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Abstract The objective of this study was to delineate
further the nature of diffusion anisotropy abnormalities
in frontal white matter previously observed in schizo-
phrenic patients using a high-field magnetic resonance
imaging (MRI) system. Six schizophrenia patients and
six healthy control subjects were examined using a high-
field MRI (3.0T) system. In order to confirm previously
reported abnormalities in anisotropy, data were first an-
alyzed to determine fractional anisotropy (FA), a fre-
quently utilized general index of anisotropy. Subse-
quently, the identical data set was subjected to lambda
chart analysis (LCA), a newly developed algorithm for
diffusion tensor analysis (DTA) that more effectively
provides eigenvalue information. Frontal white matter
FA was found to be significantly reduced in schizo-
phrenic patients compared to control subjects, confirm-
ing previously reported findings. LCA revealed that the
decline in FA was due to a disproportionate increase in
small eigenvalue components, and not due to a decline
in principal eigenvalue components.
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Introduction

There is a considerable amount of indirect evidence sug-
gesting that aberrant neuronal connectivity may play a
significant role in the pathogenesis of schizophrenia
(Andreasen etal. 1996; Friston 1998; McGlashan and
Hoffman 2000; Weinberger etal. 1992). Various func-
tional imaging studies have indicated diminished
fronto-temporal coherent activities in schizophrenics
(Frith etal. 1995; Fletcher etal. 1996; Mallet etal. 1998;
Meyer-Lindenberg etal. 2001; Erkwoh et al. 1999). Mag-
netic resonance imaging (MRI) volumetry of white mat-
ter has revealed volume reductions of prefrontal (Breier
etal. 1992; Bryant etal. 1999) and total white matter
(Cannon etal. 1998) in schizophrenics. Diffusion tensor
analysis (DTA) reported reduced diffusion anisotropy in
prefrontal white matter (Buchsbaum etal. 1998), white
matter in general (Lim etal. 1999), splenium of the cor-
pus callosum (Agartz etal. 2001; Foong et al. 2000), arcu-
ate fasciculus (Burns et al. 2003), and uncinate fasciculus
(Burns et al. 2003; Kubicki et al. 2002) in schizophrenics.
The results of these various studies strongly suggest fur-
ther detailed analysis of white matter connectivity in
schizophrenics.

DTA yields three independent quantitative values
(eigenvalues). For simplicity, however, anisotropic
analysis is generally performed utilizing certain indices
calculated from three eigenvalues, such as anisotropy
(FA) (Pierpaoli etal. 1996), relative anisotropy (RA)
(Basser and Pierpaoli 1996), apparent anisotropy (AA)
(van Gelderen etal. 1994), or trichromatic coefficients
(TC) (Nakada and Matsuzawa 1995). Among them, FA
represents the most widely utilized index. While index
oriented relative anisotropy analysis is convenient, such
analysis does not provide information regarding the be-
havior of each eigenvalue. One obvious solution is to ex-
amine all three original eigenvalues derived from diffu-
sion tensor. However, such analysis is unnecessarily
cumbersome and may not necessarily be beneficial in
certain clinical investigations where significant fluctua-
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tion of estimated eigenvalues would be inevitable, par-
tially due to technical difficulties, and in part due to
pathological variation of subjects. A technique has been
introduced to partially overcome this confounding con-
flict,lambda chart analysis (LCA), which defines lambda
longitudinal (A;) and lambda transverse (Ar) (Mat-
suzawa and Nakada 2000).

Recent development of higher field systems has
opened a new window for clinical investigation using
MRI (Fujii etal. 1998; Hunsche etal. 2001; Kwee etal.
1999; Nakada et al. 2001,2003). While higher susceptibil-
ity effects inherent to higher field systems can be a po-
tential negative for DTA, the significant increase in sig-
nal to noise ratio (S/N), as much as a 40% increase
compared to conventional 1.5T systems (Hunsche etal.
2001), is a significant advantage. In this study, we inves-
tigated the nature of the abnormalities in anisotropy of
white matter diffusivity observed in schizophrenic pa-
tients by utilizing LCA on a 3.0T system.

Methods

Subjects

Six right-handed male outpatients, who met DSM-IV (APA 1994) cri-
teria for schizophrenia and who had no other comorbid psychiatric
illness or attendant neurologic disorders, were selected from the uni-
versity hospital pool of clinic patients. A board-certified psychiatrist
conducted semi-structured interviews including the Japanese version
of the Comprehensive Assessment of Symptoms and History (CASH;
Andreasen etal. 1992). The symptom profile of each patient was eval-
uated using the 18-item Brief Psychiatric Rating Scale (BPRS) (Over-
all and Gorham 1988). All patients were on maintenance antipsy-
chotic medications (Chlorpromazine equivalent of 727 + 369 mg/day,
range 300-1279 mg/day) (APA 1997) and had good symptom control.
Six right-handed age-matched healthy adult male subjects, who had
no psychiatric or neurologic diagnoses, were recruited from a local
university community. Right-handedness was confirmed by the Ed-
inburgh inventory (Oldfield 1971). Mean age was 31+5.4 (range
24-38) for patients and 32+ 4.3 (range 26-36) for controls. Alcohol
consumption assessed through detailed interview and review of med-
ical records, where available, was determined to be negligible for pa-
tients and controls. Education level was 14+ 2.0 years (range 12-16
years) for patients and 18 2.7 years (range 14-22 years) for controls.
Parents’ education was 13 £2.2 years (range 9-15 years) for patients
and 14 £ 0.4 years (range 14-15 years) for controls. Mean duration of
illness was 126 + 75 months (range 40-245 months), and mean scores
of BPRS was 34 + 6 [23-39]. Subjects were imaged according to the hu-
man research guidelines of the Internal Review Board of the Univer-
sity of Niigata. Written informed consent was obtained from all twelve
subjects.

Diffusion tensor imaging

A General Electric (Waukesha, Wisconsin, USA) Signa 3.0 T system
equipped with an Advanced NMR echo planar imaging (EPI) module
was used to perform all the studies. In order to minimize artificial ef-
fects due to potential head motion, especially in patients, we em-
ployed an EPI sequence of diffusion tensor imaging instead of gating.
Diffusion weighted images were acquired with modified tetrahedral
EPI sequences using the following parameter settings: axial slices 5;
FOV 200 mm x 200 mm; matrix 64 x 64; slice thickness 5 mm; inter-
slice gaps 2.5 mm; repetition time (TR) 2.5 s; effective echo time (TE)
153 ms; number of excitation (NEX) 16; b-value 800 s/mm?2. Parame-
ters for motion probing gradient (MPG) utilized were: amplitude 7.2

mT/m; ramp time 600 ps; A= 56.7 ms; § = 52.6 ms. MPGs were always
applied on 2 axes simultaneously. Six non-collinear directions of the
gradients (Gx, Gy, Gz) were as follows: (1,1,0),(0,1,1),(1,0,1),(-1,1,
0), (0, -1, 1), (1, 0, -1), where (Gx, Gy, Gz) direction corresponded to
(read-out, phase, slice). Eddy current compensation has been per-
formed at the hardware level by in-house engineers who perform
daily optimization work on all installed MR systems at our institute
and no software correction for individual studies is needed. For each
gradient direction, including no diffusion weighting, 16 diffusion-
weighted images were acquired and averaged for calculation of the
eigenvalues. Total imaging time for acquisition of the entire diffusion
imaging data set was 5 minutes.

Data analysis

An axial slice passing through the body of the corpus callosum was
selected for analysis. Small regions of interest consisting of four vox-
els (6.25 x 6.25 x 5mm?) were selected in frontal and parietal white
matter bilaterally in each slice (Fig.1), without contamination of
other tissue types. Numerical data were analyzed on an Ultra 60 work-
station (Sun Microsystems, Mountain View, CA). Eigenvalues
(A1 > Ay > ;) were determined using Mathematica version 3.0E (Wol-
fram Research, Inc.).

A detailed description of lambda chart analysis (LCA) is beyond
the scope of this report. In brief, LCA is an algorithm for analyzing
brain anisotropy based on the widely accepted observation that dif-
fusion anisotropy of the brain arises almost exclusively from neu-
ronal fibers, principally axons. This biological constraint immediately
provides the axiomatic condition that anisotropy should be observed
only in one direction: A, 2 A, = A;. The concept is shown schematically
in Fig. 2. Accordingly, a biological diffusion system of interest such as
neuronal axons can be characterized by the diffusion characteristic
function, W(Tr, 0), where Tr represents the trace and 0 the anisotropic
angle. Numerical data for statistical analysis are obtained through
expressing the diffusion system in question by its two eigenvalues,
lambda longitudinal (A;) and lambda transverse (A1), which can be
given as

XL:}MI
A+ A
= 2R

For confirmation purposes, a commonly utilized relative anisotropy
index, fractional anisotropy (FA) (Pierpaoli etal. 1996), was also de-
termined. It is self evident by definition that A; has a positive effect
and At a negative effect on FA.

Student’s t-test was used to assess group differences of demo-
graphic variables, FA, A, and Ar. In addition, separate 2-way repeated-
measures analysis of variance (ANOVA) was applied for evaluating di-
agnostic and regional main effects of diffusion measures and any
interaction between them. All statistical analyses were performed us-
ing SPSS 9.0] for Windows (SPSS Japan Inc.). Bonferroni corrections
for t-test between controls and patients in each white matter region
and for t-test between frontal WM and parietal WM in each diagnos-
tic group were applied by dividing the o level by number of compar-
isons, 4 (adjusted o.=0.0125). Similarly, the p value in ANOVA was set
to less than 0.05, because we considered FA, A1, and Ay as mutually in-
dependent diffusion measures.

Results

Fig.2 demonstrates representative LCA of frontal white
matter. Characteristic deviation of diffusion character-
istics of frontal white matter in schizophrenic patients is
clearly observed. For better presentation, the numerical
data of A and Ay were individually analyzed statistically
and shown in Fig. 3 along with the results of statistical
analysis for FA. A, and Ar were both significantly in-



Fig.1 Regions of interest (ROIs) utilized
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Fig.2 Lambda chart analysis of frontal white matter. Each point indicates data
from individual subject’s frontal ROI (Data from left and right ROIs are averaged). X-
axis is for lambda longitudinal (A,), Y-axis is for lambda transverse (A;). White cir-
cles for schizophrenic patients, black circles for healthy controls. Note that the dif-
fusion characteristics of schizophrenia patients deviates towards higher trace
direction almost parallel to the isotropic line (dotted line), perpendicularly crossing
isotrace lines (grey lines)

creased to the same degree in frontal white matter of
schizophrenic patients compared to control subjects. In
contrast, FA was significantly decreased in frontal white

315

044

a b
042 ] I |
E 0.40 v v
£ v
2
£ 038 *
=z — M v
g 036 | ° ¥ v
ki .
E 0.34 o
—_— ¥
0.32 - o
g
030 T T T T
Controls Schizo. Controls Schizo.
Frontal White Matter Parietal White Matter
1300 S 3
7 | I |
E 12m v v
£
b
e
X
5 M0 o v
=
E N 7
=
gﬁ 1000 H L v
S g ¥
_g ‘ o ¥
€ o ¥
[~} *
—]
800 T T T T
Controls Schizo. Controls Schizo.
Frontal White Matter Parietal White Matter
900
8 f
. | I |
“E 800 4
[ v
X 700
3 ° v
7 v
E 600 4 . _%—
= o §
g § 4
= v
£ 500 v
o
-
400 T T T T
Controks Schizo. Controls Schizo.

Frontal White Matter Parietal White Matter

Fig.3 Graphical summary of results. a p=0.004 (t-test, t=3.79, df=10), b
p=0.006 (paired t-test, t=—4.52, df=5), c p=0.041 (t-test, t=—2.34, df=10), d
p=0.001 (paired t-test, t=—6.42, df=5), e p=0.012 (t-test, t=-3.08, df=10), f
p=0.019 (paired t-test, t=3.41, df=5)

matter of schizophrenic patients compared to control
subjects. Table 1 shows that ANOVA yields significant
main effects for diagnosis (A;) and region (FA, A1), and
an interaction between diagnosis and region (FA, Ar).
There were no significant correlations between clinical
variables and any diffusion measures (p >0.10).
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Table1 Three separate 2-way repeated-measures

analyses of variance for diffusion measures of control Diffusion measures Frqntal Parietal VEGINES Lo D XL .
subjects (n=6) and patients with schizophrenia white matter ~ white matter  effect (D)  effect(R) interaction
(n=6) Fractional anisotropy (FA)
Control 0.364+£0.014  0.359+0.027  0.094 6.063° 8.591b
Schizophrenia 0.326+0.019  0.378+0.016
Lambda longitudinal (x 1075: ;)
Control 919.0£30.1 1013.6+102.0 10.328¢ 20.2524 0.292
Schizophrenia 977.7+£53.5  1063.1£78.5
Lambda transverse (x 107¢: A;)
Control 553.8+21.4 579.5+76.6 3.497 0.270 7.439¢
Schizophrenia 608.8+38.3 573.9+50.3
Mean £ SD and F-values (df =1, 94) for each diffusion measure

ap=0.016 for the region effect on FA

b p=0.004 for the interaction between diagnosis and region on FA

¢p=0.002 for the diagnosis effect on AL
4 =0.000 for the region effect on AL

¢p=0.008 for the interaction between diagnosis and region on AT

Discussion

Our study confirms previous reports by others that
anisotropy is reduced in white matter of patients with
schizophrenia when compared to comparison subjects
(Agartz etal. 2001; Buchsbaum etal. 1998; Burns etal.
2003; Foong etal. 2000; Kubicki etal. 2002; Lim etal.
1999). Our finding is also highly consistent with previ-
ous studies suggesting frontostriatal (Buchsbaum etal.
1998) or frontotemporal (Kubicki etal. 2002; Burns et al.
2003) disconnection in the disease. Our study further
demonstrated that the observed decline in frontal white
matter FA was due to a disproportionate increase of the
small eigenvalue components (Ar) and not due to a de-
cline in principal eigenvalue (Ar).

Although speculative, one of the most plausible ex-
planations for the pattern of eigenvalue alterations ob-
served in schizophrenics in this study is an increase in
unrestricted water contents in the extra-axonal space
(Fig.4A). Extra-axonal free water has isotropic behavior
and, hence, an increase in the relative volume of this
space results in an increase of all eigenvalues to the same
degree. Since the largest eigenvalue is further affected by
anisotropic behavior of intra-axonal water, the percent
increase in volume will affect the transverse eigenvalue
(A1) to a greater extent than the longitudinal eigenvalue
(AL). Intra-axonal physiology such as axoplasmic flow
mainly affects A;; however, this effect may be inadver-
tently obscured by concomitant alterations in extra-ax-
onal space. A post-mortem study (Highley et al. 1999) re-
porting reduced density of axonal fibers in the anterior
commissure supports the above inference about relative
volume change between intra- and extra-axonal spaces
in schizophrenia. This finding implies that expansion of
the extra-axonal space in frontal white matter may play
a significant role in the pathogenesis of schizophrenia.
To our surprise, the reversed pattern in frontal white
matter diffusivity was found in our laboratory as the
typical pattern for physiological maturation (Fig.4B)
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Fig.4 Schema showing known micro-environmental alterations during the
myelination period and their relationship to characteristic changes in eigenvalue.
A Schematic presentation of maturational changes, the characteristics of which in-
clude [1] decline in free extra axonal water and [2] increase in axoplasmic flow. B
Corresponding alteration in diffusion characteristics. While both A, and A; decline
according to the decline in free extra-axonal water (A), A, showed a fractional in-
crease related to an increase in axoplasmic flow (J)

(Suzuki etal. 2003). The observation suggests that
frontal white matter in schizophrenics indeed shows
mild disorders similar to white matter undergoing mat-
uration.



We recognize several limitations of the study. Since
ROI comprises white matter in the frontal association
area, orientation of individual axonal fibers within the
ROI is multi-directional. The possibility remains that
averaged values of diffusion measures simply reflect the
degree of multi-directionality of axonal fibers. The re-
sults of this study could be interpreted to reflect a de-
generative process such as demyelination. A growing
body of evidence suggests the presence of myelin ab-
normalities in schizophrenia (Davis et al. 2003). The dis-
ease process underlying schizophrenia may alter normal
axonal circuits to effect high diffusivity similar to im-
mature brain. Additional studies are needed to elucidate
the specific nature of white matter abnormalities in
schizophrenia.
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