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Background: Multi-compartment diffusion models such as Neurite Orientation Dispersion and Density
Imaging (NODDI) have been increasingly used for diffusion MRI (dMRI) data processing in biomedical
research. However, those models usually require multiple HARDI shells that may increase scanning duration
substantially, and their application can be hindered in uncooperative patients (like infants) accordingly. Also,
it is highly expected that the same dataset can be explored with multiple diffusion models for retrieving
complementary information.

Methods: Multiple gradient-encoding schemes which consisted of 4-6 shells, moderate b-values (bmax
=1,500 or 2,000 s/mm°), and 32-80 gradient directions were explored. The corresponding time of acquisition
(TA) for a single scan ranged from 3 to 8 minutes respectively. The dMRI protocols were tested on macaque
monkeys using a 3T clinical setting. The data were analysed using both NODDI and diffusion basic
spectrum imaging (DBSI) models.

Results: The maps of orientation dispersion index (ODI) and CSF were consistent across the 4-6 shell
sampling schemes. However, the corresponding intra-cellular volume fraction (ICVF) maps showed
reduced pixel counts [1,100+98 (80 directions) vs. 806+70 (32 directions), one slice] in white matter when
fewer gradient directions or lower b-value was applied. The hindered diffusion and CSF ratio maps were
comparable across these sampling schemes. The maps of restricted diffusion ratio varied across the schemes.
However, its mean ratios (0.23£0.02 vs. 0.22+0.01) and pixel counts (1,540+70 vs. 1,510+38, one slice)
between the schemes of 80 and 32 directions with b=2,000 s/mm” were comparable.

Conclusions: The present study reports a fast multi-shell dMRI data acquisition and processing strategy
which allows for obtaining complementary information about microstructural alteration and inflammation
from a single dMRI data set with both NODDI and DBSI models. The proposed approach may be
particularly useful for characterizing the neurodegenerative disorders in uncooperative patients like children

or acute stroke patients in which brain injury is associated with inflammation.
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Introduction

Multi-shell diffusion MRI (dMRI) allows for characterizing
the water diffusion signal behavior with low, moderate,
and high diffusion-weighting and analyzing the dMRI data
using multi-compartment diffusion models such as the
Composite Hindered and Restricted Model of Diffusion
(CHARMED) (1) and Neurite Orientation Dispersion and
Density Imaging (NODDI) models (2,3). Data analysis
with multi-compartment models can provide more specific
characterization of brain tissue microstructures (like axonal
diameter, neurite density and dispersion, or myelin g-ratio)
than conventional single-shell diffusion tensor imaging
(DTT) (1,2,4-7). The NODDI models the brain tissue
with three compartments, and has been increasingly used
recently in neuroscience and biomedical research as it can
provide specific information about neurite orientation
dispersion and density in the brain (4,8,9). The NODDI
raw data can be collected using two-shell high angular
resolution diffusion imaging (HARDI) protocol, and data
acquisition with more HARDI shells could result in smaller
bias and variance (2).

As the scanning duration for multi-shell dMRI
data acquisition is proportional to the total number of
gradient directions, it can be increased substantially when
additional averages are needed to improve image signal-
to-noise ratio (SNR) (10). As a result, the data collection
becomes very susceptible to motion, and the dMRI data
can be compromised with motion artifacts particularly in
uncooperative patients like young children without sedation.
Also, fast dMRI scan is highly demanded for acute stroke
patients in clinical practice. The application of the multi-
compartment model analysis may be hindered in clinical
studies without using a fast multi-shell MRI protocol for
data collection. In order to reduce the scanning duration
in each session, several hybrid diffusion imaging (HYDI)
schemes (11), in which the inner shell has lest gradient-
encoding directions (~30 directions) while the outer shell
has the most (~60 directions) for 2-5 shells with b-values
of 700-3,000 s/mm’, have been used in adult and children
studies (2,4,8,12,13). However, the scanning duration with
~90 gradient encoding directions may be still too long or
clinically impractical for some uncooperative patients (like
fetuses, infants) or stroke patients.

A novel method to generate sampling schemes for multi-
shell dMRI was introduced previously (14). The unique
design of such sampling schemes allows for acquisitions on
multiple spheres in g-space with good angular distribution
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on each shell. We hypothesized the multi-shell sampling
schemes generated with the novel sampling method would
offer an effective and fast MRI protocol for quantitative
data analysis with the NODDI diffusion model.

In addition, previous rodent studies demonstrated that
the diffusion basis spectrum imaging (DBSI) model can be
used to exploit the multi-shell dMRI data and quantitatively
assess axonal injury, demyelination and concomitant
inflammation as well (15-17). As inflammation is coexisting
in many diseases like stroke and multiple sclerosis, further
data analysis of the same dMRI data set with DBSI model
can provide complementary information beneficial to
diagnosis and therapeutic development.

In the present study, different gradient-encoding
schemes were generated with the multi-shell sampling
method reported by Caruyer et al. [14]. The effects of
the different gradient-encoding schemes on quantitative
analysis of multi-compartment models (NODDI and DBSI)
were evaluated on a clinical 3T setting by using non-human
primates.

Methods

Adult macaque monkeys (n=4, 9-12 kg) were scanned under
1-1.5% isoflurane anaesthesia. The monkey breathed
spontaneously and its physiological readings (heart beat
rate, breathing rate, O,-saturation, blood pressure) were
continuously monitored and maintained in normal ranges
during each scanning session (18). The monkey head was
immobilized using custom-built head holder and placed
on the patient table in the supine position. The DWI data
of the five gradient encoding schemes were collected from
the same adult macaque monkey in one scan session. T'-
weigthed images were collected using a 3D MP-Rage
sequence for identifying the interested regions during data
analysis. The B0 field inhomogeneity was further improved
with the approach for scanning primate brains on a clinical
3T after the standard shimming procedure was applied (19).

Multi-shell diffusion weighted images (DWI) were
acquired with a Siemens 3T TIM Trio scanner using
8-channel phased-array volume coil (Siemens Medical
Solutions, Erlangen, Germany) and an echo planar imaging
(EPI) sequence with the voxel size = 1.3 mm x 1.3 mm x
1.3 mm, FOV = 91 mm x 67.6 mm, TE/TR =99/4,800 ms,
34 slices to cover the whole brain, and 4 averages for each
gradient-encoding scheme. Generalized auto-calibrating
partially parallel acquisition (GRAPPA) factor = 3 was
applied. Phase-reversal data acquisition was applied for
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Table 1 The gradient table for each multi-shell dMRI data
acquisition strategy

Encoding scheme b-valuis Number gf gradient directions
(s/mm°) in each shell
D32_b1500 0 3
350 6
750 12
1,100 8
1,500 6
D32_b2000 0 3
500 6
1,000 12
1,500 8
2,000 6
D56_b1500 0 4
300 6
600 12
900 8
1,200 6
1,500 24
D80_b2000 0 9
300 6
650 12
1,000 8
1,350 6
1,650 24
2,000 24
D30_b2000 0 2
1,000 30
2,000 30

susceptibility artifact correction of EPI images (20).

The gradient encoding schemes for multi-shell dMRI
data collection were generated with the multi-shell sampling
method reported by Caruyer et al. previously (http://www.
emmanuelcaruyer.com/q-space-sampling.php) (14). These
schemes are consisted of 4 different protocols with 4-6 shells
and moderate b-values (b,,, =1,500 or 2,000 s/mm’) suitable
for infant dMRI scans: (I) D32_b1500 (32 directions, b,,,,
=1,500 s/mm’, time of acquisition (TA) = 3 minutes for single
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average); (IT) D32_b2000 (32 directions, b, =2,000 s/mm’, TA
= 3 minutes); (IIT) D56_b1500 (56 directions, TA =5 minutes);
and (IV) D80_b2000 (80 directions, TA =8 minutes). Also,
the 2-shell HADRI protocol with 30 directions in each shell
(b =1,000, 2,000 s/mm’, TA =5 minutes) (D30_b2000) was
acquired for comparison purpose. Each scheme was repeated
4 times for average. The gradient encoding schemes are listed in
Table 1. Images were pre-processed with FSL software package
(www.fmrib.ox.ac.uk) for motion, eddy-current and distortion
correction, and average. NODDI parameters and DBSI and
DTI indices were obtained using the previously reported
NODDI Matlab toolbox (http://mig.cs.ucl.ac.uk) (2) and
DBSI data processing Matlab codes (https://osf.io/rmcjz/) (17)
respectively.

In order to examine the effects of different encoding
schemes on quantification of the NODDI and DBSI indices,
the grey matter and white matter structures including
prefrontal cortex (PFC), anterior cingulate cortex (ACC),
caudate, internal capsule, and corpus callosum were selected
as regions of interest (ROIs) for statistical analysis. The
anatomical structure of each ROI was identified on FA maps
by referring to the corresponding anatomical T1-weighted
images (Figure 1). The ROI analysis was conducted using
the Image] software (imagej.nih.gov). Statistical process was
performed using IBM SPSS software.

All procedures followed the protocols approved by the
Institutional Animal Care and Use Committee (IACUC) of
Emory University and were conformed to the NIH Guide
for the care and use of Laboratory Animals.

Results

The maps of NODDI indices of one monkey brain,
including neurite orientation dispersion index (ODI), intra-
cellular volume fraction (ICVF), and volume fraction of
Gaussian isotropic diffusion (FISO) from each sampling
scheme are demonstrated. As seen in Figure 2, the ODI
and FISO maps resemble with each other even though the
gradient encoding scheme was changed from 32 directions
(bya =1,500 s/mm’) to 80 directions (b,,, =2,000 s/mm’).
In contrast, the ICVF maps show stronger dependence on
the gradient schemes. The number of detected pixels in
white matter is reduced when smaller number of gradient
directions in 4-6 shell schemes were applied, while the ICVF
results of 2-shell scheme (D30_b2000) were overestimated.
With DBSI model, the hindered diffusion ratios,
restricted diffusion ratios, and CSF ratio, were estimated
with the same dMRI data set of each subject accordingly.
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Figure 1 Demonstration of represented regions of interests (ROIs) in a monkey brain. Left column: FA maps. Right column: T1-weighted

images. ROIs, regions of interests; FA, fractional anisotropy.
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Figure 2 The maps of NODDI indices acquired with different gradient encoding schemes (A,B,C,D,E) are demonstrated. (I) Neurite
ODI (top row); (II) volume FISO (middle row); (III) ICVF (bottom row). The histogram of each parameter map within the brain region is

illustrated for comparison purpose. ODI, orientation dispersion index; FISO, fraction of Gaussian isotropic diffusion; ICVE, intra-cellular

volume fraction.
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Figure 3 The maps of DBSI indices acquired with different gradient encoding schemes (A,B,C,D,E) are demonstrated. (I) Hindered

diffusion ratio (top row); (II) CSF ratio (middle row); (IIT) restricted diffusion ratio (bottom row). The histogram of each parameter map

within the brain region is illustrated for comparison purpose. DBSI, diffusion basic spectrum imaging.

As seen in Figure 3, the maps of hindered diffusion ratio
look comparable with each other across 4-6 shells of
gradient-encoding schemes (Figure 34,B,C,D, top row).
However, evident difference is seen in the map of the 2-shell
scheme (D30_b2000) in comparison with that of the D80_
b2000 scheme. As seen in the restricted diffusion ratio
maps, the number of detected pixels from lower b-value
(b=1,500 s/mm’) schemes are much less than that from
higher b-value (b=2,000 s/mm®) schemes. As seen in the
maps of fractional anisotropy (FA), mean diffusivity (MD),
NODDI indices (ODI, FICVE, FISO), and DBSI indices
(hindered, restricted, and CSF ratio) from one slice of data
set (D80_b2000) (Figure 4), the grey matter, white matter,
and CSF are delineated differently with traditional DTT
model, NODDI and DBSI models. In addition, the DTT
indices (MD, FA, AD, and RD) are very consistent across
these different encoding schemes (data not shown).

In order to examine the dependence of the DBSI and
NODDI models on the gradient schemes, the mean
value and pixel count of each index from each scheme is
illustrated in Figure 5. Obviously, the CSF and hindered
diffusion ratios were underestimated when the 2-shell
scheme was applied compared to the 4-6 shell schemes
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(CSF: 0.25+0.01 vs. 0.32+0.01, Hindered: 0.41+0.01 vs.
0.45+0.02) (Figure 5A). In particular, the pixel numbers in
restricted ratio maps of low b-value (b,,,, =1,500 s/mm°)
scheme are dramatically reduced compared to that of
high b-value (b,,, =2,000 s/mm’) scheme (1,180+100
vs. 1,520+54) (Figure 5B). However, the mean restricted
ratios (0.23£0.02 vs. 0.22+0.01) and pixel counts (1,540£70
vs. 1,510+38, one slice) between the schemes of 80 and
32 directions with b=2,000 s/mm’ are comparable.

The mean value of each NODDI index in grey matter,
white matter, and CSF is illustrated in Figure 5C and is
comparable across these schemes. However, the ICVF in
white matter was slightly underestimated when the 4-6
shell schemes with low b-value (b,,,, =1,500 s/mm’) were
applied. Also, abnormal ICVF values were seen around and
in the ventricles and cortical areas adjacent to the cranium,
suggesting the fitting algorithm failed in these regions and
further optimization is needed. In addition, the ICVF maps
showed reduced pixel counts in white matter when fewer
gradient directions were applied [1,100+98 (D80_b2000)
vs. 806+70 (D32_b2000), one slice], indicating its strong
dependence on the gradient encoding scheme.

In order to investigate the effects of different gradient-

Quant Imaging Med Surg 2020;10(4):824-834 | http://dx.doi.org/10.21037/qims.2020.03.11



Quantitative Imaging in Medicine and Surgery, Vol 10, No 4 April 2020 829

DTI NODDI DBSI
| | ( : \ ( : \
FA MD ODI FICVF FISO Hindered Restricted CSF

Figure 4 Illustration of the side-by-side comparison of DTT, NODDI, and DBSI parameter maps of a monkey brain from the dMRI
acquisition scheme with 6 shells, 80 gradient directions, and b,,,, =2,000 s/mm’. DTI, diffusion tensor imaging; NODDI, Neurite
Orientation Dispersion and Density Imaging; DBSI, diffusion basic spectrum imaging; FA, fractional anisotropy; MD, mead diffusivity;

OD], orientation dispersion index; FISO, fraction of Gaussian isotropic diffusion.
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Figure 5 Demonstration of DBSI and NODDI indices in a representative slice of brain. (A) comparison of mean value of each DBSI index
(CSF, hindered and restricted diffusion ratio) across different schemes; (B) comparison of the total numbers of pixels in each DBSI index
map across different schemes; (C) comparison of mean value of each NODDI index (FISO, ICVE ODI) in CSE, white matter, and grey
matter regions across different schemes; (D) comparison of the total pixel numbers in each NODDI index map in CSF, white matter, and
grey matter regions, respectively. Gradient-encoding schemes (from left to right): D80_b2000, D56_b1500, D32_b1500, D30_b2000,
D32_b2000. NODDI, Neurite Orientation Dispersion and Density Imaging; DBSI, diffusion basic spectrum imaging; ODI, orientation

dispersion index; FISO, fraction of Gaussian isotropic diffusion; ICVE, intra-cellular volume fraction. Error bar: standard deviation.
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Figure 6 The dependence of NODDI indices (ICVF and ODI) on different gradient-encoding schemes in the white matter and grey matter
are illustrated. Red bar: 2-shell acquisition (b=1,000 and 2,000 s/mm”, 30 directions in each shell). (A,B) ICVF in internal capsule and CC;
(C,D) the ODI in PFC and caudate. NODDI, Neurite Orientation Dispersion and Density Imaging; ICVE, intra-cellular volume fraction;

CC, corpus callosum; PFC, prefrontal cortex; ODI, orientation dispersion index. Error bar: standard deviation.

encoding schemes on NODDI and DBSI indices, the grey
matter and white matter regions of monkey brains were
examined for further analysis. The dependence of NODDI
indices {CVF and ODI) on the gradient-encoding schemes
in the white matter [internal capsule, corpus callosum
(CC)] and grey matter [prefrontal cortex (PFC), caudate] is
illustrated in Figure 6.

ROI analysis in grey matter and white matter exhibits
the differences of ICVF and ODI maps across different
sampling schemes (Figure 6). The ICVF values in capsule
were underestimated when fewer shells/gradient directions
and smaller b-value were applied compared to those with
the two-shell (D32_b2000) and 6-shell (D80_b2000)
schemes, as similar as seen in ODI maps of caudate. Also,
the ICVF in CC and ODI in PFC look consistent across all
sampling schemes.

The effects of gradient-encoding schemes on ROI
analysis of DBSI indices are evaluated and demonstrated
in Figure 7. The maps of hindered diffusion ratios across
all sampling schemes look comparable in grey matter (PFC
and caudate). The restricted diffusion ratios derived from
the 4-6 shell schemes show lower values in white matter

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

when b,,. =1,500 s/mm’ was applied, compared to that
with b,,,, =2,000 s/mm’. Also, the restricted diffusion ratios
derived from the 2-shell scheme show comparable value
with those derived from the gradient encoding schemes
with b =2,000 s/mm’.

Discussion

Several multi-compartment models have been developed
previously to delineate the diffusion behaviour of water in
tissue for characterizing the microstructural integrity of the
brain with specifications (1,2,5,6,15), showing advantage
than conventional single-compartment DTT model in data
interpretation. As unique information like axon diameter,
neurite density and dispersion, and inflammation can be
derived from these multi-compartment models, data analysis
using multiple models on the same subject may provide
complementary information for extensive examination of
microstructural integrity in the brain. In the present report,
both NODDI and DBSI models were applied to dMRI data
of each multi-shell sampling scheme. The findings suggest
that a multi-shell dMRI dataset could be collected with a
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Figure 7 Illustration of the dependence of DBSI indices [hindered diffusion ratio (top row) and restricted diffusion ratio (bottom row)] on the

gradient-encoding schemes in the white matter (internal capsule, CC) and grey matter (PFC, caudate). Red-bar: (b, =1,000 and 2,000 s/mm’,

30 directions in each shell). (A,B)The hindered diffusion ratio in internal capsule and CC; (C,D) the restricted diffusion ratio in internal

capsule and CC. DBSI, diffusion basic spectrum imaging; CC, corpus callosum; PFC, prefrontal cortex. Error bar: standard deviation.

fast and optimal protocol on a clinical setting, and the same
dataset can be applied to the quantitative analysis using
multiple diffusion models. In particular, the dMRI data
sampling and processing strategy may be particularly useful
for whole brain quantitative analysis of microstructural
alteration and inflammation in infant or stroke patients.

Traditional D'TT assumes a Gaussian diffusion process of
water and delineates the diffusion property of tissue with
simple scalar indices like FA, MD, axial diffusivity (AD),
and radial diffusivities (AD). The D'TT model has been used
widely and successfully in biomedical research but limited
with the lack of specification (21-26). In contrast, multi-
compartment models could describe the biophysical process
of water diffusion in the brain tissue with more specific
information including axonal diameter, myelin g-ratio,
neurite density and dispersion (1,2,6,16,27,28).

In the NODDI model, the water diffusion behavior
is delineated using a three-compartment model which
includes intra-cellular compartment (restricted diffusion),
extra-cellular compartment (hindered diffusion), and CSF
compartment (isotropic Gaussian diffusion), allowing for
quantitative estimation of neurite orientation dispersion

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

index (ODI, index of the degree of dispersion of fiber
orientation), intra-cellular volume fraction (ICVE, marker
of neurite density), and isotropic volume fraction (FISO,
free water or CSF) (2). Previous study demonstrated the
dependence of quantification using NODDI indices on the
gradient-encoding schemes and suggested NODDI data
should be collected with minimal two-shell dMRI protocol
while more HARDI shells and gradient-encoding directions
would result in smaller bias and variance (2). In previous
studies, brain maturation and development of infants or
young children were investigated with NODDI using two
(8,29) or three (30) HARDI shells with maximal b-values of
1,500, 2,000, or 2,500 s/mm” and ~90 gradient directions.
As the scanning duration of multiple HARDI shells can be
too long in clinical practice for uncooperative patients like
young children, sedation is usually used to minimize the
motion artifacts in NODDI scans of infants (8). Due to the
potential risk of anesthesia on brain maturation, sedation
can not be generally applied in infant (or fetus) MRI scans
in regular clinical practice. A fast dMRI protocol is needed
to overcome the limitation of multiple HARDI shell data
collection for data analysis using multi-compartment models.

Quant Imaging Med Surg 2020;10(4):824-834 | http://dx.doi.org/10.21037/qims.2020.03.11
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Caruyer et al. reported a novel multi-shell sampling
method in which the angular distribution in each shell
is optimal while the uniform coverage in global angular
distribution is maintained as well (14). In the present report,
we used Caruyer’s design to generate 4,6-shell gradient-
encoding schemes with the acquisition time of a single scan
lasted for 3 to 8 minutes. As demonstrated in the present
study, similar ODI and FISO maps are exhibited in all the
gradient-encoding schemes (Figure 2, top row), suggesting
these indices may be derived from an MRI scan with as
less as 3 minutes. In contrast, the ICVF maps are different
across the schemes, showing its strong dependence on the
numbers of shells and gradient-encoding directions and
strength.

DBSI describes the diffusion behavior with three
components including restricted diffusion (cellularity),
hindered diffusion (vasogenic edema), and free diffusion
(CSF), and these parameters can be derived from 9- shell
dMRI data (15,31). In the present study, the same multi-
shell dMRI data sets were further analyzed using the DBSI
model. The maps of hindered diffusion ratios and CSF
ratios look very comparable across these 4-6 shell schemes
(Figure 34,B,C,D, top row) while the result from the 2-shell
scheme show more bias compared to the scheme D80_
b2000 (Figure 3E, top row). In contrast, the pixel numbers
of restricted diffusion ratio in white matter increases
accordingly when higher b-value was applied (Figure
3A,B,C,D, bottom row). The values of restricted diffusion
ratios vary in different ROIs of white matter bundles and
sampling schemes (Figure 7), indicating regional dependence
and sensitivity to the gradient encoding strategy. The ROI
analysis of NODDI and DBSI indices in macaque brains
demonstrated the reproducibility and dependence of these
indices on the gradient-encoding schemes and the regional
difference in grey matter and white matter.

In the previous DBSI study of mice, 99 gradient-
encoding directions and 9 shells with b, =1,000 s/mm’
were applied (31). Our results suggest that the DBSI indices
could be derived reasonably with as less as 4-shell and
32 directions (b,,, =2,000 s/mm?) for fast data collection
on a clinical 3T. Also, the maps of DTI, NODDI, DBSI
indices from a single slice (Figure 4), demonstrate that each
diffusion model provides specific and unique information to
delineate the grey matter and white matter microstructures.
The combination use of these models (and other biophysical
models) may provide complementary information for
extensively examining the abnormality of the brain.

The current results suggest that dMRI data with the
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b-value of 2,000 s/mm’ can be acquired for both NODDI
and DBSI analysis. The 4-shell scheme (D32_b2000)
substantially reduced scanning duration, suggesting this
data acquisition strategy may be useful for clinical scanning
of infants (or even fetal brains) in which fast imaging is
required. This data analysis approach may be particularly
useful in pediatric research as the grey matter and white
matter maturation and developmental abnormalities in
infant brains can be examined with different biophysical
modelling from one quick dMRI scan, providing
complementary information about grey matter, white
matter, and inflammation in the brain. As brain injury in
acute stroke is always associated with inflammation and
edema, the combined use of NODDI and DBSI models
may be particularly useful to examine the brain infarct
evolution in clinical and preclinical studies.

Although the present work of image acquisition and
data analysis approach was preliminarily demonstrated for
reproducibility and robustness using healthy non-human
primate brains on a 3T scanner, the approach is translational
to neuroimaging examination of human subjects in
which fast imaging is required for clinical diagnosis and
examination as the monkeys show similar brain anatomy
and diffusivity properties with human. However, how the
derived parameters from multiple diffusion models are
correlated with human brain neuropathology will require
future studies with specific disease models.

Conclusions

The present study demonstrates that a novel multi-shell
gradient-encoding scheme can be used for fast dMRI data
acquisition and quantitative analysis using both NODDI
and DBSI models (in addition to the conventional D'TT and
diffusion kurtosis imaging (DKI) models) in preclinical and
clinic studies. Such dMRI data acquisition and processing
strategy allows for deriving multiple specific parameters
from a single dMRI data set and may be used to examine
the abnormality of brain tissue such as demyelination,
axonal degeneration and inflammation which are coexisting
in many diseases. In particular, our work introduces a fast
dMRI scanning protocol which could be beneficial for
characterizing the brain abnormalities of pediatric patients
(infants) and acute stroke patients.
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