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ABSTRACT

BACKGROUND AND PURPOSE: The auditory radiation crosses other white matter tracts and cannot reliably be delineated or quantita-
tively assessed with DTI fiber tracking. This study investigates whether HARDI fiber tracking can be used to robustly delineate the full
extent of the tract.

MATERIALSANDMETHODS: HARDI (64-direction, b�3000 s/mm2) andDTI (30-direction, b�1000 s/mm2) were acquired from 25 control
participants between 8 and 26 years old. Probabilistic HARDI and DTI fiber tracking of the auditory radiation was performed with starting
and filter regions automatically generated from the FreeSurfer white matter parcellation. DTI fiber tracking was performed with both the
64-direction and the 30-direction datasets. Fiber-tracking trials demonstrating connectivity from theHeschl gyrus to themedial geniculate
nucleus were considered successful.

RESULTS: The HARDI fiber tracking success rate was 98% and was significantly higher than the 64-direction DTI rate of 50% or the
30-direction DTI rate of 42% (P � .001). The success rates of HARDI fiber tracking for the left and right auditory radiations were not
significantly different. In contrast, the left auditory radiation was successfully delineated with DTI fiber tracking at a higher rate than the
right auditory radiation.

CONCLUSIONS: HARDI can discriminate the complex whitematter pathways at the junction of the auditory radiation and the ILF. HARDI
fiber tracking can reliably delineate the auditory radiation.

ABBREVIATIONS: AC� auditory cortex; FA� fractional anisotropy; HARDI� high angular resolution diffusion imaging; ILF� inferior longitudinal fasciculus

Diffusion MR fiber tracking uses the random motion of water

to determine the orientation of coherent axonal bundles.1,2

In particular, fiber tracking follows the estimated fiber orientation

voxel to voxel in 3D to delineate specific white matter path-

ways.3-6 DTI fiber tracking has become a standard tool to analyze

white matter tract geometry and microstructure. DTI fiber track-

ing software is readily available from research groups and MR

scanner manufacturers. Accordingly, there has been a surge in the

number of publications using DTI fiber tracking to delineate spe-

cific tracts for qualitative or quantitative purposes. A limitation,

however, is that the diffusion tensor model fails to accurately rep-

resent the complex architecture of crossing white matter fibers.

For this reason, DTI fiber tracking fails to accurately follow white

matter pathways through tract intersections.

HARDI is capable of discriminating multiple fiber popula-

tions crossing within the same voxel. HARDI requires the ac-

quisition of more than 50 gradient directions at high b-value,

whereas DTI only requires 6 directions at lower b-values. The

higher angular resolution provides a more accurate represen-

tation of the 3D pattern of water diffusion within a voxel.

Numerous methods exist to reconstruct the architecture of

brain tissue from HARDI data.7-12 All methods have in com-

mon the ability to provide the orientation of multiple white

matter tracts within each voxel. Fiber tracking with HARDI
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can follow white matter tracts through regions of crossing fi-

bers, whereas DTI fiber tracking would terminate or provide

erroneous results in these same areas.13-16

The auditory radiations are an important sensory pathway

that relays acoustic information from the medial geniculate nu-

cleus of the thalamus to the primary AC. The auditory radiation

crosses the ILF, a major anteroposterior white matter tract. Thus,

DTI fiber tracking cannot consistently delineate the auditory ra-

diation. In a prior study, probabilistic DTI fiber tracking was ca-

pable of following the acoustic pathway from the cortex to the

inferior colliculus in only 50% of trials.17 Our study compares the

performance of probabilistic HARDI with probabilistic DTI fiber

tracking of the auditory radiation. The goal of our study was to

develop a robust framework for studying a primary sensory path-

way that is often difficult to identify by traditional quantitative

measurement methods.

MATERIALS AND METHODS
MR Imaging
MR imaging was performed with a 3T Verio (Siemens, Erlangen,

Germany) scanner on 25 children and adults between 8 and 26

years old (mean age, 16.4 years). All participants were healthy

volunteers and had no abnormal findings on MR imaging. In-

formed consent was obtained from each participant or his or her

guardian as applicable according to our institution’s regulations.

The whole-brain HARDI acquisition included 64 gradient direc-

tions at b�3000 s/mm2; TR, 14.8 s; TE, 111 ms; voxel size, 2 � 2 �

2 mm; and matrix, 128 � 128. Two b�0 s/mm2 volumes were

included in the HARDI acquisition. An additional DTI acquisi-

tion used 30 diffusion gradient directions at b�1000 s/mm2; 1

b�0 s/mm2 volume; TR, 11 s; TE, 76 ms; voxel size, 2 � 2 � 2 mm;

and matrix, 128 � 128. The 30-direction diffusion sequence is the

routine clinical DTI sequence used at our institution. The HARDI

acquisition was approximately 18 minutes in duration and the

DTI acquisition 6 minutes in duration. Both HARDI and DTI

acquisitions used a Stejskal-Tanner monopolar, spin-echo echo-

planar sequence, a 32-channel head coil, maximal gradient

strength of 45 mT/m, and a parallel acceleration factor of 2 with

generalized autocalibrating partially parallel acquisition (Sie-

mens). Diffusion volumes were corrected for eddy current distor-

tion with the Functional MR Imaging of the Brain Diffusion

Toolbox in FSL (http://www.fmrib.ox.ac.uk/fsl).18 Anatomic T1-

weighted magnetization-prepared rapid acquisition with gradient

echo volumes were also acquired from each participant. Parame-

ters were TR, 2000 ms and TE, 3.71 ms, with 1-mm isotropic

voxels and full head coverage.

Diffusion MR Fiber Tracking
The solid-angle q-ball reconstruction of the HARDI data were

used with a probabilistic fiber-tracking algorithm.8,13 The

HARDI fiber-tracking algorithm uses the residual bootstrap to

estimate the uncertainty in the q-ball fiber orientation estimates.

The range of probable fiber orientations is probed with a Monte

Carlo strategy as each voxel is visited many times by independent

tracts. The total number of fiber trajectories passing through each

voxel provides a confidence level of that voxel’s inclusion in the

tract of interest. For comparison, probabilistic DTI fiber tracking

was performed with both the 64-diffusion gradient direction

HARDI acquisition and the 30-direction standard DTI acquisi-

tion. The DTI fiber-tracking algorithm uses the residual bootstrap

to estimate uncertainty in the primary eigenvector orientation.19

The DTI and HARDI fiber-tracking probabilistic algorithms use

similar statistical methods to estimate uncertainty and propagate

fiber trajectories. A Monte Carlo strategy probes the range of pos-

sible propagation directions, and trajectories are based on fiber

assignment by continuous tracking.4 Both HARDI and DTI fiber

tracking were implemented with in-house software written in In-

teractive Data Language (Exelis Visual Solutions, Boulder,

Colorado).

Volume segmentation and white matter parcellation was per-

formed with FreeSurfer (http://surfer.nmr.mgh.harvard.edu) on

each participant’s T1-weighted image and used to generate re-

gions of interest for fiber tracking.20 The T1-weighted volume was

registered with the Functional MR Imaging of the Brain Linear

Image Registration Tool (FLIRT) to the echo-planar volumes

without diffusion weighting (b�0) from the 30-direction and 64-

direction diffusion acquisitions.21 The 2 b�0 volumes from the

64-direction acquisition were averaged before registration. All

registrations were visually examined to ensure correct placement

of the major sulci and ventricles. The FreeSurfer parcellation map

was then mapped into the coordinate space of each diffusion ac-

quisition. The white matter of the transverse temporal gyrus was

used to launch fiber tracks. A target region including the medial

geniculate nucleus was generated with custom-built software op-

erating on the FreeSurfer parcellations. The thalamus and ventral

diencephalon segmentations were first dilated with a 2 � 2 � 2

voxel structuring element. The intersection of the 2 dilated seg-

mentations is on the inferior surface of the thalamus and is re-

tained as the target region of interest. Fig 1 shows the starting and

target regions. A set of regions of interest outside the auditory

radiation were used to eliminate common patterns of errant fiber

trajectories. These additional regions included the medial orbito-

frontal white matter, corpus callosum, isthmus of the cingulated

gyrus, precentral gyrus, supramarginal gyrus, putamen, and pal-

ladium. Fiber tracks passing through the starting and target re-

FIG 1. The starting region of interest for fiber tracking within the
Heschl gyrus is shown on the left. The target region of interest on the
inferior surface of the thalamus is shown on the right. The regions are
shownoverlaid on axial sections through theb�0 s/mm2 echo-planar
volume from the 64-direction HARDI acquisition.
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gions, but not through the exclusion regions, were retained as the

auditory radiation.

HARDI and DTI fiber tracking were each performed with an

FA threshold of 0.125, an angle threshold of 70°, and 128 starting

points per voxel. A low FA threshold was chosen because HARDI

can detect fiber architecture in voxels where the diffusion tensor

model produces low FA. The relatively high angle threshold re-

flects the ability of HARDI to detect crossing fibers. Tractography

was performed at the native 2 � 2 � 2-mm image resolution.

Successful fiber tracking was defined as the presence of at least

1 trajectory connecting the Heschl gyrus to the medial geniculate

nucleus. To further examine performance, the number of trajecto-

ries produced by each fiber-tracking method was compared by ad-

justment of the threshold for successful fiber tracking. Left and right

side auditory radiations were examined separately. Comparisons be-

tween rates of success were performed with the McNemar �2 test.

RESULTS
Figure 2 shows an example set of HARDI fiber tracks (red stream-

lines), following the auditory radiation from the AC to the thala-

mus. The q-ball orientation distribution functions show the an-

teroposterior ILF (green peaks) crossing the smaller left-right

peaks of the auditory radiation. The HARDI fiber tracking follows

the auditory radiation through the crossing, whereas DTI fiber

tracking fails. Fig 3 shows DTI fiber tracks emerging from the

Heschl gyrus and incorrectly following the dominant anteropos-

terior coursing the ILF.

At a threshold of 1 trajectory (Fig 4), the success rate of HARDI

fiber tracking was 98%; 64-direction DTI, 50%; and 30-direction

DTI, 42%. HARDI fiber tracking successfully delineated the au-

ditory radiation at a significantly higher rate than either DTI fiber

tracking method (McNemar �2 test with Bonferroni correction,

P � .001 each; Table). The success rate of 30-direction low-b-

value and 64-direction high-b-value DTI fiber tracking was not

significantly different. Age did not correlate with fiber-tracking

success for any fiber-tracking method (logistic regression, P � .4

for each).

The success rates of HARDI fiber tracking for the left and right

auditory radiations were not significantly different. In contrast,

the left auditory radiation was successfully delineated with DTI

fiber tracking at a higher rate than that of the right auditory radi-

ation. This hemisphere difference was significant for both 30-

direction and 64-direction DTI fiber tracking (P � .003 each,

McNemar �2 test with Bonferroni correction, Table).

Fig 5 examines fiber-tracking results, as the number of trajec-

tory thresholds varies from 1 to 200. DTI and HARDI rates of

FIG 3. HARDI fiber tracks (red) and DTI fiber tracks (blue) are visual-
ized in the left and right hemispheres. DTI fiber tracks are from the
64-direction dataset. The left hemisphere is on the left side of the
figure. Both HARDI and DTI fiber tracks were launched from the same
starting regions in the Heschl gyrus. The HARDI fiber tracks reaching
the thalamic target regions are retained. For this figure, all DTI fiber
tracks are retained regardless of destination. The DTI fiber tracks
emerge from theHeschl gyrus and follow the ILF in either the anterior
or posterior direction. No DTI fiber tracks cross the ILF to reach the
thalamus in the right hemisphere.

FIG 4. HARDI and DTI fiber tracks connecting the AC to the thalamic
target region are shown in a casewherebothmethodswere successful in
each hemisphere. The number of fiber trajectories passing through each
voxel is encoded with the overlay color. The yellow voxels have the
highest probability of being within the auditory radiation.

FIG 2. Q-ball reconstructions of the HARDI data are shown for each
voxel on an axial section. HARDI fiber tracks (red streamlines) course
from the AC to the thalamus. The ILF (green fiber peaks and orienta-
tion indicated with arrow) intersects the auditory radiation.
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success decrease as the threshold is increased. However, the

HARDI rate of success is significantly higher than that of the 30-

direction DTI success rate through a threshold of 10 and the 64-

direction DTI success rate through a threshold of 20 (P � .01

each, McNemar �2 test).

DISCUSSION
This study demonstrates the advantage of HARDI for performing

fiber tracking of the auditory radiation. HARDI can reliably re-

solve crossing white matter tracts at the intersection of the audi-

tory radiation and the ILF. In contrast, the diffusion tensor model

often fails to accurately represent the microstructure at this junc-

tion and only depicts the orientation of the dominant ILF tract.

The DTI fiber-tracking success rate observed in this study is con-

sistent with the results from Crippa et al.17 DTI fiber-tracking

performance with the 64-direction (b�3000 s/mm2) diffusion

data was not significantly different from that of the 30-direction

(b�1000 s/mm2) data, with neither being robustly successful.

Thus, our present results indicate that an improved signal-to-

noise ratio or increased number of directions cannot improve

DTI fiber-tracking performance.

The HARDI acquisition is longer than a traditional DTI acqui-

sition. However, it has been successfully included in our pediatric

and adult research protocols. In implementation of HARDI, the

primary differences between a DTI and HARDI acquisition are

the number of directions and the b-value. Changing these param-

eters is straightforward on many scanners. However, higher b-val-

ues produce images with a lower signal-to-noise ratio. High-field

strength and high specification gradients are necessary to improve

signal-to-noise ratio at high b-values. A current limitation is that

HARDI postprocessing is not a feature available on most scan-

ners. However, as HARDI is translated into a clinical tool, the

availability of HARDI reconstruction algorithms and fiber-track-

ing tools is expected to improve.

Diffusion MR and tractography provide an estimate of white

matter microstructure and connectivity.22,23 Tractography oper-

ates with the assumption that white matter fiber orientation can

be inferred from the random movement of water. The choice of

image acquisition parameters and tractography algorithm deter-

mines the accuracy of tractography results. Image noise, low spa-

tial resolution, and a low number of diffusion gradient directions

are imaging factors that limit the accuracy of calculated fiber ori-

entations. When incorrect HARDI or DTI fiber orientations are

used for tractography, errors propagate along the trajectories. A non-

invasive reference standard for the subcortical position of the audi-

tory radiation does not exist. However, prior knowledge of neuro-

anatomy can be added by the user to delineate a specific tract. This

study used multiple atlas-based starting, target, and filter regions of

interest to constrain the fiber tracks to the auditory radiation.

Probabilistic algorithms attempt to compensate for noise and

inherent inaccuracies of the HARDI and DTI methods by probing

multiple possible propagation directions. Deterministic fiber-

tracking algorithms are common, but they do not account for the

uncertainty inherent in all diffusion MR imaging experiments.

The probabilistic fiber-tracking algorithms used in our study es-

timate the uncertainty in the HARDI and DTI fiber orientations

with the bootstrap method.13,19,23,24 The residual bootstrap tech-

nique is a method to determine the probability distribution of

fiber orientations from 1 diffusion MR acquisition. It is necessary

to launch a large number of trajectories from the starting region to

probe the range of possible fiber orientations along the tract. The

number of fiber trajectories passing through a voxel provides a rela-

tive assessment of that voxel’s likelihood of inclusion in the tract of

interest. However, there is no way to translate the number of trajec-

tories to an absolute metric of probability. The number of trajectories

generated is related to the size of the starting region and the density of

starting points. As seen in Fig 5, HARDI ceased to perform better

than DTI at a threshold of 20 trajectories. However, this threshold

level is directly related to the number of starting points.

Prior quantitative studies of the auditory radiation have relied

on region-of-interest measurements within the tract. Lutz et al25

placed regions of interest in the Heschl gyrus and the acoustic

radiation adjacent to the thalamus to study the effect of aging on

the auditory system. Roberts et al26 used regions of interest in the

Heschl gyrus to measure the correlation of diffusion anisotropy

(on the basis of DTI) to magnetoencephalography-detected elec-

trophysiologic auditory-evoked superior temporal gyrus re-

sponses. Manually placed regions of interest are restricted to

points within the auditory radiation near known landmarks.

Hand-drawn region-of-interest measurements have higher vari-

ability than measures originating from 3D regions of interest de-

fined by fiber tracking.27 In addition, white matter tracts have

heterogeneous geometry and microstructure as they course

through different regions of the cerebrum. Regions of interest that

only outline a small portion of the tract may not be representative

of the entire tract and may be insensitive to microstructural

changes occurring elsewhere along the tract. As shown in our

FIG 5. The threshold for successful fiber-tracking is varied between 1
and 200 trajectories connecting the AC to the thalamus. The percent-
age of successful HARDI and DTI fiber-tracking trials is shown at each
threshold. An asterisk indicates that the HARDI rate of success is
significantly higher than the respective DTI fiber-tracking rate of suc-
cess (P� .01).

Comparison of DTI and HARDI auditory fiber-tracking results.
Successful connections contained 1 or more fiber trajectories

Successful Unsuccessful

Left Right Total Left Right Total
DTI - 30 Directions 16 5 21 9 20 29
DTI - 64 Directions 18 7 25 7 18 25
HARDI - 64 Directions 24 25 49 1 0 1
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study, HARDI fiber tracking extends the localization of auditory

radiation tracts beyond the landmarks used as starting and target

regions. Thus, our work provides the framework for quantitative

studies of the entire auditory radiation.

DTI fiber tracking was more successful in delineating the left

auditory radiation than the right. This asymmetry may be attrib-

uted to the structural and functional asymmetries of the language

and auditory systems.28-31 Greater left hemispheric cortical activ-

ity and white matter volumes in language networks may be related

to a larger and more compact auditory radiation. In addition,

diffusion fiber-tracking studies have shown structural asymmetry

in the ILF.32,33 These factors reduce DTI partial voluming and

increase diffusion anisotropy. These structural differences may

result in an improved success rate of DTI fiber tracking of the left

auditory radiation. However, HARDI fiber tracking demon-

strated no asymmetry in performance because of its ability to

discriminate crossing fibers in both hemispheres.

The auditory radiation is a primary sensory pathway and is

important for language comprehension. Auditory dysfunction

measured with magnetoencephalography has been associated

with autism spectrum disorders.34 Abnormal morphologic pat-

terns and diffusion parameters in the Heschl gyrus have been

identified in schizophrenia.35,36 Further studies are needed to in-

vestigate the microstructure of the auditory radiation in these

neuropsychiatric disorders. The findings in our study indicate

that more detailed and robust measures of the auditory radiation

can be obtained by HARDI fiber tracking. Unlike other primary

sensory pathways such as the somatosensory and optic radiations,

HARDI is necessary for study of the acoustic radiation because

traditional DTI fiber-tracking analysis is not reliable in this tract.

HARDI metrics that describe tract-specific microstructure are

still under development. In the future, these HARDI metrics may

be combined with HARDI fiber tracking to perform microstruc-

tural assessment of the auditory radiation in clinical studies.

CONCLUSIONS
HARDI fiber tracking of the auditory radiation performs signifi-

cantly better than DTI fiber tracking, with HARDI easily discrim-

inating the complex white matter pathways at the junction of the

auditory radiation and the ILF. Thus, HARDI is a necessary com-

ponent of clinical studies seeking to assess the entire auditory

radiation with diffusion MR imaging.
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