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Disruption of White Matter Integrity in the Inferior 
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Context: There is increasing evidence that schizophre
nia is characterized by abnormalities in white matter. 

Objective: To investigate the integrity of white matter 
tracts in adolescents with schizophrenia. 

Design: Cross-sectional, case-control, whole-brain, voxel
based analysis and fiber tractography using diffusion ten-
sor magnetic resonance imaging. 

Setting: University research institute. 

Participants: Forty-four individuals (age range, 11-18 
years), 23 with a DSM-IV diagnosis of schizophrenia or 
schizoaffective disorder and 21 demographically simi
lar healthy controls. 

Main Outcome Measures: Fractional anisotropy, trace, 
and radial diffusivity of diffusion tensor and quantita
tive tractography. 

Results: Voxelwise analysis revealed that adolescents with 
schizophrenia had reduced fractional anisotropy within 

the left inferior temporal (P � .001) and occipital 
(P� .001) regions. Tractography was performed to ex
tract the left and the right inferior longitudinal fasciculi 
(ILF). Measuring the mean diffusion indices along the 
left ILF, patients had significantly reduced fractional an
isotropy (P� .001) as well as significantly increased ra
dial diffusivity (P� .001) and trace (P=.003) after ad
justing for differences in a measure thought to reflect 
premorbid intelligence, Wide Range Achievement Test 
3 reading scores. Exploratory analyses revealed that pa
tients with a history of visual hallucinations had lower 
fractional anisotropy in the left ILF (P=.02) than pa
tients without visual hallucinations. 

Conclusion: Our findings, which benefited from greater 
image resolution and methodological control than pre
vious studies conducted in adolescents with schizophre
nia, provide strong evidence for lower white matter in
tegrity in the left ILF, particularly for patients with a 
history of visual hallucinations. 
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A DOLESCENTS WITH EARLY
onset schizophrenia (EOS) 
(defined as onset of psy
chotic symptoms by age 18 
years) provide a unique 

opportunity to examine regional and dis
ease-specific late abnormal brain devel
opment in schizophrenia.1 Prior anatomi
cal brain magnetic resonance imaging 
(MRI) studies conducted in EOS have re
vealed a striking postpsychotic progres
sive loss of cortical gray matter during ado
lescence, which could either reflect 
abnormalities in synaptic pruning or an in-
crease in myelinated white matter.2 

Recently, several postmortem studies 
have found well-replicated alterations in 
myelin-related gene expression,3-5 and it 
is possible that a disruption in myelina
tion or other factors associated with the 

development of fiber tracts projecting to 
different cortical areas could also contrib
ute to the pathophysiology of schizophre
nia. To date, several investigators have used 
diffusion tensor imaging (DTI) to exam
ine white matter integrity in adults with 
schizophrenia; however, fewer studies have 
been conducted in adolescents. With some 
exceptions,6-8 the majority of DTI studies 
have found reductions in white matter frac
tional anisotropy (FA) predominantly in 
adults with chronic schizophrenia, poten
tially reflecting lower white matter “in
tegrity.” The regional specificity of these 
findings has been inconsistent.9,10 Never
theless, some of the most reproducibly 
consistent FA differences in schizophre
niahave involvedthe anteriorcingulate,11-14 

corpuscallosum,12,15-20 leftuncinate fascicu
lus,18,21 leftarcuate fasciculus,12,18,21 andtem
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Table 1. Subject Demographics 

Variable 
Patients With EOS 

(n=23) 
Healthy Controls 

(n=21) Statistic P Value 

Age, y t =.67 .51 
Mean (SD) 15.8 (1.9) 15.3 (2.9) 
Range 11.7-18.2 10.2-19.0 

Sex, No. �2= .08 .78 
Male 13 11 
Female 10 10 

Ethnic group, No. �2=1.59 .21 
White 12 7 
Nonwhite 11 14 

Median socioeconomic status, No. 3 3 �2=5.22 .16 
Handedness, No. �2=0.91 .34 

Dextral 20 20 
Nondextral 3 1 

WRAT3 score, mean (SD) 96.5 (16.6) 110.6 (7.0) t =−3.44 � .01 

Abbreviations: EOS, early-onset schizophrenia; WRAT3, Wide Range Achievement Test 3. 

poral and occipital regions.15,16,22-25 Overall, these data are, 
in large part, consistent with a hypothesis that schizophre
nia is associated with abnormal connectivity of cortical 
regions, yet the observed variability across studies could 
reflect the use of small samples, an interaction of disease 
and development, patient heterogeneity, or differences in 
methodology.9 

Until recently, DTI studies have been confined to vox
elwise analysis without establishing any relationship be
tween significant clusters reported. This may have been 
due to limitations in DTI resolution that have prevented 
researchers from determining whether clusters of re
duced FA are part of the same fiber bundle. Capitalizing 
on improvements in DTI resolution, fiber tractography 
is a new and exciting technique that provides research
ers with the opportunity to explore whether 2 or more 
regions of interest (ROIs) are part of the same fiber tract. 

The study of adolescents with schizophrenia using DTI 
offers a unique opportunity to examine a subgroup that 
is likely to be more homogeneous, in terms of phase of ill
ness and treatment variables, than adults with schizophre
nia.9 Previously, we demonstrated reduced FA bilaterally 
in the inferior frontal regions and also in the right occipi
tal region in adolescents with schizophrenia, relative to 
healthy controls, using an ROI approach.26 Also, we re
ported reduced FA in the left anterior cingulate region 
(P� .001)27 and in the left posterior superior temporal gy
rus and left amygdala regions at a reduced threshold 
(P� .01) using a voxel-based approach.28 However, both 
studies were limited by the use of a suboptimal acquisi
tion strategy of 5.0-mm slice thickness that may be asso
ciated with greater partial volume effects than thin slice 
acquisition (2.5 mm) and a DTI scheme that in 1 case used 
6 diffusion-weighted gradient directions, which may have 
affected the precision of the DTI measurements.29 Also, 
our previous method of voxelwise analysis was unable to 
reveal how areas of lower FA might have been anatomically 
interconnected.Toprovidemoreinformationaboutthestruc
tural integrity of white matter fiber tracts, the present study 
used a superior acquisition protocol with thinner slices 
(2.5 mm) and diffusion tensor fiber tractography. 

METHOD 

PARTICIPANTS 

Twenty-three adolescent patients with EOS and 21 adolescent 
healthy control (HC) subjects were included in this study. The 
EOS and HC groups were not significantly different in terms 
of age, sex, parental socioeconomic status,30 ethnicity, or hand
edness (Table 1). The 2 groups were significantly different 
in terms of reading decoding scores (Wide Range Achieve
ment Test [WRAT3] reading),31 which was used to estimate pre
morbid intelligence in patients. Thus, reading scores were in
cluded as a covariate in the appropriate statistical models. 

The recruitment and diagnostic procedures have been de
scribed in detail elsewhere.27,32 Briefly, patients were recruited from 
inpatient and outpatient units. All patients and their parents were 
interviewed using portions of the Schedule for Affective Disor
ders and Schizophrenia for School-Aged Children–Present and 
Lifetime Version (K-SADS-PL)33 by a psychologist or psychia
trist (reliability of diagnosis, �=0.83). All patients were diag
nosed with schizophrenia (n=18), schizoaffective disorder (n=4), 
or schizophreniform disorder (n=1). Patients had an average age 
at onset of psychosis of 13.5 years (range, 8-17 years); duration 
of illness of 2.4 years (range, 1-7 years); total psychiatric symp
tom score of 36 (range, 23-54) using the Brief Psychiatric Rating 
Scale34; total negative symptom score of 38 (range, 1-90; not in
cludingattentionitems)usingtheScalefortheAssessmentofNega
tiveSymptoms35;andchlorpromazineequivalent forantipsychotic 
dosage at time of scan of 365.5 mg (range, 0-1367 mg).36,37 

Healthy control subjects were recruited from the surround
ing community and adolescent medical clinics and were also 
interviewed using portions of the K-SADS-PL. Exclusion cri
teria for all patients and comparison subjects included a docu
mented history of mental retardation, recent substance use, and 
any neurological disorders that could potentially affect cogni
tive development or produce psychotic-like symptoms. In ad
dition, HCs were excluded if they had a history of any major 
psychiatric disorder or a first-degree relative with bipolar dis
order or a psychotic disorder.27 

The North Shore–Long Island Jewish Health System insti
tutional review board approved all procedures, including re
cruitment and consent. Written informed consent or assent was 
obtained from participants and their legal guardians (for sub
jects who were younger than 18 years). 
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MRI APPARATUS AND PROCEDURES 

Magnetic resonance examinations were conducted at the Long 
Island Jewish Medical Center on a 1.5-T GE Neuro Vascular 
Interactive (NV/i) system (General Electric, Milwaukee, Wis
consin) with high gradient strength of 50 mT/m with the slew 
rate of 150 T/m/s. The diffusion tensor sequence used in this 
study used a total of 15 nonparallel diffusion gradient direc
tions and a diffusion sensitization b-factor of 1000 s/mm2 for 
acquisition of 50 isotropic slices (2.5�2.5�2.5 mm3) through 
the whole brain. Two b=0 images were acquired with a num
ber of excitations of 2, and all other diffusion images with non
zero b-values in each gradient direction were acquired with 2 
averages (number of excitations, 2), increasing the signal-to
noise ratio of the scans. Images were acquired parallel to the 
anterior-posterior commissures using a dual spin-echo pre
pared sequence to reduce eddy current–related image geomet
ric distortions38 and a ramp-sampled, spin-echo, single-shot echo 
planar imaging method with a repetition time of 14 000 milli
seconds; echo time, 77 milliseconds; matrix size, 88�88 (zero
filled to 256�256); field of view, 22�22 cm2; slice thickness, 
2.5 mm (no gap); number of excitations, 2; and total acquisi
tion time, 8.24 minutes. All images were investigated to be free 
of motion, ghosting, constant high-frequency lines, and wrap
around artifacts at the time of image acquisition. 

In addition to the DTIs, we acquired a matching fast-spin 
echo (FSE) double-echo sequence (repetition time, 5.5 sec
onds; echo time, 17 and 102 milliseconds; matrix size, 256�192; 
field of view, 22�22 cm2; slice thickness, 2.5 mm with no gap; 
echo train length, 16; bandwidth, 21 kHz; number of excita
tions, 2; scan time, 8.78 minutes) as well as a fluid-attenuated 
inversion recovery (FLAIR) sequence for clinical purposes. Also 
obtained for registration purposes was a 3-dimensional spoiled 
gradient-echo (SPGR) sequence with inversion preparation pulse 
(repetition time, 10.1 milliseconds; echo time, 4.2 millisec
onds; bandwidth, 21 kHz; matrix size, 256�192; field of view, 
22�22 cm2; 124 coronal slices; slice thickness, 1.5 mm; in
version time, 600 milliseconds; number of excitations, 1; scan 
time, 7.44 minutes). 

SPATIAL NORMALIZATION 

Details of normalization methodology used here were pre
sented in earlier reports.27,39,40 Briefly, intersubject and intra
subject registrations were carried out to ensure image align
ment prior to vector and voxel averaging. In addition, we 
implemented an elastic registration algorithm for correction of 
the echo planar image geometric distortions. The method of 
distortion correction used was a nonparametric elastic regis
tration algorithm that used cross-correlation as a similarity mea
sure.39 In this algorithm, a subject image (b=0 diffusion T2 im
age) is elastically deformed to match a target image (T2 FSE 
image). The algorithm is used for 2 purposes in the present ar
ticle: distortion correction of the DTI echo planar images and 
spatial normalization of the subjects’ SPGR images. Rigid
body registration was used16 for intrasubject registration to con
trol for any subtle head motion or possible subject motion that 
may have occurred between or within sequence acquisitions. 
A single subject with the median brain volume among all par
ticipants was used as the template image. The whole-brain 3-di
mensional SPGR of the template image was transformed into 
Talairach space using the program AFNI (http://afni.nimh.nih 
.gov/afni/). The diffusion-weighted images of each subject were 
spatially normalized to this template image. To summarize, spa
tial normalization of the image derived from the DTI data was 
performed by 3 different registrations: (1) elastic registration 
of the DTI data to the T2 FSE image to remove spatial distor

tions; (2) rigid-body registration of the T2 FSE image and the 
SPGR image within each subject; and (3) elastic registration 
of the SPGR image of each subject to a template (target) that 
had already been transferred into the Talairach space. The trans
formations from all 3 registrations were combined mathemati
cally into a single transformation and applied to the DTI driven 
images (eg, axial, radial, mean diffusivity, and eigenvectors) with 
a single interpolation operation. 

Eigenvectors and eigenvalues of the diffusion tensor ma
trix for each voxel were computed from the 17 DTI volumes 
(15 gradient directions and 2 b=0 images) for each subject using 
methods described by Basser41 and Pierpaoli and Basser.42 Using 
the computed eigenvalues (�1, �2, and �3), we calcuated the mag
nitude images for �� [(�2��3)/2] and �|| (�1); the trace value 
of D (apparent diffusion coefficient, Dtr=[(�1��2��3)]); and 
FA. Axial (�||), radial (��), mean diffusivity (Dtr), and FA maps 
were transferred into Talairach space using the registration pro
cedures. It should be stressed that the �||, ��, and FA maps were 
first computed in the subject’s native image coordinates and 
then transformed into the common Talairach space using the 
3-step registration process. All images were smoothed with a 
6-mm full-width half-maximum gaussian kernel in 3D. Eigen
vectors were used for tractography purposes. 

TRACTOGRAPHY PROCEDURES 

Fiber tractography was performed using DTIStudio, which is 
based on the fiber-assignment-by-continuous-tracking 
method.43,44 Fibers are selected based on initiating a seed pixel 
in the anatomy of choice. From this seed point, a line is propa
gated that follows the principal eigenvector in 3-dimensional 
contiguous space from voxel to voxel.44 The principal eigen
vector is assumed to represent the local fiber direction. Using 
DTIStudio, tracking the major human fiber bundles is re
ported to be highly reproducible.44-46 DTIStudio performs fi
ber tracking only once in the beginning, and when the brute
force fiber tracking is finished, all tracking results are saved, 
but only a subset of them is visualized on request by user
defined ROIs in the anatomy of interest. 

There are 2 thresholds for tractography in the DTIStudio: 
FA and turning angle (to prevent sharp turns). A threshold of 
0.20 for FA value was used to perform tractography. This value 
was suggested as the optimal FA value for tractography by Mori 
and colleagues44 and Kunimatsu and colleagues.47 A second 
threshold was for the inner product of the 2 consecutive vec
tors to be greater than 0.75, which prohibits the turning of angles 
larger than 41° during tracking.45,46 A more detailed descrip
tion of DTIStudio and its functions is presented in a recent ar
ticle by Jiang and colleagues.48 

In the present report, Talairach-transferred principal eig
envectors and FA images were used as input to DTIStudio to 
construct the fiber bundles. The OR function of DTIStudio ex
tracts all the tracts that pass through a single defined ROI. To 
perform tractography, a seed ROI is used in conjunction with 
the OR function to extract the white matter fibers of interest. 
Anatomical information and color DTI images were used to ac
curately differentiate the selected fibers from the neighboring 
white matter tracts. On the color maps, the colors red, green, 
and blue were assigned to the right-left, anterior-posterior, and 
superior-inferior orientations, respectively.49 

Three white matter fiber bundles of the left and right ILF 
and anterior corpus callosum were extracted as part of the pres
ent report. The seed ROI for the left ILF was selected based on 
the approximate location of the medial temporal lobe FA ab
normality on 1 slice. A similar location in the right middle tem
poral area was used to place the seed ROI for the right ILF. Se
lection of the ROI for the extraction of the anterior callosal fibers 
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was based on a recent report by Sullivan and colleagues50 on 
the corpus callosum and its cortical connectivity. We used the 
anterior segment of the midsagittal corpus callosum as the seed 
ROI to extract the callosal fibers connecting to the prefrontal 
brain areas as the control fibers of the study. 

GROUP AVERAGING OF DIFFUSION TENSOR
 
DATA FOR TRACTOGRAPHY
 

To perform tractography, whether for a single subject or for 
averaged data from all participants, DTIStudio requires a sca
lar field representing the FA and a vector field representing the 
principal eigenvector of the diffusion tensor. Therefore, to per
form tractography on group data, we specified the average FA 
and the “average” principal eigenvector for all subjects. Using 
the rigorous registration procedure described here and in our 
earlier reports,24,40 we obtained a deformation field specific to 
each subject that could be used for spatial normalization of the 
subject’s DTI images to a standardized space (Talairach). This 
deformation field is a vector-valued function of a vector vari
able that maps the coordinates of any given grid point in the 
standardized space to its corresponding point in the subject’s 
original DTI image space.39 To obtain the group-averaged FA 
image in Talairach space, we simply applied the deformation 
field of each subject to the FA image and then took the arith
metic average of all spatially normalized FA images to yield the 
average FA in Talairach space for the group. 

Attainment of a principal eigenvector field representing the 
group is more complicated than the procedure described here 
for obtaining the average FA. The principal eigenvector field 
for the group was obtained by first computing the Jacobian ma
trix51 of the deformation field at each grid point on the stan
dardized space for each subject. The eigenvector in each sub
ject’s original DTI image space that would be mapped to the 
particular grid point in the standardized space was then reori
ented by premultiplying it with the computed Jacobian, as sug
gested by Alexander et al.52 It should be mentioned that be-
cause DTIStudio only uses the principal eigenvector to perform 
tractography, we did not apply reorientation to the remaining 
2 radial eigenvectors. Reorientation of the principal eigen
vector was subsequently repeated for all subjects at all grid 
points in the standardized space. Thus, for each grid point, 
we obtained as many (reoriented) eigenvectors as there were 
subjects in the study (N =44). Finally, at each grid point, a 
principal component analysis53 was performed on the 44 eig
envectors. The principal eigenvector of this analysis was 
then taken to represent the whole group at the grid point in 
question. 

STATISTICAL ANALYSES 

Demographic differences between patients with EOS and HCs 
were analyzed using independent sample t tests and �2tests as 
appropriate. Voxelwise analysis of covariance (VANCOVA) was 
used to perform the voxelwise analysis. We controlled for type 
I errors (false positives) using the false discovery rate (FDR) 
measure54 of the ‘fdr’ program supplied by the FSL software pack
age (http://www.fmrib.ox.ac.uk/fsl/). The FDR measure repre
sents the expected proportion of rejected hypotheses that are 
false positives. For FDR=0.01, the ‘fdr’ program yielded P val
ues of .00732, .00744, and .00742 for the FA, radial diffusiv
ity, and the trace maps, respectively. Thus, we selected a con
servative P value threshold of P� .001 for our analysis that 
ensures a false discovery rate of less than 1% (FDR�0.01). As 
an additional safeguard against false positives, we only re
tained clusters larger than 100 voxels in size. We performed 
an ANCOVA test between patients with EOS and HCs on the 

BA 

Figure 1. Voxelwise analysis of covariance shows decreased fractional 
anisotropy (FA) for 100 or more contiguous voxels at P� .001 superimposed 
on the averaged Talairach transferred images of all subjects. Reduced FA 
clusters are depicted along the left inferior temporal lobe (A) and the left 
occipital area (B). 

average diffusion parameter for all extracted fibers. All statis
tical analyses were executed using SPSS 11.0 (SPSS Inc, Chi
cago, Illinois) or Stata (StataCorp, College Station, Texas). 

RESULTS 

VOXELWISE ANALYSIS 

We performed VANCOVA to assess water diffusion 
changes in patients with EOS relative to HCs, control
ling for an estimate of premorbid intelligence (ie, WRAT3 
reading scores). Areas of lower FA are presented as yel
low clusters superimposed on the averaged 3-dimen
sional SPGR images of all 44 subjects. At a high thresh
old of statistical significance (P� .001) and a cluster size 
extent threshold of 100 or more contiguous voxels, 2 clus
ters with decreased FA were identified in the left hemi
sphere in the inferior temporal and occipital regions 
(Figure 1). Whole-brain voxelwise analysis did not show 
any areas of the brain with increased FA for patients with 
EOS relative to HCs. A summary of findings with their 
Talairach coordinates and cluster sizes is presented in 
Table 2. 

Similar VANCOVA analyses (controlling for WRAT3 
reading scores) at the same statistical threshold (P� .001) 
and extent threshold of 100 or more voxels were per
formed for the axial and radial diffusivity and trace im
ages. Increased radial diffusivity (��) was observed 
(Figure 2) in the same brain areas of the left inferior 
temporal and the left occipital areas that showed de
creased FA (Figure 1 and Figure 2). The 2 clusters of in
creased radial diffusivity in columns 1 and 2 were re
ported as 1 continuous connected cluster in the 
VANCOVA analysis. There were no changes in the axial 
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Table 2. Talairach Coordinates and Voxelwise Analysis Results of Fractional Anisotropy, Radial (��), and 
Trace (Dtr) Parameters of Patients With EOS (n=23) Relative to Healthy Controls (n=21) 

Cluster Size 
Changes in Diffusion Parameters Anatomical Location (No. of Connected Voxels) x y z 

Decreased FA cluster 1 
Decreased FA cluster 2 
Increased �� cluster 
Increased Dtr cluster 

Left fusiform gyrus region, subgyral, white matter 
Left gyrus occipitalis medius, subgyral, white matter 
Left fusiform gyrus region, subgyral, white matter 
Left fusiform gyrus region, subgyral, white matter 

453 
192 

3664 
2363 

−37 
−30 
−35 
−35 

−40 
−59 
−43 
−41 

0 
15 

3 
1 

Abbreviations: EOS, early-onset schizophrenia; FA, fractional anisotropy. 

BA 

Figure 2. Voxelwise analysis of covariance shows increased radial diffusivity 
(��) in 100 or more contiguous voxels at P� .001 superimposed on the 
averaged Talairach transferred images of all subjects. Increased radial 
diffusivity is depicted along the left inferior temporal lobe (A) and the left 
occipital area (B). 

diffusivity (�||) in the same areas of decreased FA and in
creased ��. At the same statistical threshold of P� .001 
and extent threshold of 100 or more voxels, VANCOVA 
analysis (controlling for WRAT3 reading scores) for trace 
images (Dtr) revealed increased trace values in the same 
brain region that had decreased FA and increased �� 

(Figure 3). Similar to the radial diffusivity clusters, the 
2 clusters of increased trace (Dtr) in Figure 3 were re
ported as 1 continuous cluster in the VANCOVA analy
sis. A summary of findings with their respective Talai
rach coordinates and cluster sizes is presented in Table 2. 

TRACT-SPECIFIC MEASUREMENTS 

The left ILF was extracted using the approximate loca
tion of the reduced FA cluster located in the inferior tem
poral lobe as a guide for the placement of the tractogra
phy seed ROI. The medial temporal abnormal FA cluster 
was 453 voxels in size (Table 2) and extended over 14 
slices. The seed ROI was a small in-plane ROI (approxi
mate size of 57 pixels) placed only on 1 slice in the me-

BA 

Figure 3. Voxelwise analysis of covariance shows increased trace (Dtr) in  
100 or more contiguous voxels at P� .001 superimposed on the averaged 
Talairach transferred images of all subjects. Increased trace is depicted along 
the left inferior and superior temporal lobe (A) and the left occipital area (B). 

dial temporal lobe. Using this ROI in conjunction with 
the OR function of DTIStudio, we extracted the left ILF 
fiber bundle (Figure 4 and Figure 5). Therefore, the 
extraction of the ILF fiber bundle was independent from 
the 2 abnormal FA clusters. 

Subsequent to the extraction of the ILF, a visual ex
amination of the 2-dimensional slices in the sagittal, coro
nal, and axial orientations presented in DTIStudio con
firmed that the locations of the 2 abnormal FA clusters 
lie along the left ILF fiber tract (Figure 4B and D). Be-
cause the eigenvector images Figure 4A and B) and the 
eigenvalue images (Figure 4B and D) were all trans
ferred to the same common Talairach space, locations of 
the reduced FA clusters were easily identifiable and cor
responded to the same slices with abnormal diffusion in-
dices (Figures 1-4). Assuming that the ILF is involved 
in higher-order human visual processing and that vi
sion is fundamentally a bilateral process, we also ex
tracted the right ILF fibers (using a similar location for 
the seed ROI in the right medial temporal lobe) and ob
tained the diffusion values using the Talairach trans
ferred images. 
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B DA C 

Figure 4. Based on voxelwise analysis results, a single region of interest is placed onto medial temporal area (black ellipsoid on sagittal image) to extract the 
inferior longitudinal fasciculi fiber bundle. The gray scale (C and D) and color images (A and B) are the Taliarach transferred averaged fractional anisotropy and 
principal eigenvector of all subjects, respectively. 

BA C 

Figure 5. The left (A) and right (B) inferior longitudinal fasciculi (ILF) fiber bundles and anterior callosal connections to the prefrontal brain areas (used as the 
control tract) (C) are reconstructed using the DTIStudio tractography program. Fibers are superimposed onto the Talairach transferred averaged fractional 
anisotropy (FA) of all 44 subjects. These images demonstrate that ILF fibers occupy extensive areas with its branches penetrating the occipital and temporal 
cortices. 

To quantify tract-specific changes of the extracted fi
ber pathways, we extracted scalar values of diffusion para
meters and FA for individual subjects. To obtain these 
scalar values, we used the resultant ILF and the control 
tracts (Figure 5) as a specific anatomical ROI to be merged 
with the Talairach transferred FA, axial, radial, and av
erage diffusivity images of each subject. Because the vec
tor and scalar images were all coregistered in Talairach 
space, specific tract measurements were easily acquired 
using software developed in house. 

TRACTOGRAPHY RESULTS 

The left and the right ILF and a tract composed of ante
rior callosal fibers projecting to the prefrontal cortex (used 
as the control tract) were extracted 10 times using the 
procedure and DTIStudio (the software of choice for trac
tography). The tract-specific fibers were superimposed 
as an anatomical ROI onto the Talairach-transferred FA, 
� �, ��, and Dtr images to obtain the scalar values for their 
respective diffusion parameters. Results of the 
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Table 3. Mean of 10 ILF-Extracted Tract-Specific Measurements of Diffusion Indices and 
Statistical Analysis Between Patients With EOS and Healthy Controls 

Fiber Bundle Diffusion Measuresa 

Mean (SD)b 

Test 
Statisticc 

P 
Value 

Healthy Controls 
(n=21) 

Patients With EOS 
(n=23) 

Left ILF 
Fractional anisotropy 326.57 (23.79) 294.79 (17.83) 23.93 � .001 
Radial diffusivity (��) 773.74 (44.20) 836.18 (36.48) 18.68 � .001 
Axial diffusivity (� �) 1287.72 (60.17) 1315.33 (42.04) 0.72 .40 
Trace (Dtr) 2835.21 (137.13) 2987.69 (107.42) 10.33 .003 

Right ILF 
Fractional anisotropy 256.57 (36.95) 245.63 (24.75) 2.64 .11 
Radial diffusivity (��) 843.11 (45.44) 870.07 (44.13) 2.77 .10 
Axial diffusivity (� �) 1242.61 (53.14) 1261.56 (43.60) .06 .82 
Trace (Dtr) 2928.82 (112.17) 3001.69 (240.60) 1.92 .17 

Prefrontal CC tracts 
Fractional anisotropy 364.59 (31.25) 350.14 (19.50) 2.59 .12 
Radial diffusivity (��) 775.52 (100.10) 816.98 (78.45) 1.38 .25 
Axial diffusivity (� �) 1399.72 (138.04) 1434.39 (86.82) .39 .54 
Trace (Dtr) 2950.76 (333.19) 3068.34 (240.60) .95 .34 

Abbreviations: CC, corpus callosum; EOS, early-onset schizophrenia; ILF, inferior longitudinal fasciculi.
 
aTen measurements were made with arbitrary units.
 
bAll diffusion parameters were multiplied by 1000.
 
cAll analyses were performed using analysis of covariance, controlling for Wide Range Achievement Test 3 reading scores.
 

ANCOVA analyses comparing the FA, � �, ��, and Dtr 

values of patients with EOS with those of HCs (con
trolling for WRAT3 reading score) are presented in 
Table 3. Patients with EOS showed decreased FA for 
the left ILF tract (P� .001) and at a trend level for the 
right ILF (P = .11). Patients showed a significant 
increase in �� for the left ILF (P � .001) and a trend 
level for the right ILF (P=.10). Patients showed a sig
nificant increase in Dtr for the left ILF (P� .003). There 
were no significant differences in � � for the left (P=.40) 
or the right (P =.82) ILF. We did not find significant 
diffusion parameter differences in the anterior callosal 
fibers for the patients with EOS relative to HCs. 

CLINICAL ANALYSES 

As an a posteri set of exploratory analyses, we com
pared the tractography values for average FA, ��, � �, 
and Dtr between patients with (n = 9) and without 
(n=14) a history of visual hallucinations using inde
pendent samples t tests. This set of analyses was con
ducted for values from each extracted tract (ie, the left 
ILF, right ILF, and tract of anterior callosal fibers). 
Because the ILF is associated with visual processing,55-58 

we hypothesized that patients with a history of visual 
hallucinations would have significant abnormalities in 
the diffusion indices of the ILF fiber bundles as com
pared with patients without a history of visual halluci
nations. We further hypothesized that there would be 
no significant differences in FA, ��, � �, and Dtr in the 
tract of anterior callosal fibers between these 2 groups 
because this tract is not thought to be associated with 
visual processing. 

The patient subgroups with and without a history of 
visual hallucinations were not significantly different 

(P� .05) in terms of demographic or clinical variables. 
Relative to patients without a history of visual halluci
nations, patients with a history of visual hallucinations 
had significantly lower mean FA in the left ILF (P=.02), 
and a trend was observed for �� in the expected direc
tion (Table 4). Although differences between groups 
in Dtr did not reach significance, group differences were 
in the expected direction. There were no significant dif
ferences between groups in � �. None of the diffusion mea-
sures for the right ILF or tract of anterior callosal fibers 
were significantly different between patients with and 
without a history of visual hallucinations. 

COMMENT 

In the present study, we used voxelwise analysis and trac
tography to compare the white matter fiber tract integ
rity of adolescents with EOS to HCs. The first set of analy
ses using VANCOVA revealed 2 clusters of decreased FA 
within the left middle temporal and left occipital areas 
of patients with EOS relative to HCs. In addition, pa
tients with EOS had increased radial diffusivity and in
creased trace values in the same brain regions where de
creased FA was observed. The subsequent independent 
tractography assessment confirmed that the 2 abnormal 
FA clusters were located along the path of the left ILF 
connecting the occipital and temporal cortex in the left 
hemisphere. Statistical analysis of the diffusion para
meters of the left ILF for the entire sample (N=44) showed 
a similar pattern of abnormality, as was found in the vox
elwise analysis. Furthermore, our finding of lower white 
matter “integrity” within the left ILF had an important 
clinical correlate: patients with EOS with visual halluci
nations demonstrated significant lower FA in the left ILF 
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Table 4. Differences in Diffusion Measures of the Left and Right ILF and the Prefrontal Corpus Callosum Fiber 
Tracts Between Patients With and Without a History of Visual Hallucinations 

Mean (SD)b 

Patients Without Patients With Visual 
Visual Hallucinations Hallucinations Test P 

Fiber Bundle Diffusion Measuresa (n=14) (n=9)  Statisticc Value 

Left ILF 
Fractional anisotropy 301.55 (17.92) 284.28 (12.19) 2.53 .02 
Radial diffusivity (��) 825.49 (36.45) 852.81 (31.46) −1.85 .08 
Axial diffusivity (� �) 1312.01 (42.84) 1320.50 (42.78) −.46 .65 
Trace (Dtr) 2962.99 (108.41) 3026.11 (99.52) −1.41 .17 

Right ILF 
Fractional anisotropy 251.48 (24.06) 236.53 (24.31) 1.45 .16 
Radial diffusivity (��) 862.18 (46.20) 882.34 (40.10) −1.07 .29 
Axial diffusivity (� �) 1262.78 (50.80) 1259.67 (32.04) −.16 .87 
Trace (Dtr) 2987.12 (132.66) 3024.35 (100.19) −.72 .48 

Prefrontal CC tracts 
Fractional anisotropy 354.75 (19.27) 342.97 (18.64) 1.45 .16 
Radial diffusivity (��) 802.99 (90.25) 838.74 (53.03) −1.07 .29 
Axial diffusivity (� �) 1425.05 (101.84) 1448.91 (59.05) −.63 .53 
Trace (Dtr) 3031.02 (279.45) 3126.39 (161.47) −.93 .37 

Abbreviations: CC, corpus callosum; ILF, inferior longitudinal fasciculi.
 
aTen measurements were made using arbitrary units.
 
bAll diffusion parameters were multiplied by 1000.
 
cAll analyses were performed using independent sample t tests.
 

compared with patients who reported never having ex- col; (3) our present study used a more homogeneous 
perienced visual hallucinations. sample (ie, adolescents with EOS) than our previous stud-

Because human visual processing is fundamentally bi- ies with adults; and (4) we included a broader range of 
lateral, we performed additional tractography in the right diffusion measures (ie, axial diffusivity, radial diffusiv
hemisphere, which led to the extraction of the right ILF. ity, and trace) to characterize the white matter abnor-
We investigated whether diffusion parameters of the right malities. 
ILF differed significantly between groups and its rela- Overall, these findings of abnormalities in white mat
tion to visual hallucination in patients with and without ter microstructure in occipital and temporal regions po
a history of visual hallucinations. Overall, our results sug- tentially extend previous structural neuroimaging data, 
gest group differences between patients and HCs in the which have described cortical thinning in the left occipi
right ILF; however, these differences did not reach sta- tal lobe in first-episode patients with schizophrenia.59 

tistical significance, perhaps reflecting small sample size However, the relationship between abnormalities in white 
or that the pathological process resulting in lower an- and gray matter in patients with schizophrenia remains 
isotropy is asymmetric and initially affects the left hemi- unclear at present, and longitudinal studies are needed 
sphere in the disease process. to examine the evolution of white and gray matter pa-

To provide divergent validity and specificity to our find- thology in adolescents with schizophrenia. 
ings, we extracted a tract of anterior callosal fibers pro- It has been suggested that the pathophysiologic pro
jecting to prefrontal brain regions as the control tract be- cesses responsible for the observed reductions in anisot
cause this tract is not thought to be associated with visual ropy in patients with schizophrenia could include de
processing, to our knowledge. Analysis of the control tract creased myelination, a decrease in the number or density 
showed no significant differences in any of the diffusion of axons, diminished coherence of the measured fiber 
parameters between groups (patients with EOS and HCs) tract, or an increase in the number or density of fiber tracts 
and no significant differences in values of the diffusion perpendicular to the measured tract.11 We believe that 
parameters between patients with and without a history the results obtained using the diffusion measures of trace 
of visual hallucinations. (Dtr) and radial diffusivity (��) provide some insight on 

In sum, our analyses revealed a pattern of decreased the issue of what the observed group differences in our 
diffusion anisotropy within the occipital and temporal study might mean. Specifically, the FA reductions ob
regions, similar to what has been reported in adults with served in patients, which were accompanied by in
both chronic12,15,16,22,25 and first-episode schizophre- creases in trace (suggesting diminished fiber density within 
nia.23,24 We should emphasize, however, that the pres- the ILF11) and increases in radial diffusivity, suggest a pat
ent study has a number of advantages over our previous tern of myelination deficits within the axons of the ILF.60 

pilot studies26,27: (1) we acquired images from thin, These data are consistent with studies using both elec
2.5-mm slices (as opposed to 5-mm slices in the previ- tron microscopy61 and microarray techniques5 that have 
ous studies), which reduced the possibility of partial vol- revealed oligodendroglial dysfunction in adults with 
ume effects; (2) we implemented a tractography proto- schizophrenia. 
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Postmortem studies suggest that there is ongoing my
elination in the temporal lobes during the second de
cade of life in healthy individuals,62 and it is possible that 
a delay in myelination in the ILF might increase suscep
tibility for developing psychosis in patients at risk for 
schizophrenia. In typically developing children and ado
lescents between 6 and 19 years of age, developmental 
changes in white matter FA values in the occipital cor
tex (Talairach coordinates: x=−40, y=−72, z=7) have been 
observed using DTI.63 These developmental changes in 
white matter microstructure could be related to the abil
ity to maintain enduring characteristics of visually pre
sented objects, which continues to evolve during the same 
time period.64 Although Barnea-Goraly and colleagues63 

did not use DTI tractography in their recent study to de
lineate specific fiber tracts, the location of their findings 
would appear to correspond to the portion of the ILF that 
extends into the occipital cortex. 

Although the specific functions of the ILF remain un
clear, recent findings indicate that the ILF appears to me
diate the fast transfer of visual signals forward from the 
occipital cortex to the parahippocampal gyrus and neu
romodulatory projections from the amygdala back to early 
visual areas.55 Regarding the latter, it has been sug
gested that the ILF may be responsible for transmitting 
signals back to early visual areas pertaining to the sa
lience of visual stimuli so that the visual processing of 
emotionally significant stimuli may be enhanced.55 Thus, 
it has been hypothesized63 that improved occipital
temporal connectivity may contribute to developmental 
and individual differences in social cognition; the refine
ment of form, face, and object representations65; and 
visual-spatial integration.64,66 Future studies could ex
amine whether the structural abnormalities of the oc
cipital-temporal pathway that we observed in adoles
cents with EOS account for any of the social competence 
deficits observed in adolescents in the early phases of a 
schizophrenic illness67 and impairments in the ability to 
recognize and respond to emotional facial expressions, 
as reported for adults with schizophrenia.68-70 

Visual hallucinations are commonly reported in ado
lescents with childhood-onset schizophrenia (ie, 79%),71 

and 39% of the adolescents in our sample with EOS also 
reported this feature of their illness in addition to other 
psychotic symptoms. In our sample, adolescents with a 
history of visual hallucinations had significantly lower 
FA in the extracted whole fiber tract (ie, left ILF) than 
adolescents without visual hallucinations. Although highly 
speculative, it is possible that alterations in white mat
ter microstructure may contribute to low-level visual defi
cits, such as reduced contrast sensitivity and color dis
crimination, which have been observed in adults with 
schizophrenia.22 These deficits may in turn lead to par
tial visual deprivation and result in patients using pre
viously recorded percepts to fill in sensory gaps,72 thus 
yielding visual hallucinations. Of interest, our finding of 
reduced FA in the extracted whole fiber tract (ie, the left 
ILF) in patients with visual hallucinations (relative to pa
tients without visual hallucinations) is somewhat con
trary to the report by Hubl and colleagues18 of higher FA 
in patients with auditory hallucinations (relative to pa
tients without auditory hallucinations), primarily in the 

left arcuate fasciculus and cingulate bundle. However, 
besides differences in hallucination type (ie, visual vs au
ditory), our patients (adolescents) were much younger 
than the patients studied by Hubl and colleagues (older 
adults), and it is possible that the pathology underlying 
these perceptual disturbances may be different or due to 
various other factors. 

In light of our findings, there are a number of limita
tions that need to be addressed. Our sample was rela
tively small, but this is a problem inherent in the study 
of early-onset patients, which may account for approxi
mately 5% of cases with schizophrenia.1 Second, the use 
of a 15-direction diffusion sequence may not be optimal 
for tractography. However, our clinical MR system is lim
ited regarding the total number of slices acquired in a given 
sequence. Therefore, using thin isotropic slices to cover 
the whole brain, the system’s maximum allowable gra
dient direction was 15. Third, as with all DTI assess
ments using voxelwise (as opposed to ROI) methodol
ogy, there is a potential for type I error; however, white 
matter abnormalities in patients with schizophrenia are 
likely to be subtle and could be easily missed using ROI 
methods. Fourth, choosing a single subject with the me
dian brain (potentially either a patient or HC) as the tem
plate image may create a bias in this pediatric study. Nev
ertheless, we believe that from the options available to 
us in arriving at a template image, we selected a reason
able course of action. Fifth, although fiber tractography 
is a promising new procedure for examining white mat
ter pathology, there is no agreement on a single method 
for extracting tracts of interest. In the current study, we 
used a single seed point to guide the extraction of fiber 
tracts and a different extraction method may have yielded 
different results. It should also be noted that diffusion 
studies in general may suffer from errors due to misreg
istration of images caused by eddy current distortion, gra
dient nonlinearities, subject motion, and susceptibility 
artifacts.52 Lastly, the size of the abnormal clusters of FA 
that we detected in the temporal and occipital regions 
were large, and because the ILF is narrow and abuts the 
optic radiations for some of its length, it is possible that 
the abnormalities we observed extend to the optic radia
tions and are not isolated to the ILF. 
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