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Abstract

Functional and structural neural pathway disconnection may play a prominent role in the pathophysiology of schizo-
phrenia. Diffusion tensor imaging (DTI) is a noninvasive magnetic resonance imaging technique ideally suited to
investigate neuroanatomical connectivity in schizophrenia. DTI provides information about the integrity and physiol-
ogy of white matter fiber tracts. This review describes basic DTI methods and studies of schizophrenia. The aims are to
provide a basic understanding of the DTT imaging technique, describe general DTI study findings in schizophrenia and
genetically vulnerable populations, and the pathological mechanisms that may account for white matter disturbances

in schizophrenia.
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Introduction

Schizophrenia is a debilitating mental disorder that af-
flicts approximately 1-2% of the general population and is a
major public health cost worldwide. Characteristic features of
the disease include positive symptoms (hallucinations, para-
noia, delusions), negative symptoms (avolition, anhedonia,
affective flattening), and cognitive impairments (attention,
learning, memory deficits). At present, the causal factors of
schizophrenia are not known. Neuroimaging and postmor-
tem studies (1, 3) implicate widespread brain abnormalities,
especially in frontal and temporal regions. One prominent
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theory posits that functional and anatomical brain discon-
nection plays a prominent role in the pathophysiology of
schizophrenia (4, 5).

Diffusion tensor imaging (DTI) is a noninvasive mag-
netic resonance imaging technique ideally suited to inves-
tigate neuroanatomical connectivity in schizophrenia. DTI
provides information about the integrity and physiology
of white matter fiber tracts. Fiber tracts consist of myelin-
coated axonal projections, which are responsible for rapid
information processing between cortical-cortical and corti-
cal-subcortical gray matter. Compromised integrity of white
matter could result in disrupted communication between
brain regions. Such asynchronous information processing
could account for the clinical manifestations of schizophre-
nia.

This review describes basic DTT methods and studies of
schizophrenia. The aims are to provide a basic understanding
of the DTI imaging technique and what is currently known
about: 1) white matter abnormalities in schizophrenia and
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genetically vulnerable populations; 2) how white matter
abnormalities relate to clinical manifestations of schizophre-
nia and antipsychotic drug treatment; and, 3) the underlying
pathophysiological mechanisms that could account for these
white matter disturbances in schizophrenia.

Basic Principles

DTI measures random (Brownian) motion or diffu-
sion of water molecules; these measures provide informa-
tion about the integrity and biology of white matter tissue
(6). DTI is acquired on a conventional magnetic resonance
scanner but applies magnetic gradients in at least six noncol-
linear directions to yield information about the magnitude
and direction of water diffusion within the brain. Different
patterns of water movement occur in different brain tissues
due to the presence of physical boundaries such as cell mem-
branes, cell structures, and myelin. For instance, water diffu-
sion in cerebrospinal fluid (CSF) is unobstructed in all direc-
tions, and this pattern is known as “isotropy.” Isotropy is well
represented as a sphere. In white matter, diffusion is greater
in directions parallel to fiber tracts and hindered in direc-
tions perpendicular to fiber tracts. This pattern is known as
“anisotropy.” Anisotropy is well represented as an ellipsoid
with the greatest mean diffusion along the longest axis. By
measuring water diffusion along at least six different spatial
directions, a mathematical model (i.e., the diffusion tensor)
is generated to characterize the diffusion ellipsoid for each
voxel in an image. Information regarding the magnitude and
orientation of diffusion can be determined. See Figure 1 for an
illustration of isotropic and anisotropic diffusion.

Figure 1 Isotropic and Anisotropic Diffusion

DTI Indices

Several indices of water diffusion such as mean diffusiv-
ity (MD), fractional anisotropy (FA), radial diffusivity, and
axial diffusivity can be measured with DTT (7-10). Both FA
and MD are commonly reported in the literature. The MD
reflects the total magnitude of water diffusion. White matter
damage is associated with an increase in MD. The FA reflects
directionally averaged water diffusion. FA ranges from 0 to
1, where O=isotropic diffusion and 1=fully anisotropic diffu-
sion. FA decreases with white matter damage. Many factors
like myelin integrity, axonal density, and the configuration
of axonal packing are thought to affect FA. FA is greatest in
white matter, whereas MD is greatest in CSE Axial(\||) and
radial(A)) are directional diffusivity indices that may pro-
vide better insight into the pathophysiological mechanisms
underlying white matter alterations but are less often report-
ed in the literature. \| | is diffusivity along the main direction
(i.e., fiber tract), and less diffusivity may reflect axonal injury.
| is diffusion along directions parallel to the main direction
and greater diffusivity may reflect demyelination or dysmy-
elination. For instance, in mice with a genetic mutation that
causes dysmyelination but no axonal injury or inflammation
A| was increased compared to control mice and correlated
with histopathological measures of dysmyelination (11).

Image maps created from DTI indices per voxel can be
generated and used for analyses (12). See Figure 2 for illus-
tration of FA and MD image maps. In addition, color map
images can be generated. For these images a color represents
the direction of diffusivity and the signal intensity/bright-
ness represents the degree of anisotropy. Color maps are very

@ Water molecule start

@ Water molecule stop

(A) Isotropy: water diffusion is random and unobstructed in all directions. (B) Anisotropy: water diffusion is greater in one main direction (i.e., white

arrow) and hindered in directions perpendicular to the main direction.
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useful for some analysis procedures like fiber tractography.
See Figure 2 for an illustration of a color-coded orientation
image.

DTI Analysis Methods

Voxel-based analysis (VBA) determines the numerical
distribution of group measures at each voxel by mathemati-
cally mapping each brain to a common anatomical template
(13, 14). This spatial normalization procedure makes it pos-
sible to compute group statistics at each voxel. In contrast,
the region-of-interest (ROI) based method is useful for test-
ing a hypothesis about a specific brain region or pathway.
Traditional ROI analysis entails tracing a brain region to
obtain an average value for a chosen DTI index. Drawbacks
to this type of ROI analysis include time investment and the
need to establish reliable and valid methods. In recent years,
semiautomated ROI methods have been developed that re-
duce the time investment. A simpler ROI analysis approach
consists of placing an ROI in the shape of a sphere or cube in
the area of interest to extract a mean DTI index. The whole
brain region is not assessed. This method is commonly used
as a follow-up to whole brain VBA.

Fiber tractography is a recently developed method used
to delineate specific white matter tracts. Information on dif-
fusion measures, volume, and length of a specific tract can

Figure 2

Image Maps

be obtained. The fiber tracking method uses the ROI tracing
method and fiber tracking algorithms to generate a 3D tract
reconstruction (7, 9, 15). See Figure 2 for illustration of fiber
tractography.

Overview of Major White Matter

Fiber Tracts

Major white matter fibers commonly investigated with
DTI constitute association, projection, brainstem, and com-
missural fibers. Association fibers connect cortical regions
and include the superior longitudinal fasciculus, inferior
longitudinal fasciculus, superior occipital fasciculus, inferi-
or fronto-occiptal fasciculus, uncinate fasciculus, cingulum,
fornix, and the stria terminalis. Projection fibers connect
cortical and subcortical regions such as cortico-thalamic
and cortico-striatal connections. Brainstem fibers connect
parts of the cortex, brainstem and cerebellum, whereas com-
missural fibers such as the corpus callosum connect the two
hemispheres. See Table 1 for a listing of major white matter
tracts commonly assessed with DTT.

Methods

Research studies from 1998-2008 were included if they
met the following criteria: 1) were in peer-reviewed jour-
nals; 2) included patients that met criteria for schizophrenia,

(A) T1-weighted anatomical image; (B) Mean Diffusivity (MD) map; (C) Color-coded orientation map (red: left-right, blue: Superior-Inferior, green:
Anterior-Posterior); (D) Fractional Anisotropy (FA) map; and, fiber tractography of the (E) fornix and (F) cingulum.
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Table 1

Tensor Imaging

Major White Matter Tracts Investigated with Diffusion

Fiber Tract Classification System
Brainstem Fibers:

Superior cerebellar peduncle

Regions Connected

Cerebellum (dentate nucleus), midbrain, and thalamus

Middle cerebellar peduncle

Pons, and cerebellum

Inferior cerebellar peduncle

Medulla, pons, and cerebellar cortex

Medial lemniscus
Projection Fibers:

Thalamic radiations*

Medulla, pons, midbrain, thalamus

Cortex and thalamus

Corticofugal*:
- Corticopontine/Corticoreticular/
Corticobulbar
- Corticospinal

Association Fibers:

Superior longitudinal fasciculus

Cortex, midbrain, pons,and medulla

Cortex, midbrain, pons, medulla, spinal cord

Frontal, parietal, occipital, and temporal lobes

Inferior longitudinal fasciculus

Frontal, temporal, and occipital lobes

Superior fronto-occipital fasciculus

Frontal, parietal, and occipital lobes

Inferior fronto-occipital fasciculus

Frontal and occipital lobes

Uncinate fasciculus

Frontal and temporal lobes

Cingulum

Frontal, parietal, occipital, and entorhinal area

Fornix

Hippocampus, mammilary bodies, and septal area

Stria terminalis

Commissural Fibers:

Corpus Callosum

Amygdala, septal area, hypothalamus and thalamus

Right and left cerebral hemispheres

*Enters the internal capsule and corona radiata

schizophreniform, or schizoaffective disorder established
with either the Diagnostic and Statistical Manual of Mental
Disorders (DSM) II1, III-R, or IV edition (American Psychiat-
ric Association 1980, 1987, 1994) or the International Statis-
tical Classification of Diseases and Related Health Problems,
9th or 10th edition (WHO 1977, 1992) or included subjects
meeting “high risk” for schizophrenia; 3) included a psychi-
atrically normal comparison group; 4) assessed white matter
tissue exclusively; 5) written in the English language; and, 6)
were in print.

Literature searches were performed using the search
key words “schizophrenia,” “diffusion tensor imaging,” and
“DTIL”

Review of DTI Studies of
Schizophrenia

See Table 2 for a summary of studies that met inclu-
sion criteria. The studies are discussed within the following
framework: 1) disease course that includes chronic (greater
than five years), first-episode and early schizophrenia (less
than five years), and high risk; 2) relationship to psychiatric
and cognitive symptoms; 3) drug-treatment effects; and, 4)
integration with other neuroimaging techniques.

Disease Course

Chronic Schizophrenia

The majority of evidence from DTI research of chronic,
and antipsychotic-medicated, schizophrenia suggests wide-
spread white matter alterations but with pronounced effects
observed in frontal and temporal lobe circuitry. Those stud-
ies that do not specitfy illness duration are noted.

Several studies have investigated frontal-temporal and
frontal-thalamic connectivity in chronic schizophrenia. One
fiber tractography study found reduced FA in the uncinate
fasciculus, the tract connecting the medial prefrontal cortex
and the anterior temporal lobe, and the anterior thalamic
radiation, the tract connecting the anterior thalamus with
the prefrontal cortex in schizophrenia (16). Other studies of
chronic schizophrenia also found reduced FA in the unci-
nate fasciculus (17-19) (but see 20, 21), in white matter near
the anterior thalamus radiation (19, 22, 23), and in the ante-
rior limb of the internal capsule (22, 24, 25) (but see 26). The
anterior limb of the internal capsule contains fibers running
from the frontal lobe to the thalamus and within the basal
ganglia. Another study investigated the portion of the su-
perior occipitofrontal fasciculus that connects the prefrontal
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area to the thalamus, in antipsychotic-medicated, mixed ill-
ness duration schizophrenia (27). They reported reduced FA
and elevated MD in patients compared to control subjects.
Similarly, reduced FA in the thalamic-orbitofrontal tract was
found in chronic, medicated subjects with schizophrenia
(28). Overall, these consistent findings support compro-
mised prefrontal-thalamic connectivity in chronic schizo-
phrenia.

Association fibers connecting frontal and other cortical
regions have also been investigated in chronic schizophre-
nia. A fiber tractography study of participants with chronic
schizophrenia revealed reduced FA in the cingulum bundle,
which connects frontal, parietal, occipital, and entorhinal
regions, and the inferior fronto-occipital fasciculus, which
connects frontal and occipital regions (21). Other studies,
using varying methodologies, consistently found reduced
FA in the cingulum (17, 22-26, 29-32) (but see 19, 33), and
inferior frontal-occipital fasciculus (19, 22, 23). One study
showed reduced FA was associated with longer illness dura-
tion (34). Many studies that examined the superior longitu-
dinal fasciculus, a major bundle mainly connecting frontal,
parietal, and temporal cortical regions, also reported re-
duced anisotropy in chronic schizophrenic subjects (19, 22-
24, 31, 33, 35-37). These results provide strong support for
compromised connectivity in association fibers that connect
the frontal and other cortical regions in chronic schizophre-
nia.

The integrity of the corpus callosum (CC), the major
fiber tract that connects the cerebral hemispheres, has been
studied extensively in chronic schizophrenia with DTIL. Ku-
bicki (38) used fiber tractography to investigate the integrity
of CC sections that correspond to frontal, parietal, and oc-
cipital-temporal interconnections. As predicted, reduced FA
was found only in the section of the CC that interconnects
the frontal lobes. This is consistent with studies that found
FA reductions in the forceps minor (39), the frontal callosal
fibers, and frontal white matter ROIs (40, 41) (but see 26)
in chronic schizophrenia. Several other studies have found
reduced FA in the CC genu (17, 22, 24, 37), body (17, 25,
30, 42) and splenium (17, 22, 42-44) (but see 19, 45). An-
other fiber tractography study of the CC in a large sample
of subjects with a wide range of illness durations revealed
a significant positive relationship between FA and duration
of illness (46). It is plausible that reduced FA in the CC in
chronic schizophrenia reflects white matter disruptions that
occur with illness progression.

Disruption in the cortical-thalamic-cerebellar-cortical
circuit is hypothesized to be involved in the pathophysiology
of schizophrenia (4, 47). Magnotta et al. (4, 47) investigated
the integrity of fiber tracts that connect the thalamus with
the cerebellum in chronic schizophrenia using tractography
methods. Results revealed reduced FA in fibers from the su-

perior cerebellar peduncle to the red nucleus in schizophre-
nia. Supporting these results, VBA (31) and ROI (48) (but
see 49) studies found reduced middle cerebellar peduncle FA
and superior cerebellar peduncle (50) in chronic, medicated
patients with schizophrenia. The majority of results provides
support for compromised integrity of white matter connec-
tions in the cortical-thalamic-cerebellar-cortical circuit.

Since visual processing abnormalities have been ob-
served in schizophrenia, one study investigated the white
matter integrity of visual processing regions in schizophre-
nia through ROI analyses (51). Subjects with schizophrenia
were taking antipsychotic medications but the illness dura-
tion was not specified. Results revealed reduced FA in the
optic radiations but not in the striate, inferior parietal, or
tusiform regions. The authors argue that the results support
the notion that visual deficits occur during early and not
later stages of processing. These results are supported by a
study that also found FA reductions in the optic radiation of
chronic, medicated patients with schizophrenia (22), but are
inconsistent with others (26). Reduced FA in other occipital
regions has also been reported (42, 43) (illness duration not
specified).

First-Episode and Early Schizophrenia

DTI studies of first-episode schizophrenia provide an
important indication of white matter alterations that occur
early in the disease course with minimal antipsychotic med-
ication exposure. The majority of results revealed reduced
FA in various white matter regions, but the reduction is less
than that observed in chronic schizophrenia.

One DTI study examined white matter integrity with
VBA in antipsychotic-naive, first-episode patients (52). Re-
sults showed FA reductions in small regions throughout the
brain in first-episode schizophrenia. Specific areas affected
include a frontal region within the left fronto-occipital fas-
ciculus, a temporal region within the left inferior longitudi-
nal fasciculus, CC (splenium), left cerebral peduncle, right
parietal region, and white matter near the substantia nigra
and posterior limb of the internal capsule. These results are
consistent with other VBA studies that reported similar
widespread findings in first-episode schizophrenia (53-55).
The combination of results suggest compromised integrity of
small white matter regions throughout the brain in the first
episode that are apparent early in the illness but are not as
extensive as those observed in chronic schizophrenia. These
changes cannot be fully explained by an antipsychotic drug
effect.

Several studies investigated associative and interhemi-
spheric fiber connections using ROI and fiber tractography
methods. Karlsgodt et al. (56) found reduced FA in the su-
perior longitudinal fasciculus in recent-onset (mean illness
duration: fifteen months) antipsychotic-treated patients, but

146 -

Clinical Schizophrenia & Related Psychoses October 2009



Laura M. Rowland et al.

abesop onoydAsdipue
UM pa1e[a.110d A]10211p Sem Y4 [e1U0l) s9qo] [eudiddo pue ‘|eijodwal‘jelstied |ejuoiy Ul 4 a
3sl ybiy ul 9jnsded jeusslul Jo quul| JOLISIUR Ul 4 A
uojjeipel diwe|eyl JOLSIUR PUR SJ_UIDUN Ul /4 A

S91DUD1e| dIpeddes J9BUOo| YUM Pale[a1iod
suoibai [e3anied Joualsod pue ‘play 94s [euoly ‘wnNBuUI JOLSIUE Ul \/4 A ‘WNNBUID JOLISIUR Ul /4 A

9punpad Jej|9gasad Jouadns ul 4 A
suoibai [endiddo-je1aned pue [eluol) 4 A

UoI1dUn} AIINIAXS YHUM
Po3e[2110 Y/ [BIUOI) ‘DOUBWIOISd UOIIUBO031 UOIOWS SDI0A UM Pa3e|2110d SUoIbal pealdsapim ul 4 a

abesop onoydAsdizue pue awnjoa [ledwedoddiy Yiim paie|a1iod A|SsiaAul A “XIUI0) Ul N W PUB 4 A
sn[noidsey [e3diDd0-01uo4y Joladns Ul N v PuUe Y4 A

winsoj[ed sndiod Jolaiue Ul /4 A

suoibaJ pealdsapim ul /4 a

359 BUIIOS pJeD) UISUODSIA UMM Pa3R[2410d ‘wnnbuld Ul 4 A

DH Ul PaAISsgO se §) ul AllswwiAse 4 wninbuid 1yb1<1ya] ou ‘saduaiayip 4 ON
90| [RIUOJ} Ul V4 A
swoldwAs aA1eH3U pue SAIHSOd UM UOIIR[S4I0D SNWe|eyl-|eD11I0d Ul V4 A
Klowsw Buiyiom Y3im paje[a1iod ‘snindpdsey jeuipnibuo] Jouadns ul 4 o
26€ Y3Im paysiuiwip 92UIaHIp Y4 Sn|ndidsey [euipniibuol Jouadns Ul 4 A

Suol1eUIDN|[_Y INOYUM ‘SA SUOIRUIDN|[BY
yum syuaiied ul winsojed sndiod pue wnjnbuid ‘snindidsey [euipnlibuo] Joudns sy ul 4 A

suoIbas pealdsapim Ul 4 A S ‘21e|nbuld Jo1aisod ‘|eratied ‘|e3uoiy Ul V4a HH
suoibas peasdsapIm Ul 4 a
siopuodsas pooh uj Juswiealy di3oydAsdizue Buimo||os pasealdap Al ‘suoibas peasdsapim ul dNw
swoldwAs aA1ISOd Y1M UOIIR[110D 3SISAUL ‘WNNBUID Ul A

34 ul SN|NJIdsey [eulipnbuo| J0LIBJUL Ul (]9AS| pUdil) V4 A
‘SD ul wnsojjed sndiod R ‘snjndidsey} [euipnibuo| Jouajul 4oulw R ofew sdadio) ul 4 A

(wniua|ds) wnsojjes sndiod ur NV ‘V4a
suoibal peasdsapim ul (Y4 O Je[IWIS) 9DUDIDYOD [OXOAIDIUA
(wnusds) winsojjes sndiod ul y4a :|OY ‘suoibai peasdsspim Ul 4 A :VIA
SSU||I JO UONEINP YLM Pale[a110D A[9SIaAUI S| 1Y) (Wniud|ds ‘nuab) wnsojjed sndiod ul y4a
snnosey [euipniibuol Jouadns pue a1eudUN Ul Y4A
suoneipes ondo ul y4a
3|nsded |eulaiul JO quil| JOLISIUB/UOIIRIPRI DIWE|ey] JOLISIUE A
suolbal peasdsapim ul 44

A1IAIID9UUODSIP [P1RLI1S-01UO.) UM 1US1SISU0d sbulpuy
dljoge1aw | 34 ‘saqoj [eiodwal ;3 [eyuody ‘djnsded jeusalul ‘winsojjed sndiod ui Adodisiue aAeR A

suolbal adinw ssoude sisleweled dy3 Ylim pa1e[a410d 92UI3L0D [9XOAIIU|
suolba. peasdsapim ul y4a
Jofew sdadioy pue (wnius|ds) wnsojjes sndiod ul y4a

sbuipuly |[e1dusan

104

VaA
14

104
14
104

VaA
104
14
14
VaA

10eJ} 13 1DRIIXS 0}
uopeuswWbas pue |0y

10eJ} 13 1DRIIXS 0}
uopeuswWbas pue oY

104
14
14
14

VaA
VaA
VaA
VaA

14

104
104
VaA

104 ‘VaA
i€

VaA

104

14
VaA

VaA
VaA
VaA
VaA

siskjeuy

ejuasydoziyds ui saipnis | 1@ Jo Arewwng

DH LLZSpaxiw ]

uu & FUNMAV_%_L;@_;VEE
:2dA10usb £/ 1 E¥ZDYNSINS LOUN

Jejodig 0% 'DH 6 'ZS ST

DH6L'SDLL
DHOL'SDZL
DH 0L ‘ZS dew 0 :Ajuo sjey

DH6L'SD6L
DH LE‘SD T Ajuo ajey
DH0Z‘sD 61 :Ajuo ajey
DHZY'SDTE
DH9T'SD LT

DH 8L ‘SO 9L Ajuo ajepy

DH8L‘SD L Auo ajepy
DH9'SD9

DH TZ'SD 0€
DH/L'3dTL

DHVL'SDPL

DH €1 ‘suoneudn|jey INoyum
SO €1 ’suoneuPN|eyY Yum S €1

DH LE'UH TT'SD €T

DH1Z'3d 1T

DH 1 ‘UOIedIPAW 4O 7S PaxIW €1
DHYZ'SD Ty

DH 0% ‘SD 0¥ *DH 6€ 34 OF
DH ST 'SD 0T
DHZL'SdCL

DH 92 ‘34 @Ateu-bnup sz
DH ££'ZS paxiw 9/

DH 0€ ‘(payidads jou) 7S 0
DH LZ(payidads Jou) 7S /1

DH L¥'SD €01
DH SS'SD €9

DH9'SD S

DHLL'A4 LL

DH tL ‘(payidads Jou) 7S 1
DH 2 'S 0T

syafqns

€007 “[€ 39 Iweupy

9800C “|e 32 YSOJupP
28007 “|© 32 YSOIP

£00T “[e 32 Yorouepy
8007 “|e 12 exjoubeyy
6661 “e19 Wi

£00T “|e 33 uewa]
9007 “|e 13 joiny
8007 “[e 32 nsiewiuny
800 “[e 32 PIgny|
S00T “[2 33 PRIgNy

#00€ “|e 13 PP21gn)|

Z00Z |2 13 B2IgNY
S00T “|e 19 eanwielly
800C “[e 13 Wiy

8007 e 12 3pobs|iey
9007 “|e 39 sauof

002 “[e 33 [qNH
8007 “|e 12 uewidoy
9007 “[e 39 oeH
800€ “|e 19 JanIeD
£00T “[e 33 elemifng

800 “|e 32 uewpally
000Z “|e 12 buoo4
900¢ “|e 32 |91dsIapay

800¢ “|e 32 bunayd
800¢ “[e 12 J91uadie)
€002 “|e 39 suing

900¢ “|e 32 13)Ing

g900¢ “|e 32 wneqsydng
29007 “|e 33 wneqsyong

8661 “|e 19 Wneqgsyong
8007 “[e 10 169g

€007 “[© 19 1ueYapIY
L00C \._m 1o Ntm@(

Apms

¢ojqel

Clinical Schizophrenia & Related Psychoses October 2009 o 147



DTI in Schizophrenia

paseanuI=V paseasdap=a AlAisnyip ueaw=g ‘Adosjosiue [euordesy=y
!sask|eue paseq-|axoA=\g/ ‘1saJ91ul Jo uolbai=|QY ‘Buidei uaqy=] 4 ‘|013u0d Ayjesy=DH ‘payidads Jou ssauj|i Jo uoneinp ‘eluaiydoziyds=7s ‘aposids 1s1y=34 ‘eluaiydoziyds J1uoiyd=5>)

|nsded [euS)ul 9Y1 JO quul| JOLRIUR Ul V4 A 104 DH8L34 LT 800¢ “|e 32 noz
sbuipuy 1Y} Aq parioddns sem sndwedoddiy Jo A1IAI}DRUUODSIP [BUOIIDUNY XIUIO) U \/ A 104 DHYL3IdLL 800¢ “|e 13 hoyz
(st yb1y) 3 £
Asu Y61y ur uoibai jeyuosyaid [eIpaw ul V4 A VaA ‘1D %211 61 :2dK10U3b6 £€S1ZZOYNBANS LDYN 800C “[B 33 J2U33UIM
wninbuid Joudjue ul v4 A 104 DH0Z'SD Lz Ajuo sjepy #00€ “|e 1 buem
S]punpad Jej|9ga.193 Jo1adNs 3 | PPIW Ul SSOUIDHIP V4 ON o JH 02°SD 67:Ajuo aje €002 “|2 18 Buep
Aju633ul [euoanau Jo Jsdjew e’(yyN) a1eliedse-jL190e-N .
J0 saunseaw 21dods04329ds 9dueuosal d13dubew uoioad Yiim pPale|a.iod 2go| [eiodwal [eIpaw Ul 4 A 104 DH 2 'S OF £00T “|e 32 bue|
JuswIiedw AJoWSW Ylm pa1e[a410d pue Xiuloj ul AN v V4 A 1 I S9'SH LE 800¢ “[e 12 19¥eL
(91eupUN) JuswIredw] A1owsw pue (1eudun) swoldwAs aanebau pue (jeadiddo ,
-03u04)) 9A1ISOd YHM SUOIIe[3410 {||nd1dsey [euipniibuo] Joiadns B |e3didd0-03uoiy ‘@1euUduN Ul /4 A VEA DH 0€'34 ¢€ 800¢ “|e 1o 0)zs9z§
suolbai s|nsded |eussyul pue ‘jejodws) Jouadns ‘|eIUoI) S|PPIW Ul V4 4 VA JHELAd 0L S00T “|e 19 0%zs3zS
wninbuid JoLRue Ul V4 4 10Y JH 61 S 0E €007 “|e 19 ung
(VVN) 1e1iedse-|A12e-| |[eIUOI) JO
sainseaw Adodsou3dads dueuOosal d39ubew U0l0Id YlM UOIE[S110D OU ‘SDUDIBYIP Y- |BIUOIY ON 0¥ JHOL'SD 0L L00Z “|e 1° [931S
swoldwiAs aA1Isod yum suolye[a.110d ‘suoibal peasdsapim Ul V4 a VA JHSZ'SD ST 8007 “|e 12 A|I2%S
sn|ndidsey [euipniibuo] Jouadns pue winnbuld JoLIS1UE Ul /4 pUe suoileuldn|jey
A1011pNe U9aM19Q UOIIR[3110D 1231IP ‘SsNNdIdse) [eulpniibuo) Jouadns 1 (nuab) winsojjed sndiod ul 4 a van SH OV’ €€ £00Z “|e 33 [)1613Ys
S buneupnjjey-uou 03 pasedwod s HuneudN|ey ul wninbuid pue snindidsey [euipniibuoy Jouadns SH T ,
Ui V4w SO pauiquiod ul apunpad Je[|9ga4ad a|ppiw ‘Wnjnbuid ‘snina1dsey [euipniibuo] 1o1adns Ul o A | 10Y ‘'VaA ‘s BuneuPN|ey-uou § | ‘s Buneunnjiey ¢ | £00T “|e 133035
suoi6a1 peaidsapim ui ALAISNYIP [elpelw pue 4 o VaA SH 1 ‘SD ¥ 1 :Ajuo sjey 800Z “|e 19 23S
X910 [endi>d0 pue |[ejuoiy ul AUAIDE [YIA) YHUM Ple[2110D V4 |eIUOL} 20| [eIuol) pue [ejodwal Ul V4 4o VA JH8L'ZS 81 £00T “|e 19 195S0|YdS
wnsoj|[ed sndiod 3y} Ul SWN|OA padnpai pue‘aiN w'v4 a oY SH #Z'SD ¥z | 800 “|e 19 e[a16er-eYSIe10Y
ul abe yum paje[a.110d>
Kj9s19Aul 91eINBUID pue d1eUIDUN Ul VY4 ‘SNINJIDSe) [eIU0.)-011diDd0 [eulpniibuo| pue wninbuid ul 4 A 14 JH ¥EZS LT 800¢ “|e 19 19bisquasoy
10B11 3Y1 JO 210D 341 Ul Y4 YbIy Y1m S[9XOA JO Jaquinu
SY3 Ul uUondNPaJ e Bunedipul padNpal sem UoOIINGLIASIP V4 JO peaids ‘4 1euidun ul S2UJ94Ip ON o JHEZ'Id6L 8007 "|e 19 9dlid
wnsojed sndiod ul /4 A 14 JOH LZ'34 8L £00Z “|e 19 91d
AW 10 Y4 wnsojjed sndiod ul seduaiayip dnoib oN 104 JH 623402 5002 “|e 19 ad1id
YH 8 34 pauigwod ul swoldwiAs aA1sod yum pa1e|a1iod .
219M (wnjua|ds) DD pue S3eUIdUN dY3 Ul W PUe ‘Y4 Wn[nbuid Jotiaiue 'sdnoib Buowe seouIaLIp ON 14 DHOL'YHOL'Id 0L 800C "|e 19 S193ed
191sN|D 9A1IIUBOD (SSNVd)
9|eDS SWOIPUAS SAIBHIN puB 9ANISO4 YIIM Pa1e[9.110d A[9sIaAul ‘'s9jpunpad Jejj9ga.9d Jouadns ul 4 A 10Y SHLZ'SD LT 9007 “|e 18 eMebnyO
sbesop dnoydAsdinue Yyum parea.110d Aj3daaip ‘sajpunpad Jej[9gai9d S|ppIW Ul 4 A 104 JH 1Z'SD ST ¥00¢ “|e 32 emebny O
uoneInp ssauj|l pue aduew.oiad Alowaw , .
puUB UoIdUNJ DAIINIAXS YUM PI3R[34I0D SN|NDIDSE) 91_UDUN pue WN[NBUId Ul 4 ‘winjnbud ul 4 o 14 DH8T'SD S¢ 800C “[e 39 101SeN
92UBWI0JId AIOWSW YIIM P31e|3110D Y4 XIUIOS 104 DH¥T'SD LT £00T “|2 13 J01SaN
9duewloyIad UOIdUNY SAIINIBXS PUR AIOWSW YUM Pale[2110d 4 Wnjnbuid pue snjndidsey) s1euidun o DHYL'SD YL 00 “|e 33 J0IsaN
ZS ullnsidse , . "
Jeurpniibuo] Jouadns pue a1euidun Ul /4 A ‘4H 13 ZS Ul 9jnsded |euaiul ay3 Jo quul| JolSIue Ul <w_> VaA DH LS ‘dH 2 ‘(pay1>ads 10u) 7S LE| 800T “[e 12 ebaluely zouny
SS9U[|1 JO UOIIRINP YHM pale[a110d A|9siaAul ‘suoibas peasdsapim ul 4 A | 10H VA DH VSO Ty £00T “[2 19 Lo
V4 Wnsojjes sndiod ui 95uaJayip ON 14 DH 9€°SD oY £00T “|e 13 ereAiy
swoldwiAs p . "
aA1nebau pue aAISOd 01 PR1e[410D :DW021N0 J0od Ul SAISUSIXD 210W 1IN ‘suoibal pealdsapim ul 4 A (68 || Sl L/ BUeRe . Cael S i) S e peeld) 1 £00Z 7|2 33 UBWISHIA
SW021N0 100d Ul SAISUIXS 2I0W 1N ‘suoibai peasdsspim ul 4 o VA | DH Li'SD swod1no 1ood €6 ‘SH awod1no poob | § 900 “[e 12 ueWRUN
sbuipul4 |esduan siskjeuy syafqns Apmgs

(panunuod) eluaiydoziyds ui saipnis |1d Jo Arewwing  Z djqel

Clinical Schizophrenia & Related Psychoses October 2009

148



Laura M. Rowland et al.

another study did not (57). Friedman et al. (39) investigated
widespread white matter areas that included forceps minor
(frontal callosal fibers) and major (occipital callosal fibers),
inferior longitudinal fasciculus, and the CC (genu and sple-
nium) in first-episode and chronic patients with ROI analy-
ses. Subtle FA reductions were noted in all regions except
the forceps minor in first episode, but a statistical trend dif-
ference was observed only in the left inferior longitudinal
fasciculus. FA reductions were observed in all regions in the
chronic group, but a statistical difference was observed only
in the left inferior longitudinal fasciculus and right forceps
minor. The lack of FA reduction in the CC is consistent with
previous studies of first-episode schizophrenia (57, 58). An-
other study of first-episode schizophrenia found no differ-
ences in FA or MD in the cingulum, uncinate fasciculus, or
superior longitudinal fasciculus (57).

Connections between frontal and thalamic regions
were also investigated in early schizophrenia. A DTI study
of the anterjor limb of the internal capsule using ROI analy-
ses showed reduced FA in antipsychotic-naive/minimally
treated first-episode patients (59). A VBA study supports
this finding (55). These studies suggest that the integrity of
fibers connecting prefrontal/anterior cingulate to the thala-
mus may be compromised early in the disease and not arise
from the deleterious effects of antipsychotic medications.

Despite some inconsistencies, these studies suggest
compromised white matter integrity in early schizophrenia
that progresses with disease duration. These findings are es-
pecially evident in fiber tracts connecting the frontal lobe.

High Risk

One study investigated the integrity of the anterior limb
of the internal capsule, and several association fibers includ-
ing the uncinate fasciculus, cingulum, and arcuate fascicu-
lus (part of the superior longitudinal fasciculus) in subjects
at high risk for schizophrenia and with schizophrenia (18).
High-risk subjects had two or more first- or second-degree
relatives with schizophrenia but did not have prodromal or
psychotic symptoms. FA was investigated with VBA and
ROI analyses. Results showed that high-risk subjects, simi-
lar to the subjects with schizophrenia, had reduced FA of
the anterior limb of the internal capsule when compared to
control subjects. FA levels of the association fibers fell in-
between subjects with schizophrenia and controls but were
not statistically significant, which is consistent with another
study (57). Consistently, reduced FA in the anterior limb of
the internal capsule was observed in subjects with a neuro-
regulin 1 (NRG1) risk-associated genotype for schizophre-
nia (60). NRG1 contributes to neurodevelopment, myelina-
tion and axonal guidance (61). White matter abnormalities
may occur in association with genetic modifications of this
gene. Another study reported reduced FA in medial frontal

regions in subjects with a NRG1 risk-associated genotype for
schizophrenia (62). These results suggest that compromised
integrity of the frontal white matter connections may be as-
sociated with a higher vulnerability for developing schizo-
phrenia.

Another VBA study investigated high-risk, chronic, and
control subjects (63). High-risk subjects had a first-degree
relative with schizophrenia, the majority had prodromal
symptoms, and one-third met criteria for schizotypal per-
sonality disorder. The main findings included reduced FA
in the white matter of the left inferior frontal gyrus, poste-
rior cingulate and bilateral angular gyrus and elevated FA
in the subgenual anterior cingulate, right middle/superior
frontal, and bilateral pontine tegmental regions in the high-
risk group compared to the control group. FA alterations ob-
served in subjects with schizophrenia were widespread and
included frontal, temporal, occipital, cingulate, insula, and
basal ganglia.

These studies suggest that white matter alterations may
be detectable before psychosis onset or are associated with
genetic vulnerability for developing schizophrenia. Howev-
er, longitudinal studies are necessary to determine this with
greater certainty. Similar to chronic and early schizophre-
nia, those at high risk show that their frontal white matter
connections are the most affected.

Relation to Symptoms

Are the white matter alterations in schizophrenia clini-
cally meaningful? Research to address this question inves-
tigated the associations between DTI measures and psychi-
atric symptom severity, cognitive impairments, and disease
outcome.

Psychiatric Symptoms

Several studies have reported significant associations
between psychiatric symptom severity and DTI indices but
the direction of the relationship is inconsistent. Some studies
found a direct relationship between FA and positive symp-
toms, where greater FA corresponded to greater severity of
positive symptoms. One VBA study found that higher FA in
the inferior fronto-occipital fasciculus within the temporal
lobe corresponded to greater severity of hallucinations and
delusions in early schizophrenia (64). Similarly, a fiber trac-
tography study found anterior cingulum FA, and MD in the
uncinate and CC (splenium) to be directly correlated with
positive symptoms in a combined sample of first-episode
and high-risk subjects (57). In contrast, an inverse relation-
ship between posterior cingulum FA and positive symptom
severity was found in previous studies of chronic, medicated
patients with fiber tractography (65). Similarly, a fiber trac-
tography study found reduced FA in tracts connecting the
thalamus to left orbitofrontal and right dorsal prefrontal re-
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gions was related to greater severity of positive symptoms in
chronic, medicated patients with schizophrenia (28). VBA
studies of chronic, medicated schizophrenia also found that
the greater the severity of positive symptoms the lower the
FA in the sagittal stratum, uncinate and superior longitudi-
nal fasciculus (23), and the CC (genu), anterior cingulum,
and inferior longitudinal fasciculus (22).

Several studies have investigated the differences in white
matter integrity between patients with and without halluci-
nations. VBA studies have shown that chronic patients with
hallucinations had greater FA in the superior longitudinal
fasciculus, cingulum (31, 37, 66) and CC (66) compared
to chronic patients without hallucinations. Seok (31) also
showed that FA in the superior longitudinal fasciculus was
positively correlated with severity of hallucinations.

The relationship between DTI measures and negative
symptoms has also been explored. One VBA study found
greater negative symptom severity to be associated with
lower FA in the anterior and posterior limb of the internal
capsule and superior longitudinal fasciculus, CC, anterior
thalamic radiation, fronto-occipital fasciculus, and white
matter in the temporal lobe (22). Reduced FA in the unci-
nate fasciculus was associated with increased alogia and af-
fective flattening in early schizophrenia (64).

The relationship of white matter integrity to clinical
outcome in patients with schizophrenia has also been in-
vestigated. Mitelman et al. (22) found greater FA reductions
in poor versus good outcome patients (criteria described by
Keefe [67]) in multiple, widespread regions using ROI anal-
yses on previously published VBA data (68). Severe wide-
spread reductions in white matter tract integrity are likely to
adversely affect patient clinical outcome.

Cognitive Symptoms

Learning and memory are especially impaired in schizo-
phrenia. Medial temporal lobe function, instrumental for
learning and memory, is known to be impaired in schizo-
phrenia. One study assessed the integrity of the fornix, the
major white matter connection between the hippocampus
and the cerebrum, in chronic, antipsychotic-medicated pa-
tients with schizophrenia with fiber tractography (69). The
relationships between fornix FA and MD and memory per-
formance were examined. Results revealed reduced FA and
elevated MD in patients compared to controls, and increased
MD was associated with poorer memory organization per-
formance in patients. These results are consistent with other
studies reporting fornix FA to be directly related to impaired
learning and memory function in chronic schizophrenia
(70). Other studies found a similar relationship between re-
duced FA in the uncinate fasciculus and impaired learning
and memory performance in early and chronic schizophre-
nia (70, 71). These results suggest that compromised con-

nectivity of the medial temporal lobe contributes to dimin-
ished memory function in schizophrenia.

Executive function and working memory deficits are
also commonly observed in schizophrenia. Reduced FA in
the cingulum was associated with executive function defi-
cits in chronic, medicated patients with schizophrenia; this
was assessed with fiber tractography (70, 71) and a similar
method (25). Another fiber tractography study reported FA
of the left superior longitudinal fasciculus predicted work-
ing memory performance in recent-onset schizophrenia
(56). Reduced FA was associated with poorer performance;
this suggests that compromised connectivity has behavioral
implications.

Emotional processing impairments are commonly ob-
served in schizophrenia and were investigated in one DTI
VBA study of chronic, medicated patients (72). Poor per-
formance on voice emotion identification was predicted by
FA reductions in primary and secondary auditory pathways,
orbitofrontal, CC, and white matter near the amygdala.

Impaired ocular motor control is also related to reduced
FA in chronic schizophrenia. Manoach (30) reported reduced
FA in the right hemisphere anterior cingulate, frontal eye
field, and posterior parietal white matter regions. Reduced
FA was related to longer saccadic latencies in schizophrenia.
These findings suggest that impaired ocular motor control
in schizophrenia may be influenced by compromised con-
nectivity.

Drug Response

Few studies have investigated the effects of antipsychot-
ic medication on white matter changes in schizophrenia.
One VBA study investigated white matter integrity before
and following twenty-eight days of antipsychotic medication
(risperidone, haloperidol, or ziprasidone) in good and poor
treatment-responding patients with mixed-illness duration
(73). White matter MD was elevated in both patient groups
compared to control subjects prior to treatment. In the good
responders, MD declined following treatment. Some studies
have reported relationships between antipsychotic dose and
DTT indices but with no consistency regarding brain region.
For example, antispychotic medication dosage was directly
correlated with FA in the left middle cerebellar peduncle
(48) and frontal lobe (74).

Integration with Other
Neuroimaging Techniques

Diffusion tensor imaging has been used in conjunction
with five other imaging methods: volumetric measurements,
functional magnetic resonance imaging (fMRI), positron
emission tomography (PET), proton magnetic resonance
spectroscopy (1H-MRS), and electrophysiological (ERP) as-
sessments. With each combination the investigators make an
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effort to advance a fundamental question by gaining comple-
mentary information. We expect this approach will become
routine over the next five years.

Structural MRl and DTI

Rotarska-Jagiela and colleagues (75) have provided a
systematic analysis of the anatomical and diffusion proper-
ties of the CC in subjects with chronic schizophrenia. Re-
sults showed patients to have diminished FA, elevated MD,
and reduced volume in the whole CC. These indices were
also correlated with one another in both groups. Because
the CC has been a structure of substantial interest to the
neurobehavioral scientific community for many years, this
report provides a useful reflection of the field’s anatomical
research progress (76). The developmental characteristics of
the CC, especially as it applies to schizophrenia, will likely be
an active area of future investigations.

Kuroki and colleagues (77) examined the volume of the
hippocampus and diffusion indices of the fornix in subjects
with chronic schizophrenia. Clear differences were found
between the two groups on both measures. FA was signifi-
cantly diminished and MD was significantly greater in the
patient group. As expected, the patient group also had lower
hippocampal volumes. Correlations between measures were
noteworthy. In the patient group, fornix MD correlated neg-
atively with hippocampal volume, and fornix cross-sectional
area correlated positively with hippocampal volume. Also in
patients, medication dosage was negatively correlated with
FA and cross-sectional area of the fornix and positively cor-
related with MD. This carefully constructed study robustly
demonstrates the relationship between volumetric and water
diffusion alterations that occur in the medial temporal lobe
in chronic, medicated schizophrenia.

fMRI and DTI

Zhou and colleagues (78) examined the relationship be-
tween functional and anatomical medial temporal lobe con-
nectivity in first-episode subjects with schizophrenia. The
authors predicted that diminished hippocampal functional
connectivity assessed with resting fMRI and reduced fornix
FA assessed with fiber tractography would characterize the
patient group. Resting fMRI data showed that visual, para-
hippocampal, and superior temporal regions differed signif-
icantly in their correlations to the left anterior hippocampi
between groups. The healthy controls showed stronger as-
sociations than the patient group. DTI measures showed
significantly lower fornix FA in the patient group. This study
helps to integrate research showing compromised hippo-
campal functional and anatomical connectivity in schizo-
phrenia.

Schlosser and colleagues (79) made an effort to deter-
mine whether the neural response during a working memo-

ry task assessed with fMRI reflected the anatomical integrity
of frontal and medial temporal white fiber tracts using VBA
in schizophrenia (illness duration not specified). Results re-
vealed reduced FA in frontal white matter tracts in patients,
and this FA reduction correlated with the reduced fMRI re-
sponse in prefrontal cortex. These findings suggest that com-
promised integrity of frontal white matter tracts is related to
dysfunctional frontal neural activity in schizophrenia (5).

PET and DTI

Buchsbaum and colleagues (80) provided an early ex-
amination of brain interregional functional relationships.
By using 18-F-2-deoxyglucose to measure cerebral metab-
olism and DTI to assess anisotropy, the investigators were
able to demonstrate complementary differences between
unmedicated, chronic subjects with schizophrenia and
healthy control subjects. The anisotropy of the groups dif-
fered significantly in anterior (superior fronto-occipital fas-
ciculus) and posterior (inferior fronto-occipital fasciculus)
white matter tracts. In an effort to clarify the relevance of
these differences, the investigators looked at brain metabo-
lism regional correlations. They show strong correlations
between the basal ganglia and the medial frontal cortex in
healthy volunteers but no such correlations in the schizo-
phrenia group. This brief report is noteworthy for being the
first DTT study of schizophrenia, and an early application of
multiple neuroimaging techniques to address the problem of
functional and anatomical connectivity in schizophrenia.

1H-MRS and DTI

Tang and associates (81) have provided an important
update to the line of investigation published ten years earlier
by Buchsbaum (80). By combining 1H-MRS measures of N-
acetyl-aspartate (NAA; a marker of neuronal integrity) with
DTI measures of the same white matter regions, this group
has convincingly demonstrated strong relationships between
neurochemical and DTT indices of fiber tract integrity. Re-
sults showed a selective reduction in NAA and FA in the left
medial temporal lobe in the schizophrenia group. There were
no differences in frontal regions. These measures were also
correlated in patients but not in the controls. Because NAA
is located mainly in the neurons, these results suggest that
the health of the axonal projections in the medial temporal
lobe is specifically compromised in schizophrenia. This cre-
ative study goes a long way toward showing how integrating
neuroimaging techniques can help elucidate the interacting
components of pathology.

In a smaller study, Steel and colleagues (82) examined
NAA and FA in white matter tracts localized to the frontal
lobe. Though significant NAA reductions were confirmed in
the frontal white matter of subjects with schizophrenia, no
significant FA alterations were found. This is consistent with
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the previously mentioned study that emphasized abnormali-
ties in the medial temporal regions in schizophrenia (81).
These two studies taken together suggest that the DTI and
1H-MRS findings do not always correlate in all brain regions
in schizophrenia. They do, however, support the strategy for
combining these complementary methods.

Electrophysiology and DTI

An unusual study aimed to show a relationship in
evoked response potential (ERP) pattern and white matter
anisotropy in first-episode schizophrenia (83). Using a Go/
No-Go paradigm that assessed inhibitory control, the inves-
tigators expected to find a correlation between intervoxel co-
herence values and No-Go ERP parameters. In both groups,
correlations were found between ERP parameters and inter-
voxel coherence in widespread white matter regions. How-
ever, the patient group had significant correlations in many
other white matter regions as well. The authors interpret
these findings as neural activity correlates of extended white
matter circuits for inhibitory control in first-episode schizo-
phrenia.

Conclusions and Interpretations

The DT research reviewed here indicates that the integ-
rity of brain white matter is compromised in schizophrenia.
These studies support the hypothesis that diminished brain
connectivity contributes to the pathophysiology of schizo-
phrenia (4, 5). Abnormal DTT indices are routinely found in
multiple brain regions of schizophrenic subjects and white
matter fibers connecting regions throughout the brain. Di-
minished anisotropy is observed across the course of schizo-
phrenia. Patients experiencing their first episodes and those
studied early in the disease course have fewer, less extensive
DTI abnormalities than chronic patients. High-risk, geneti-
cally vulnerable samples also exhibit FA abnormalities. A
common theme found in these three groups is compromised
white matter tract integrity of a network connecting the
frontal lobe with subcortical and posterior cortical systems.
Chronic schizophrenia is clearly afflicted with widespread
and extensive white matter alterations, but is especially af-
fected in frontal, temporal, and subcortical connections.
Clinical manifestations of the disease, like hallucinations
and cognitive deficits, appear to be correlated with diffu-
sion aberrations. A consistent finding is that patients with
chronic auditory hallucinations have greater anisotropy in
areas of the superior longitudinal fasciculus. It is plausible
that this reflects aberrant connectivity between language and
auditory regions, areas activated during auditory hallucina-
tions (84). Antipsychotic treatment may affect white matter
integrity in schizophrenia, but further research is needed to
determine the relationship.

Volumetric MRL, fMRI, and 1H-MRS studies applied in
conjunction with DTT often show strong associations. The
biological basis of the relationship between white matter dif-
fusion and other biological measures, such as fMRI activity,
NAA, or gray matter volume, is not known. But, it is the hope
that basic science investigations will elucidate these relation-
ships. Future research integrating neuroimaging techniques
should provide better insight into the pathophysiological
mechanisms in schizophrenia.

DTI is a new methodology that appears to reflect mul-
tiple biological components of white matter integrity. Water
diffusion in white matter fiber bundles reflects the health
of the tissue. This review shows that several important as-
pects of schizophrenia are associated with alterations in DTI
measures. Alterations in anisotropy measures may partially
reflect dysmyelination, which are problems with the pro-
duction or structure of myelin. This is consistent with post-
mortem findings in schizophrenia (85-88) and supported
by a DTT study that revealed increased radial diffusivity in
schizophrenia (19). Altered fiber organization or aberrant
axon morphology may also affect anisotropy in schizophre-
nia. Postmortem findings of axonal atrophy support this
notion (89). With further advances in DTI acquisition and
analysis techniques, future research may be able to decon-
volve the components of white matter biology affected in
schizophrenia. This could prove extremely fruitful for the
development of therapeutic drug targets.

White matter alterations change with disease course,
clinical characteristics, and antipsychotic treatments associ-
ated with schizophrenia. DTI may prove to be a potent in-
strument for predicting disease outcome, identifying treat-
ment targets, and elucidating the biological nature of white
matter pathophysiology in schizophrenia.
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