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Test—Retest Reliability of Diffusion
Measures in Cerebral White Matter:
A Multiband Diffusion MRI Study

Fei Duan, BS,"? Tengda Zhao, MS, "2 Yong He, PhD,"? and Ni Shu, PhD'?*

Background: To investigate the test-retest (TRT) reliability of the diffusion measures in cerebral white matter obtained
from the diffusion MRI dataset acquired with multiband acceleration.

Methods: With the multiband diffusion MRI dataset with two repeated scanning sessions, the TRT reliability of diffusion
measures (fractional anisotropy [FA], mean diffusivity [MD], primary diffusivity [PD] and transverse diffusivity [TD]) was
investigated through several fully automated analysis methods, including two voxel-level analyses (voxel-based analysis
[VBA] and tract-based spatial statistics [TBSS]) and an atlas ROIl-based analysis. The reproducibility was assessed by the
intra-class correlation coefficient (ICC).

Results: Our results demonstrated moderate to high reproducibility (ICC>0.4) of diffusion measures from the multi-
band EPI sequence with different analysis approaches. Across different measures, FA exhibited the highest reproducibil-
ity (mean ICC =0.70), while MD showed the lowest reliability (mean ICC = 0.55) (P = 0.006). Additionally, ICCs varied
across different tract ROls: Commissural tracts showed higher reproducibility than other categories of tracts (projection,
association and brainstem), while the brainstem tracts exhibited the poorest reliability (P = 0.004).

Conclusion: Our findings suggest a potential utility of the multiband EPI sequence for exploring individual differences

of cerebral white matter and provide reference for future white matter studies.

Diffusion Tensor Imaging (DTI), an imaging technique
that measures diffusion movement of water molecules
in biological tissues,"> has been widely used to study the
microstructural properties of cerebral white matter (WM).>*
DTT can generate several scalar diffusion measures, such as
fractional anisotropy (FA), mean diffusivity (MD), primary
diffusivity (PD), and transverse diffusivity (TD), with each
measure providing specific quantitative information on the
WM architecture at a voxel level.>” Many application stud-
ies have suggested these measures are sensitive to the
changes in WM microstructure with normal ageing ¢ and
development 7 as well as in neuropsychiatric diseases,®’
making diffusion metrics potential biomarkers for clinical
applications.

Until now, numerous DTI studies have used the con-
ventional echo planar imaging (EPI) sequence to acquire
DTI data. However, conventional DTI suffers from pro-

longed scan times (tens of minutes for the scan parameters
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used in this current study), resulting in increased risk of

10-12 Some

motion induced artifacts. promising  fast-
collecting imaging techniques, such as multiband EPI, have
been proposed recently.'> This sequence can accelerate
acquisition by simultaneously imaging multiple slices in the
human brain, while not significantly sacrificing spatial reso-
lution or the signal-to-noise ratio (SNR). Recently, this
sequence is being applied in the human connectome project
to acquire a large sample of healthy subjects with the pur-
pose of uncovering individual differences in brain circuitry
related to behavior.'* However, to reveal the true individual
variations rather than the false-positive differences induced
by iterative measurements, the test—retest (TRT) reliability
of the diffusion measures is critical for the future application
of group comparisons and longitudinal evaluation of this
sequence.

Previous studies have evaluated the reliability of diffu-

sion measures from both the voxel-level and region of
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TABLE 1. Summary of Phenotype Information of Subjects®
ID Sex Age(y) Current diagnosis Lifetime diagnosis
2475376 M 21 NO NO
2799329 M 30 NO NO
2842950 M 27 NO NO
3201815 M 48 NO NO
3315657 M 19 NO NO
3795193 M 57 NO NO
3808535 M 25 NO NO
4176156 M 46 NO NO
7055197 F 22 NO NO
8735778 F 31 NO NO
9630905 F 36 NO NO
*The diagnostic information for each subject was collected using a structured clinical interview for the DSM Disorder (SCID) by
trained professionals, and the numbers are DSM-IV codes. ‘No’ indicates no psychiatric disorder was identified during the interview.

interest (ROI) level perspectives of the conventional EPI
sequence.'”™? Although moderate to high reproducibility of
diffusion metrics was found, these studies identified the
reliability variations across measures and WM tracts or

regions'” that would be useful for clinical applications by
generating reference data for inter-subject variability and

intra-subject reproducibility. There are many possible factors

affecting  reliability, ~ mainly  including  acquisition
20-22 . . 20,23-25 . B

schemes, imaging parameters, image registration
18,26 . . . .

accuracy, subject  physiological noise and head

motion.'®?%242 For the multiband EPI sequence, whether
the multiband DTT scans can effectively quantify the WM
architecture and the normal values of diffusion measures in
the human brain remain unknown. Moreover, whether the
diffusion metrics from this new sequence can exhibit good
TRT reliability is still unclear.

The purpose of this study is to evaluate the following:
(i) the reliability of quantitative diffusion measures from
both voxel and ROI levels and (ii) the reliability differences

among diffusion measures and among WM tracts.

Materials and Methods

Test-retest Datasets

We used the multiband imaging test—retest pilot dataset that is
publicly available from INDI (http://fcon_1000.projects.nitrc.org/
indi/pro/eNKI_RS_TRT/FrontPage.html), which consists of 24
subjects. Among these subjects, 11 healthy participants (age:
32.9 % 12.5 years; 3 females) without a history of neurologic or
psychiatric diseases were included for the current analysis, whose
phenotype information is presented in Table 1. All individuals
included in the sample underwent semi-structured diagnostic psy-
chiatric interviews and completed a battery of psychiatric, cogni-
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tive, and behavioral assessments. Written informed consent was
obtained from all participants. The Nathan Kline Institute (NKI)
Institutional Review Board approved the research protocol to col-
lect and share the data. Recently, the test—retest functional MRI
data in this dataset has been used to examine the TRT reliability of
regional functional homogeneity in the human brain,”” identify
global hubs in the human voxel-wise functional brain networks
and examine TRT reliability over scanning time.*®

Data Acquisition

Each participant received test—retest diffusion MRI scans (at least
one week apart) using a Siemens Trio 3.0 Tesla (T) scanner.
Diffusion MRI data were acquired using a recently developed mul-
tiband EPI (mEPI) se:clecénC(313’29 with the following parameters:
repetition time (TR) = 2400 ms, echo time (TE) =85 ms, 64 sli-
ces, slice thickness of 2 mm, field of view (FOV)=212 X
180 mm?, voxel size of 2 mm isotropic, b value = 1500 s/mm?,
128 gradient directions with 9 b =0 images, multiband accelera-
tion factor =4, averages=1, and total acquisition time = 5:58
min. All the test—retest diffusion MRI data were acquired on a sin-
gle scanner. For each diffusion scan, the data quality was checked
by visual inspection to avoid the major artifacts and/or distortions
caused by the head motion. The head motions are within 2 mm
for both test—retest diffusion scans of all participants. Additionally,
MPRAGE T1-weighted images and the test—retest resting-state
functional MRI images were also acquired but were not used in
the present study.

Data Preprocessing

The preprocessing of DTI data included eddy current and motion
correction, estimation of the diffusion tensor and calculation of the
diffusion measures. Briefly, the eddy current distortions and
motion artifacts in the DTI data were corrected by applying an
affine alignment of each diffusion-weighted image to the b=0
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FIGURE 1: The flowchart of reliability analysis of diffusion measures in cerebral WM. First, the diffusion measures were calculated
from the multiband diffusion MRI data (A). Then, the individual FA image (B) was normalized into the standard MNI space (C) for
the VBA analysis and the WM skeleton (D) was extracted for the TBSS analysis. The same transformation used for the FA images
was applied to the diffusivity images (PD, TD, and MD) to obtain the whole-brain and skeleton PD, TD, and MD images in the
standard space. Then, voxel-wise ICC maps for whole-brain WM (E) and skeleton WM (F) were computed. For the ROI-based anal-
ysis, the JHU ICBM-DTI-81 WM atlas was applied to define different WM tracts (G). Then, the ICC values of the mean diffusion
measures for each WM tract based on whole-brain and skeleton WM were calculated (H).

image. After this process, the diffusion tensor elements were esti-
mated by solving the Stejskal and Tanner equation,' and then the
reconstructed tensor matrix was diagonalized to obtain three eigen-
values (41, /2, 43) and three eigenvectors. Finally, the correspond-
ing FA, MD, PD, and TD of each voxel were calculated according
to the following formulas.®® All preprocessing procedures of the
DTT data were performed with the FDT toolbox in FSL (http://
www.fmrib.ox.ac.uk/fsl).

gt

2 1 \2 5 2
A \/(/11 Aa) (A —23) + (A —123) MD
272+ 72+72) 3
Aoyt
2

PD=/,, TD=

VBA and TBSS

The VBA and TBSS analyses of FA, MD, PD, and TD images
were performed using the FMRIB Software Library (FSL 4.1.4;
www.fmrib.ox.ac.uk/fsl); for a detailed description of the methods,
see Smith et al.*" Briefly, we performed the following steps on the
FA images: (i) the FA image of each subject was aligned to a prei-
dentified target FA image (FMRIB58_FA) by nonlinear registra-
tion; (ii) all of the aligned FA images were transformed into the
ICBM152 template by affine registration, thus the resultant FA
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images in Montreal Neurological Institute (MNI) standard space
were ready for VBA analysis. For the TBSS analysis, several follow-
ing steps were further performed: (iii) the group-averaged normal-
ized FA image in MNI space and its skeleton (mean FA skeleton)
were created from the mean FA image of all subjects; and (iv) indi-
vidual subjects’ FA images were projected onto the skeleton, thus
the individual FA skeleton maps were prepared for TBSS. Then,
data for MD, PD, and TD were generated by applying the above
FA transformations to additional diffusivity maps and projecting
them onto the skeleton with projection vectors that were identical
to the vectors inferred from the original FA data. Finally, for each
participant, the voxel-wise FA, MD, PD, and TD maps for whole-
brain and skeleton WM in standard space were calculated. The

flowchart of the analysis procedure is presented in Figure 1.

Atlas-based Quantification of WM Tracts

To investigate the reproducibility of specific WM tracts, we used
the digital WM atlas JHU ICBM-DTI-81 (http://cmrm.med.jhmi.
edu/) to define the ROIs of major WM tracts. In the ICBM-DTI-
81 WM labels atlas, 48 WM tract labels were created by hand seg-
mentation of a standard-space average of diffusion MRI tensor
maps from 81 subjects32 (Table 2). The tracts in the JHU ICBM-
DTI-81 atlas can be classified into four types: projection tracts,

. . . . 32
association tracts, commissural tracts and tracts in the brainstem,
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TABLE 2. Regions of Interest Defined in the JHU ICBM-DTI-81 Atlas

Index
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Region

Middle cerebellar peduncle

Pontine crossing tract

Genu of corpus callosum

Body of corpus callosum

Splenium of corpus callosum
Fornix

Corticospinal tract R

Corticospinal tract L

Medial lemniscus R

Medial lemniscus L

Inferior cerebellar peduncle R
Inferior cerebellar peduncle L
Superior cerebellar peduncle R
Superior cerebellar peduncle L
Cerebral peduncle R

Cerebral peduncle L

Anterior limb of internal capsule R
Anterior limb of internal capsule L
Posterior limb of internal capsule R
Posterior limb of internal capsule L
Retrolenticular part of internal capsule R
Retrolenticular part of internal capsule L
Anterior corona radiata R

Anterior corona radiata L

Superior corona radiata R

Superior corona radiata L

Posterior corona radiata R
Posterior corona radiata L
Posterior thalamic radiation R
Posterior thalamic radiation L
Sagittal stratum R

Sagittal stratum L

External capsule R

External capsule L

Cingulum (cingulate gyrus) R
Cingulum (cingulate gyrus) L
Cingulum (hippocampus) R
Cingulum (hippocampus) L

Fornix (cres)/Stria terminalis R

Abbreviation

MCP
PCT
gCC
bCC
sCC
FX
CST.R
CST.L
ML.R
ML.L
ICPR
ICPL
SCPR
SCPL
CPR
CPL
ALIC.R
ALIC.L
PLIC.R
PLIC.L
RIC.R
RIC.L
ACR.R
ACR.L
SCR.R
SCR.L
PCR.R
PCR.L
PTR.R
PTR.L
SS.R
SS.L
EC.R
EC.L
CgC.R
CgC.L
CgH.R
CgH.L
EX/STR

Category

Brainstem

Brainstem

Commissural
Commissural

Commissural

Association
Brainstem
Brainstem
Brainstem
Brainstem
Brainstem
Brainstem
Brainstem
Brainstem
Projection
Projection
Projection
Projection
Projection
Projection
Projection
Projection
Projection
Projection
Projection
Projection
Projection
Projection
Projection
Projection
Association
Association
Association
Association
Association
Association
Association
Association

Association
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TABLE 2: Continued

Index Region

40 Fornix (cres)/Stria terminalis L
41 Superior longitudinal fasciculus R
42 Superior longitudinal fasciculus L
43 Superior fronto-occipital fasciculus R
44 Superior fronto-occipital fasciculus L
45 Uncinate fasciculus R

46 Uncinate fasciculus L

47 Tapetum R
48 Tapetum L

Abbreviation Category
FX/ST.L Association
SLER Association
SLEL Association
SFOER Association
SFOEL Association
UER Association
UEL Association
TAPR Commissural
TAPL Commissural

therefore, the reliability of each category of tract can be quantified
and compared.

Intraclass Correlation Coefficient
To evaluate the TRT reliability of diffusion measures between two

SCSSiOl’lS, a measurement Of the intraclass correlation COCfﬁCiCl’lt

(ICC) was used. The ICC value was calculated as **:

2 _ 22
Gy~ 0O

j— ws

fee= o+ (m—1)a?,

where 7 is the between-subject variance and o, is the within
subject variance, m represents the number of repeated measure-
ments (here, m = 2). The ICC is a normalized measure which has
a maximum of 1. The ICC values were categorized into five com-
mon intervals®*; 0 < ICC<0.2 (slight), 0.2< ICC<0.4 (fair),
0.4 < ICC<0.6 (moderate), 0.6 < ICC<0.8 (substantial), and
0.8 < ICC< 1.0 (almost perfect). Negative ICCs, suggesting nega-
tive reliability (i.e., completely nonreliable), are theoretically diffi-
cult to interpret.®® Therefore, we set negative ICCs equal to zero,
as suggested in other test—retest studies using the ICC.>*%

For the VBA analysis, we calculated the voxel-wise ICC
maps for whole-brain WM with an FA > 0.2. For the TBSS analy-
sis, we calculated the ICC for each voxel within the WM skeleton.
For the atlas-based ROI analysis, we calculated the mean ICC for
each ROI from both whole-brain and skeleton levels by averaging
the values across all WM voxels within each ROI.

Statistical Analysis

To assess the reliability differences across diffusion measures and
categories of WM tracts, a two-way mixed repeated measures anal-
ysis of variance (ANOVA) was performed with the category of tract
treated as a categorical factor and the category of measure treated
as a repeated measure. To further explore the difference in repro-
ducibility among different types of tracts for each measure, one-
way ANOVA was performed. Due to the limited sample size, the
effects of possible variables, such as age and gender, on the diffu-
sion metrics were negligible and not considered in the present
study. All ANOVA analyses were performed with SPSS software
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(version 13.0; SPSS, Chicago, IL). Moreover, the correlation of the
average diffusion values between two repeated sessions across ROIs
was calculated by Pearson’s correlation using an in house Matlab
program (The MathWorks, Inc.).

Results

Normal Values of Diffusion Measures

in Cerebral WM

The group-averaged FA, PD, TD, and MD maps and the
mean histogram distributions of four diffusion measures
across WM voxels are shown in Figure 2. The normal values
of FA of WM range from 0.2 to 0.94, PD ranges from 7.4
X 1077 w0 2.2 X 107° mm?/s, TD ranges from 7.0 X
107 to 1.6 X 107> mm?/s, and MD ranges from 1.4 X
1072 to 1.8 X 10> mm?®/s across whole-brain WM voxels.

Voxel-Based ICC

For each diffusion measure, the voxel-wise ICC maps for
whole-brain and skeleton WM are shown in Figure 2. We
found that most WM voxels (whole-brain > 75%; skeleton>
63%) exhibited moderate to high reliability (ICC>0.4)
(Table 3). Averaged across the voxels of the whole-brain
WM, the ICC values ranged from 0.55 to 0.70. Averaged
across the voxels of the skeleton WM, the ICC values
ranged from 0.47 to 0.67 (Table 3), depending on the spe-
cific diffusion measure. High consistency of the ICC distri-
butions across voxels between whole-brain and skeleton
WM were observed (Fig. 2). Among different diffusion
measures, FA exhibited higher reliability than other meas-
ures. The histogram distributions of the ICC values of each
diffusion measure across WM voxels are also displayed in
Figure 2.

ROI-Based ICC

For the atlas-based ROIs, high correlations of mean diffu-
sion measures across ROIs were observed between the two
skeleton WM (all

sessions in both whole-brain and

Volume 42, No. 4
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FIGURE 2: Voxel-wise reliability of diffusion measures for whole-brain and skeleton WM. For each diffusion measure, the first row
represents the voxel-wise FA (A), PD (B), TD (C), and MD (D) maps across the whole brain. The second and third rows represent
the voxel-wise ICC values for whole-brain and skeleton WM (FA > 0.2), respectively. Only WM voxels with an ICC> 0.4 overlaid on
the mean diffusion measure maps are displayed. The histogram distributions of the values of diffusion measures and the distribu-
tions of ICC values across the whole-brain and skeleton WM are shown in the right lateral panel.
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TABLE 3. Mean ICC Values of Diffusion Measures Across Whole-Brain and Skeleton WM and the Proportion of
WM Voxels With Moderate to High ICCs
FA PD TD MD
Whole-brain mean (std) 0.70 (0.21) 0.64 (0.23) 0.60 (0.25) 0.55 (0.26)
proportion 90.0% 86% 81% 75%
Skeleton mean (std) 0.67 (0.22) 0.59 (0.23) 0.54 (0.26) 0.47 (0.27)
proportion 85% 77% 71% 63%
a Brain Skeleton b 0
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FIGURE 3: Reliability of diffusion measures across different WM tracts. For each diffusion measure, the ICC values of all 48 tracts
in the JHU ICBM-DTI-81 WM atlas were quantified (A) and sorted in descending order (B). The upper panel shows whole-brain
WM and the lower panel shows skeleton WM. High correlations of the mean diffusion measures across different tract ROls were
observed between two sessions for both whole-brain (top) and skeleton (bottom) WM (all r>0.99) (C).
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FIGURE 4: Reliability differences among different diffusion
measures. The bars and error bars represent the mean values
and standard deviations of the ICC values of all WM tracts,
respectively.

Skeleton

r>0.99) (Fig. 3C). For each diffusion measure, the ICC
values of all 48 tracts in the WM atlas were quantified and
shown in Figure 3A. Most of the tract ROIs exhibited mod-
erate to high reliability, such as the fornix, corpus callosum,
cingulum, superior longitudinal fasciculus, sagittal striatum,
tapetum, posterior corona radiate, and posterior thalamic
radiation, while some tract ROIs showed poor reliability,
such as the inferior and superior cerebellar peduncle in the
brainstem, corticopsinal tract and anterior limb of the inter-
nal capsule (Fig. 3B). For the skeleton WM, more regions
with poorer reliability were found compared with the
whole-brain WM (< 0.001) (Fig. 3A). The most reliable
regions were located in the fornix, body and splenium of
corpus callosum, cingulum and posterior thalamic radiation.

Comparisons of Reliability Across Measures

and Tracts

In whole-brain WM, the ANOVA showed significant main
effects of different diffusion measures (P = 0.006) (Fig. 4)
and category of tracts (P=0.004) (Fig. 5A). In skeleton
WM, the ANOVA only showed a significant main effect of
different measures (< 0.001) (Fig. 4), but not for the cate-
gory of tracts (P>0.1) (Fig. 5B). No interactions of tract
X measure in either whole-brain or skeleton WM were
found (2> 0.1). For diffusion measures, post hoc compari-
sons revealed that FA has a higher level of reliability than
other measures both in whole-brain and skeleton WM (all
P <0.03) (Fig. 4). For different categories of tracts, the post
hoc comparisons showed that commissural tracts have the
highest reproducibility, while the tracts in the brainstem
exhibit the lowest reliability as compared to other types of
tracts (all 2<0.05) (Fig. 5).

Discussion

In the present study, we investigated the TRT reliability of
diffusion measures (FA, MD, PD, and TD) from the multi-
band diffusion MRI dataset by several fully automated
analysis approaches: two voxel-based analyses and an atlas
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ROI-based analysis. Our results can be summarized as fol-
lows: (i) Moderate to high reproducibility of diffusion meas-
ures from the multiband EPI sequence were observed for
both voxel-based and ROI-based analyses; (ii) FA exhibited
higher reproducibility than other diffusion measures, while
MD showed the lowest ICCs; (iii) ICC values varied signifi-
cantly across different tract ROls, especially for skeleton
WM; and (iv) Commissural tracts showed higher reproduci-
bility than other categories of tracts (projection, association
and brainstem), while the tracts of the brainstem showed
the poorest reliability.

To date, there are only two studies that examine the
TRT reliability of multiband EPI data. Zuo et al*” used the
multiband resting-state fMRI dataset to examine the TRT
reliability of functional homogeneity in the human brain,
and their results showed that test—retest reliability was signif-
icantly improved by usage of a fast imaging sequence. Liao
et al®® used the same dataset to identify global hubs in the
human voxel-wise functional brain networks and examine
TRT reliability over scanning time. The present study acts
as a necessary supplement focusing on diffusion MRI. The
multiband EPI sequence with its relatively short scan time

can reduce the effects of head motion,'*'?

and the large
number of gradient directions can increase the reliability of

tensor estimation. The high reproducibility of diffusion

a 1 T T T T

0.8r

0.61

ICC

0.4+

0.2r

PD D)

0.8

T G b

ICC

0.2 ' ]

0

FA PD D
FIGURE 5: Reliability differences among different types of
tracts in whole-brain (A) and skeleton WM (B). The bars and
errorbars represent the mean values and standard deviations
of the ICC values of all WM tracts, respectively. C, commissural
tract; A, association tract; P, projection tract; T, tract in the
brainstem.

MD
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metrics within WM suggests the applicability of the current
sequence for clinical studies, where constraints on patient
scanning time are an important issue.

First, the normal values of all diffusion measures across
WM voxels from the multiband DTT dataset are comparable
with the diffusion values from conventional DTI
data.">?*?%3%3% This confirms no much effect of the fast-
collecting multiband EPI sequence on the normal values of
diffusion measures in cerebral WM. From the reliability
analysis of diffusion metrics at the voxel level, high consis-
tency of the ICC distributions between whole-brain and
skeleton WM were observed. The ICC results were also
consistent with the findings of the previous reliability stud-
ies from conventional DTI sequences.*”*' Specifically, a
recent TBSS study of WM reliability reported similar ICC
values and distributions of the WM skeleton to our find-
ings.*> Morcover, we found that the diffusion measures
from TBSS are less reliable than those from VBA.
Compared with the VBA analysis, the TBSS analysis
focused on the main WM skeleton (major WM tracts) of
each subject, with the advantage of minimizing the effects
of tract misalignment encountered by conventional VBA

methods.?!

However, the step of skeleton extraction and
projection may also bring in some biases for the estimation
of diffusion measures, especially for the fiber-crossing areas.
Madhyastha et al (2014) found that within the WM skele-
ton, there are a large percentage of voxels (> 16%) that do
not correspond to each other, making it difficult to find
reliable changes in these areas, which may account for the
proportion  of WM good
reliabilicy observed in TBSS analysis compared with VBA

analysis.

lower voxels  with

In the present study, all of the analysis approaches
were fully automated and normalized to the standard space.
Transformation into template space may reduce the
between-subjects variation, resulting in lower ICC values
and indicating a possible reduced sensitivity.*’ On the other
hand, analysis in the standard space will avoid the bias from
intra-rater reliability and effects of tractography protocol to
some extent, but will include some errors from image regis-
tration accuracy. Different analysis methods have their own
advantages and disadvantages and might provide comple-
mentary information.

For different diffusion measures, FA showed a higher
reliability than the other diffusion measures, while MD
showed the lowest reliability for both voxel-based and ROI-
based analyses. These results were consistent with previous
findings of the reliability differences in diffusion metrics
from conventional EPI sequences.'” Given FA is a ratio
measure and MD is the sum of primary and transverse dif-
fusivity, one explanation for the lower reliability in MD is
that because MD is the mean of the diffusion tensor eigen-
values, it can reflect variability due to changes in the overall
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magnitude of diffusivity, anisotropy of diffusivity, or a com-
bination of the two effects.

Characterization of regional variation in measurement
error for DTI is important for the interpretation of the
results of group comparisons and longitudinal studies.
Previous studies have explored the reproducibility of some
major WM tracts, such as the corpus callosum, cingulum
bundles, and uncinate fasciculus by fiber tractography or
ROI-based approaches.*""*** In the present study, we
investigated the reliability of all 48 tracts in the WM atlas
of JHU ICBM-DTI-81. The most reliable measurements
were for the fornix, corpus callosum, cingulum, superior
longitudinal fasciculus, sagittal striatum, tapetum, posterior
corona radiate, and posterior thalamic radiation. When the
tracts were classified into different categories, we found that
commissural tracts showed higher reliability than other cate-
gories of tracts. The commissural tracts are located in five
ROIs: the genu, the body and the splenium of corpus cal-
losum and the bilateral tapetum, which is the temporal
component of the corpus callosum that is partitioned sepa-
rately from the other corpus callosum regions. The high
reliability of the corpus callosum is consistent with the pre-
vious findings from conventional DTI sequences.'®?%*
This may be because commissural tracts are composed of
tightly packed fibers with highly consistent orientation and
low anatomical variability,> are less prone to noise and par-
tial volume effects and are less likely to be affected by
“crossing” or “kissing” fibers. Additionally, the larger ROI
sizes of commissural tracts result in a higher SNR and better
reproducibility.

In contrast, some tiny WM tracts in brainstem showed
poor reliability, such as the inferior and superior cerebellar
peduncle. These tracts are relatively small with complex
fiber architecture and have been seldom explored by diffu-
sion MRL* Previous studies have suggested that a small
ROI is more prone to noise and partial volume effects from
imperfect coregistration and interpolation and is more likely
to show a greater variation.*""** Additionally, the higher
amount of variability encountered during the scanning pro-
cess may occur because some tracts of the brainstem are
located in deep gray matter regions with many different
tracts passing through, and scans may be seriously affected
by crossing fibers.“® Increasing ROI size improves reproduci-
bility, as long as contamination from surrounding structures
with markedly different voxel values is avoided.** In future
application studies, interpretation of the results from these
WM regions or tracts should be undertaken cautiously.

There are some study limitations that need to be
addressed. First, this study only used 11 subjects to calculate
ICC. To obtain more accurate reliability results, future ICC
reliability research should have a relatively large sample to
obtain sufficient statistical power. Second, our findings sug-
gest that whereas current techniques produce diffusion
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measures capable of characterizing the genuine between-
subject differences in WM connectivity, the moderate values
of ICC indicate that future work must improve the acquisi-
tion protocols of multiband diffusion MRI to improve the
data quality and the reliability. Third, investigation of the
effects of different acquisition parameters, gradient sampling
schemes and advanced diffusion modeling approaches, such
as application of higher order models to disentangle crossing
fiber structures,”” on the reproducibility of diffusion metrics
for this new sequence would be interesting, but was
unfortunately outside the scope of this study. Finally, when
monitoring longitudinal changes, it is important to consider
the tradeoff between reliability and sensitivity of diffusion
measures. In future studies, several measures (e.g., the coeffi-
cient of variation) can be further developed to comprehen-
sively characterize the sensitivity of diffusion measures over
scanning sessions.

In conclusion, our work demonstrated moderate to
high reliability of diffusion measures in cerebral WM from
the multiband diffusion MRI sequence. The findings sug-
gest the potential utility of the multiband EPI sequence and
may provide reference and guidance for future WM studies
using the new sequence.
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