2.40 40.37±2.26
D 0.699±0.013 0.708±0.049 0.651±0.065 0.625±0.057 0.606±0.042 0.590±0.029 0.560±0.029
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(pb0.05) were found between bmax of 4000 s/mm2 and any other
bmax except 3000 s/mm2. For both QBI493 and QBI253, significant
differences (pb0.05) were found between bmax of 1000 s/mm2 and
any other bmax except 2000 s/mm2 in either single-fiber or crossing-
fiber group.

Fig. 3a shows average values of Pa against different bmax in
DSI515. The optimum bmax was found in the range from 6000 to
7000 s/mm2 in the single-fiber group and 6000 s/mm2 in the crossing-
fiber group. As shown in Table 4, the minimum values of Pa averaged
over the five subjects was 2.64°±0.09° in the single-fiber group, and
16.53°±0.93° in the crossing-fiber group. Fig. 3b shows average
Fig. 3. Angular precision (Pa) and accuracy (D) against different bmax of the DSI s
five subjects were studied. The error bars represent the standard deviation values
values ofD against different bmax in DSI515. Consistent with Pa, the
optimum bmax was found in the range from 6000 to 7000 s/mm2 in
the single-fiber group and 6000 s/mm2 in the crossing-fiber group.
The maximum values of D were 0.986±0.001 in the single-fiber
group and 0.829±0.011 in the crossing-fiber group (Table 4).

Fig. 3c shows average values of Pa against different bmax in
DSI203. The optimum bmax was found in the range from 3000 to
4000 s/mm2 for both single- and crossing-fiber groups. As shown in
Table 4, the minimum values of Pa averaged over the five subjects
were 3.91°±0.35° in the single-fiber group and 22.09°±1.00° in the
crossing-fiber group. Fig. 3d shows average values of D against
chemes in the simulation study, (a–b) DSI515 and (c–d) DSI203. A total of
of Pa and D among these five subjects.



Table 5
Summary of the verification results

Scheme Single-fiber Crossing-fiber

Pa (°) D bmax
(s/mm2)

Pa (°) D bmax
(s/mm2)

DSI515 (sameTE) 8.89 0.942 7000 35.33 0.619 7000
DSI515 (minTE) 8.11 0.948 6000 34.24 0.631 5000
DSI203 (sameTE) 8.53 0.945 4000 35.22 0.616 4000
DSI203 (minTE) 10.52 0.927 4000 36.19 0.607 4000
QBI493 (sameTE) 11.53 0.917 2000 36.47 0.606 3000
QBI493 (minTE) 15.06 0.881 2000 41.20 0.551 3000
QBI253 (sameTE) 10.43 0.932 1000 35.98 0.612 2000
QBI253 (minTE) 11.76 0.914 2000 35.55 0.616 3000

Only the optimum bmax and its corresponding Pa and D values were shown
in this table.
The cases of same TE and minimum TE were denoted by sameTE and
minTE, respectively.
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different bmax in DSI203. Consistent with Pa, the optimum bmax
was found in the range from 3000 to 4000 s/mm2 for both single- and
crossing-fiber groups. Themaximum values ofDwere 0.979±0.002
in the single-fiber group and 0.772±0.013 in the crossing-fiber
group (Table 4).

Fig. 4 shows the plots of Pa andD against different bmax for both
single- and crossing-fiber groups in two QBI schemes, namely,
QBI493 and QBI253. Similar tendency of Pa andDwas observed in
these two schemes; the optimum bmax was found in the range from
1000 to 2000 s/mm2 for both single- and crossing-fiber groups. In
the single-fiber group, the minimum values of Pa and maximum
value of D were 5.77°±0.80° and 0.968±0.005 for QBI493,
5.87°±0.82° and 0.967±0.005 for QBI253. In the crossing-fiber
group, they were 27.42°±4.31° and 0.705±0.051 for QBI493 and
27.31°±4.17° and 0.708±0.049 for QBI352 (Table 4).

Verification study

Table 5 lists theminimumPa, maximumD and the corresponding
bmax for different encoding schemes. For DSI515 (Fig. 5), the
optimum bmax values were 7000 s/mm2 under same TE and 6000 s/
mm2 under minimum TE in the single-fiber group, 7000 s/mm2

under same TE and 5000 s/mm2 under minimum TE in the crossing-
fiber group. For DSI203 (Fig. 6), the optimum bmax values were
4000 s/mm2 for both same TE and minimum TE cases, and in both
single- and crossing-fiber group.

For QBI493 (Fig. 7), the optimum bmax values were 2000 s/mm2

under both same TE and minimum TE in the single-fiber group; they
were 3000 s/mm2 in the crossing-fiber group. ForQBI253 (Fig. 8), they
were 1000 s/mm2 under same TE and 2000 s/mm2 under minimum
TE in the single-fiber group, and they were 2000 s/mm2 under same
TE and 3000 s/mm2 under minimum TE in the crossing-fiber group.
Fig. 4. Angular precision (Pa) and accuracy (D) against different bmax of the QBI s
five subjects were studied. The error bars represent the standard deviation values
Fig. 9 shows ODF maps reconstructed from the full sampling
reference and the corresponding optimum sampling schemes in the
verification study. For the single-fiber group, all the optimum
sampling schemes could map homogeneous white matter structure
similar to the full sampling reference, especially in the region of
corpus callosum. For the crossing-fiber group, especially in the
intersection of corpus callosum and internal capsule, both DSI and
QBI optimum sampling schemes achieved similar results with the
full sampling reference visually.

Discussion

In this paper, we employed a systematic approach to determine
the optimum bmax for different DSI or QBI sampling schemes on a
chemes in the simulation study, (a–b) QBI493 and (c–d) QBI253. A total of
of Pa and D among these five subjects.



Fig. 5. Angular precision (Pa) and accuracy (D) against different bmax of DSI515 in the verification study, under same TE (a–b) and minimum TE (c–d). For
both cases, a single subject was investigated and the bmax values in the verification study were 5000, 6000 and 7000 s/mm2.
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3 T MRI system. We first used human data sets to generate multiple
subsampled data sets. The subsampled data sets were categorized
according to different sampling numbers and bmax values. The
Fig. 6. Angular precision (Pa) and accuracy (D) against different bmax of DSI203
both cases, a single subject was investigated. The bmax values used in verification
minimum TE.
results in the simulation were then verified with in vivo experiments.
Under the optimum condition for each sampling scheme, we found
that DSI achieved incrementally better angular precision and
in the verification study, under same TE (a–b) and minimum TE (c–d). For
study were 1000 to 5000 s/mm2 for same TE and 1000 to 6000 s/mm2 for



Fig. 7. Angular precision (Pa) and accuracy (D) against different bmax of QBI493 in the verification study, under same TE (a–b) and minimum TE (c–d). For
both cases, a single subject was investigated and the bmax values used in the verification study were 2000, 3000, 4000 and 5000 s/mm2.
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accuracy than QBI, and the optimum bmax for DSI was higher than
that for QBI.

In the simulation, the optimum bmax for DSI to resolve the
crossing fibers was generally higher than that for QBI; it was
approximately 6000 s/mm2 for DSI515, 3000 to 4000 s/mm2 for
Fig. 8. Angular precision (Pa) and accuracy (D) against different bmax ofQBI253 in the
a single subject was investigated. The bmax values used in the verification study were
DSI203 and 1000 to 2000 s/mm2 for QBI493 and QBI253. The
simulation results allow us to hone in the range of bmax to be
tested in the verification study. Both simulation and verification
results showed that they had a consistent tendency; DSI required
higher bmax than QBI to achieve optimum condition. The values
verification study, under sameTE (a–b) andminimumTE (c–d). For both cases,
1000 to 5000 s/mm2 for same TE and 1000 to 6000 s/mm2 for minimum TE.



Fig. 9. Intersection between corpus callosum and internal capsule demonstrated with ODF maps reconstructed from the full sampling reference and the
corresponding optimum sampling schemes. Panels a and b represent the full sampling reference and the optimum schemes for DSI515; panels c and d for
DSI203; panels e and f for QBI493; panels g and h for QBI253. The full sampling references are in the upper row, the optimum sampling schemes with same TE
are in the bottom row. All ODFs were superimposed on the anisotropy maps derived from their corresponding schemes. As shown in the left figure, similar slice
position was selected among different sampling schemes. The white open square in the left figure delineates the region equivalent to the zoom-up images from
panels a to h. The yellow rectangle in each image encloses pixels showing intersection between corpus callosum (cc) and internal capsule (ic).
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of bmax in the verification study, however, were relatively higher
than those in the simulation. This may be because SNR was
worsened in the simulation when more data at high b-values were
interpolated, resulting in lower optimum bmax values.

For DSI, higher bmax was proposed to achieve adequate
accuracy and angular resolution in human study. As suggested by
Wedeen et al. (2005), bmax of 12,000–18,000 s/mm2 would be
needed. This requirement, however, imposes critical demand on
gradient performance and SNR, hence limiting the implementation
of DSI in clinical system. In this study, we investigated the bmax
from 1000 to 7000 s/mm2, in which case the diffusion gradients
can be operated stably, and the optimum values for different DSI
sampling schemes determined. As shown in Fig. 3, DSI515 with
lower bmax (1000–2000 s/mm2) failed to obtain the correct
estimation of fiber orientations due to insufficient bmax and source
data points for interpolation. Thus, using such low bmax for DSI
reconstruction is inappropriate in the simulation study. However,
empirically, DSI needs higher bmax than DTI uses (typically
1000–2000 s/mm2) to reconstruct correct PDF profile and resolve
fiber orientations. Therefore, the underestimation may not alter our
conclusions about the optimum bmax of DSI515 scheme. From our
verification results, by averaging the optimum bmax results in both
same TE and minimum TE, the optimum bmax was 6500 s/mm2

for DSI515 and approximately 4000 s/mm2 for DSI203.
For QBI, the verification study showed that the optimum bmax

was 3000 s/mm2 for QBI493 and 2500 s/mm2 for QBI253. Our
results are consistent with the empirical values used by other
groups, the values ranged from 2500 to 4500 s/mm2 (Khachaturian
et al., 2007; Tuch, 2004). In a previous report, Perrin et al. showed
that on a clinical scanner QBI could resolve fiber orientation with
deviation angles of 15.5° along the y-axis and 19.1° along the x-axis
in homogeneous regions and 30° in crossing regions in a fiber-
crossing phantom study (Perrin et al., 2005). Our results of in vivo
verification study, 8–15 degrees for single fibers and 34–41 degrees
for crossing fibers, are reasonable as compared with Perrin's in the
phantom study. At the first glance, our angular precision values for
single fibers appear slightly lower than Perrin's while our values for
crossing fibers slightly higher. This may be due to different metrics
used for quantifying the angular deviation. In the single-fiber group,
we quantified the angular precision as the mean of deviation angles,
whereas Perrin's quantified the angular deviation as the root mean
square value of the deviation angles. In the crossing-fiber group,
instead of choosing the nearest vectors of the compared data sets as
Perrin did, we performed a more stringent comparison by
quantifying the deviation angle between the orientations of the first
maxima of the two data sets and then the deviation angle between the
second maxima. This may lead to a higher deviation angle in our
crossing-fiber results.

In the in vivo verification study, there is mis-coregistration error
between two data sets due to involuntary motion. This mis-
coregistration error may further increase the values of angular
deviation. If this error is disregarded, the actual values should be
within the values obtained from the simulation study and
verification study, namely angular precision within {6°, 12°} for
single fibers and within {27°, 36°} for crossing fibers in QBI253 at
bmax of 2500 s/mm2, and {4°, 10°} for single fibers and {23°,
36°} for crossing fibers in DSI203 at bmax of 4000 s/mm2.

The verification study showed no significant difference in
angular precision and accuracy between DSI515 and DSI203. The
major difference between the optimum DSI515 and DSI203 was
the values of optimum bmax, which determined the severity of
truncation artifact. In this study, we applied the Hanning filter to
DSI data before Fourier transform, and it largely reduced the
difference in truncation artifact. On the other hand, the sampling
rate in the q-space was similar for DSI515 and DSI203, resulting in
similar FOV in the PDF domain. As compared with DSI203,
additional encoding data in DSI515 are acquired in high b-values.
This would reduce the average SNR of DSI515 and affect the
angular resolution. Thus, in the current 3 T system, we found that
DSI515 and DSI203 at their own optimum bmax, 6500 s/mm2 and
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4000 s/mm2, respectively, had comparable angular precision and
accuracy. Similarly, in the verification study, especially in the
crossing-fiber group, QBI493 and QBI253 at their own optimum
bmax values, 3000 s/mm2 and 2500 s/mm2, respectively, had
comparable angular precision and accuracy. This can be explained
by the trade-off between bmax and SNR. Since QBI493 has higher
sampling number than QBI253, it allows better angular resolution
by trading SNR for a higher value of bmax.

The trade-off between SNR and optimum bmax can be
observed in the results of DSI515 in the verification study. Using
same TE for different bmax values, it ensures comparable SNR of
DSI data; the optimum bmax was found to be 7000 s/mm2. This
finding suggests that with similar SNR and encoding numbers,
higher bmax value is preferable for better angular resolution. If
minimum TE for different bmax values was used, the scheme with
lower bmax could obtain higher SNR owing to shorter TE. The
optimum bmax was reduced to 6000 s/mm2 as a result of the trade-
off between SNR and bmax. Thus, one of the critical factors of the
optimum bmax was SNR of DSI data. With sufficient SNR, one
should consider a scheme with greater bmax. With insufficient
SNR, a scheme with smaller bmax would be preferable to achieve
optimum precision and accuracy. In the same vein, if one wants to
reduce the gradient number, say from DSI515 to DSI203, but to
remain the same bmax, SNR would become too low to provide
sufficient angular resolution. As demonstrated in the results,
smaller bmax is preferable.

Based on the same principle, the optimum bmax on other MR
systems can be deduced from our results. For lower-field systems
(b3 T) or systems with poorer SNR, the optimum bmax is
suggested to be smaller than what we found on our current 3 T
system. For higher-field systems or systems with better SNR, such
as equipped with head-insert gradient or high-performance RF coil,
the optimum bmax is recommended to be greater than our results.
Stronger gradient is certainly helpful to diffusion experiments,
especially for high angular resolution diffusion imaging schemes
(HARDI) which typically require high bmax (Tuch et al., 2002).
Compare two hardware settings, one with a weaker gradient
strength of 40 mT/m and the other with a stronger gradient strength
of 80 mT/m. Keeping the other factors the same, the diffusion time
Δ can be reduced by a factor of approximately 4 based on the
inverse relationship between the square of the gradient strength g2

and the diffusion time, i.e., g2~1/Δ. This would substantially
reduce TE, thus gaining SNR. Improvement of SNR can also be
achieved by shortening the signal readout using multi-channel
acquisition or partial k-space readout.

In this study, we recognize that in clinical MRI system the
narrow-pulse prerequisite (δbbΔ) for the relationship between
diffusion attenuated echo signal and probability density function
(PDF) is violated due to the use of finite gradient pulse width. The
validity of implementing DSI method in clinical system is, therefore,
questioned. Basser pointed out that with comparable diffusion time
(Δ) and gradient duration (δ), DSI may fail to measure the correct
PDF and should provide the same displacement and effective
diffusion tensor as DTI technique (Basser, 2002). Wedeen et al.
(2005) later investigated the effect of finite gradient pulse width on
PDF. Using finite-width diffusion-encoding gradients, the measured
displacement was effectively the spin mean position during time
interval [0, δ] relative to the spin mean position during [Δ, Δ+δ]. In
this case, the displacement may be underestimated and the absolute
values of PDFmay be altered. However, they claimed that the global
shape of the PDF remained and the primary orientation of the
diffusion spectrumwas substantially unchanged. Lin et al. compared
the following two conditions, δbbΔ and δ≈Δ, in the rat brains. They
showed that the primary orientation of the PDF was not affected by
the finite gradient pulse width (Lin et al., 2003b). Besides, when
finite gradient pulse duration was used, the accuracy of DSI in
defining crossing-fiber orientation was about 6°, close to the noise
limit. By comparing the experiments with short and long gradient
durations, they found that the bias was approximately 10°. Based on
the above argument and evidence, we believe that DSI can be used to
map primary orientations of PDF even with finite gradient pulse
duration.

In this paper, we showed that it is possible to reduce the gradient
numbers of DSI or QBI to keep the scan time and gradient stability
within acceptable limits. With the optimum values of bmax, our
results showed that both DSI and QBI schemes of less than 300
encoding points could achieve angular resolution comparable to
those using approximately 500 points. The scan time of DSI203 or
QBI253 for whole brain scanning can be reduced to around 30 min.
Further reduction of the encoding number can be accomplished by
hemi-sphere or hemi-shell acquisition over the q-space (Lin et al.,
2003a) or by a non-Cartesian sampling scheme (BCC) at body center
cubic (Chiang et al., 2006). Using BCC sampling scheme, a sparser
sampling density (~70% of the Cartesian sampling scheme) can be
used to obtain PDF with less aliasing artifact encountered in Fourier
transform. This benefit may turn into improvement of angular re-
solution in HARDI experiment. The advancement of fast sequences
such as simultaneous echo refocusing (SER) EPI or modern parallel
imaging techniques are other potential techniques that can be
used simultaneously with the above reduced sampling schemes
(Jaermann et al., 2004; Reese et al., 2006; Skare et al., 2007).

Under current hardware setting (3 T without parallel imaging
capability), we recommend to use DSI203 instead of typical DSI515
for the whole brain acquisition. In our system, the shortest TR for the
whole brain acquisition is approximately 8 to 9 s, thus the total scan
time for DSI203 acquisition is approximately 27–30 min. In our
results, DSI203 can achieve comparable angular precision and
accuracy as DSI515. Therefore, DSI203 is potentially applicable for
clinical use and acceptable accuracy can be achieved under the
optimum bmax we found on our current 3 T MRI system, i.e.,
4000 s/mm2. If DSI sequence is not available, we recommend
QBI253 or fewer encoding points, approximately 200 points, as an
alternative. Althoughwe found that under comparable scan timeDSI
has incremental gain in angular precision and accuracy compared to
QBI, the optimum bmax for QBI (about 2500 s/cm2) is lower than
that for DSI (about 4000 s/cm2). This means that the gradient
performance of QBI is less demanding than DSI.

In this paper, we investigated the optimum bmax for the clinically
feasibleDSI andQBI sampling schemes on a 3Tclinical scanner.With
optimum setting under performance achievable currently, both DSI
and QBI schemes could attain comparable angular precision of
approximately 8° for single fibers and 30° for crossing fibers. The
tractography produced from such schemes can constantly show
crossing of major tracts, for instance, in the centrum semiovale where
corona radiata, superior longitudinal fasciculus and corpus callosum
intersect, in the pons where middle cerebellar peduncle and
corticospinal tract intersect, and in the boundary between cingulum
and corpus callosum. These optimum sampling schemes, however, are
limited in resolving crossing at narrow angles or crossing of two tracts
with disproportional volumes. Recent advance in high performance
gradient coils, multi-channel parallel RF acquisition and single shot
echo volume imaging techniques could improve the angular resolution
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of high angular q-space diffusion imaging and maintain sufficient
SNR. This could potentially resolve more crossing and finer tracts.

The present study investigated the optimum bmax for different
sampling numbers of DSI and QBI. On our current 3 T system, the
optimum bmax was 6500 s/mm2 for DSI515 and 4000 s/mm2 for
DSI203; it was 3000 s/mm2 for QBI493 and 2500 s/mm2 for QBI253.
Under comparable scan time, our results showed that DSI had an
incremental advantage in angular resolution over QBI. DSI, however,
required a higher demand on gradient performance. In conclusion, our
systematic study of optimum bmax in different sampling schemes and
the consideration derived wherein could be helpful to determine
optimum sampling schemes in other MRI systems.
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