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In healthy adult individuals, late life is a dynamic time of change with respect to the microstructural integrity of white matter

tracts. Yet, elderly individuals are generally excluded from diffusion tensor imaging studies in schizophrenia. Therefore, we

examined microstructural integrity of frontotemporal and interhemispheric white matter tracts in schizophrenia across the adult

lifespan. Diffusion tensor imaging data from 25 younger schizophrenic patients (455 years), 25 younger controls, 25 older

schizophrenic patients (556 years) and 25 older controls were analysed. Patients with schizophrenia in each group were

individually matched to controls. Whole-brain tractography and clustering segmentation were employed to isolate white

matter tracts. Groups were compared using repeated measures analysis of variance with 12 within-group measures of fractional

anisotropy: (left and right) uncinate fasciculus, arcuate fasciculus, inferior longitudinal fasciculus, inferior occipito-frontal fas-

ciculus, cingulum bundle, and genu and splenium of the corpus callosum. For each white matter tract, fractional anisotropy was

then regressed against age in patients and controls, and correlation coefficients compared. The main effect of group (F3,92 = 12.2,

P50.001), and group by tract interactions (F26,832 = 1.68, P = 0.018) were evident for fractional anisotropy values. Younger

patients had significantly lower fractional anisotropy than younger controls (Bonferonni-corrected alpha = 0.0042) in the left

uncinate fasciculus (t48 = 3.7, P = 0.001) and right cingulum bundle (t48 = 3.6, P = 0.001), with considerable effect size, but the

older groups did not differ. Schizophrenic patients did not demonstrate accelerated age-related decline compared with healthy

controls in any white matter tract. To our knowledge, this is the first study to examine the microstructural integrity of

frontotemporal white matter tracts across the adult lifespan in schizophrenia. The left uncinate fasciculus and right cingulum

bundle are disrupted in younger chronic patients with schizophrenia compared with matched controls, suggesting that these

white matter tracts are related to frontotemporal disconnectivity. The absence of accelerated age-related decline, or differences

between older community-dwelling patients and controls, suggests that these patients may possess resilience to white matter

disruption.
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Introduction
The theory of disrupted oligodendrocyte structure/function (i.e.

white matter) as a core underlying pathophysiological mechanism

in schizophrenia is compelling: converging evidence from electron

microscopy, post-mortem gene expression, animal models, gene

association, neurophysiology and neuroimaging has repeatedly

pointed to myelin and oligodendrocyte abnormalities as a core

feature of, and possible common pathway for, impaired connec-

tivity in schizophrenia (Davis et al., 2003; Dwork et al., 2007;

Kubicki et al., 2007; Voineskos, 2009).

Myelinated bundles of axons that form white matter tracts can

be visualized and characterized using diffusion tensor imaging

(DTI), a clinical neuroimaging technique sensitive to alterations

in the brain white matter microstructure. Such alterations in the

microstructure can be indexed by fractional anisotropy (FA)

(Basser and Pierpaoli, 1996), the degree to which diffusion of

water molecules is restricted by microstructural elements such as

cell bodies, axons, myelin and other constituents of cytoskeleton

(Beaulieu, 2002). The use of methods not optimally suited to DTI

(e.g. voxel-based morphometry) (Jones et al., 2005b), underpow-

ered samples and limited reporting of effect size have limited

interpretability and created challenges for replicating findings

from DTI studies of schizophrenia (Konrad and Winterer, 2008).

More recent DTI tractography approaches allow for the measure-

ment of tissue integrity along white matter tracts, provide an

anatomically based sample of the target fibre (Catani et al.,

2002) and permit reconstruction of white matter tracts consistent

with known neuroanatomy (Mori et al., 1999). However, most

common methods for isolating fibre bundles based on streamline

tractography still require some manual placement of multiple

regions of interest, which can introduce bias. We have developed

a white matter tract ‘clustering’ segmentation method that elimi-

nates the need to place regions of interest manually in order to

identify fibre bundles (O’Donnell et al., 2006) and is also success-

ful in measuring frontotemporal and interhemispheric white matter

tracts (Voineskos et al., 2009).

Disruption in frontotemporal and interhemispheric white matter

tracts may underlie frontotemporal and interhemispheric discon-

nectivity, respectively, in schizophrenia. However, much less is

known about the relationship of such deficits with age. A recent

DTI study (Friedman et al., 2008) demonstrated accelerated

age-related decline in the inferior longitudinal fasciculus, an occi-

pitotemporal tract, and in certain subdivisions of the corpus callo-

sum, but in contrast, such deficits were not present at the first

episode of psychosis. To our knowledge, the possible progression

across the life span of frontotemporal white matter tract deficits

has not yet been studied. Rather, age-related studies of fronto-

temporal white matter tracts have been limited to mid-life patients

with chronic schizophrenia (i.e. 20–55 years) with conflicting

results (Jones et al., 2006; Rosenberger et al., 2008).

The absence of studies comparing DTI white matter tract mea-

sures in older patients with schizophrenia and older healthy indi-

viduals is striking. Late-life is a particularly dynamic time in terms

of white matter change, where healthy individuals are susceptible

to decline in white matter integrity (Salat et al., 2005; Sullivan and

Pfefferbaum, 2006), and such decline may explain cognitive

changes in normal ageing (Hedden and Gabrieli, 2004; Sullivan

and Pfefferbaum, 2007; Ziegler et al., 2008). Similarly, in patients

with schizophrenia, late-life may also be a time when significant

changes in white matter may occur, at least in a subset of indi-

viduals. Clinical studies suggest that some, but not all, patients

undergo progressive decline in cognition and function in late-life

(Rajji and Mulsant, 2008). It is possible that white matter changes

may represent the neurobiological correlates of such divergent

outcomes in schizophrenia. The increasing numbers of older indi-

viduals with schizophrenia and the finding that schizophrenia in

late-life is one of the most expensive of medical disorders (Jeste

and Nasrallah, 2003) underscore the need for understanding the

synergies between schizophrenia and ageing with respect to white

matter changes.

Using whole-brain tractography and our clustering segmenta-

tion approach, we examined intrahemispheric frontotemporal

association fibre tracts (left and right): the uncinate fasciculus,

cingulum bundle, arcuate fasciculus, inferior occipitofrontal fasci-

culus; the main occipitotemporal association fibre tract (left and

right), the inferior longitudinal fasciculus; and interhemispheric

fibre tracts comprising the genu and splenium of the corpus cal-

losum. We focused on patients with chronic schizophrenia, since

the bulk of evidence suggests that white matter abnormalities in

schizophrenia may not be present at illness onset (Friedman et al.,

2008; Konrad and Winterer, 2008). Our study had three main

hypotheses: (i) that differences in frontotemporal white matter

tracts would be present in younger patients with chronic schizo-

phrenia compared with healthy controls; (ii) that similar or even

greater differences would be present in older patients with schizo-

phrenia and age-matched controls; and (iii) that patients with

schizophrenia would demonstrate similar or greater age-effects

on white matter tract integrity across adult life compared with

healthy controls.

Methods

Study participants
Participants were recruited at the Centre for Addiction and Mental

Health (CAMH) in Toronto, Canada, via referral, study registries and

advertisements. All clinical assessments occurred at CAMH while DTI

scans were performed at a nearby general hospital in Toronto. All

participants were administered the Mini Mental Status Exam to

screen for dementia (Folstein et al., 1975), the Structured Clinical

Interview from Diagnostic and Statistical Manual of Mental
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Disorders-IV (First et al., 1995) and were interviewed by a psychiatrist

to ensure diagnostic accuracy. The Positive and Negative Syndrome

Scale (PANSS) (Kay et al., 1987) was administered to characterize

clinical symptoms further. Comorbid illness burden was measured by

administrating the Clinical Information Rating Scale for Geriatrics

(Miller et al., 1992). Medication histories were recorded via self-report

and verified when necessary from the patient’s treating psychiatrist

and chart review. Patients or controls with current substance abuse

or any history of substance dependence were excluded, and urine

toxicology screens were performed on all subjects. Individuals with

previous head trauma and loss of consciousness or neurological disor-

ders were also excluded. A history of a primary psychotic disorder in

first-degree relatives was also an exclusion criterion for controls.

Criteria used to match controls with patients were: age within

5 years, gender, handedness (Edinburgh handedness inventory)

(Oldfield, 1971) and IQ (Wechsler Test for Adult Reading)

(Wechsler, 2001). Initially, we attempted to match based on paren-

tal socioeconomic status (Hollingshead four-factor index of social posi-

tion) (Hollingshead, 1975); however, several older subjects were

unable to report parental education and occupation confidently.

After complete description of the study to the subjects, written and

informed consent was obtained. The study was approved by the

Centre for Addiction and Mental Health Ethics Review Board.

Although 143 subjects met initial screening criteria, 19 were

unable to complete all protocols (e.g. due to failure to return for

DTI procedure, claustrophobia in MRI scanner, request to withdraw

from study). Thus, 124 subjects completed all DTI and clinical

procedures. Three DTI scans were deemed unusable due to exces-

sive artefact and DTI data from 21 subjects were not used in

the present study since no suitable match was found. Thus, 100 sub-

jects are included in this report. They were distributed in the follow-

ing four groups, each including 25 subjects: patients with

chronic schizophrenia 55 years and younger; younger matched

healthy control participants; patients with schizophrenia 56 years and

older; and older healthy controls. The choice of 55 years as the divid-

ing point between age groups was intended to reflect a commonly

chosen upper age limit in neuroimaging studies of patients with

chronic schizophrenia that, typically, have excluded older patients

(e.g. Kubicki et al., 2002; Jones et al., 2006; Rosenberger et al.,

2008).

Image acquisition
DTI images were acquired using an eight-channel head coil on a 1.5

Tesla GE Echospeed system (General Electric Medical Systems,

Milwaukee, WI), which permits maximum gradient amplitudes of

40 mT/m. A single shot spin echo planar sequence was used with

diffusion gradients applied in 23 non-collinear directions and

b = 1000 s/mm2. Two b = 0 images were obtained. Whole brain cov-

erage was obtained (no gap), oblique to the axial plane. Slice thickness

was 2.6 mm and voxels were isotropic. The field of view was 330 mm

and the size of the acquisition matrix was 128�128 mm2, with echo

time = 85.5 ms and repetition time = 15 000 ms. To improve the signal

to noise ratio, the entire sequence was repeated three times. Inversion

recovery prepped spoiled gradient recall and fast-spin echo

T2-weighted images were also acquired in the event of need for reg-

istration and to ensure anatomical accuracy.

Image analysis and tractography
Diffusion weighted images were transferred to a workstation for ana-

lysis. The three repetitions were co-registered to the first b = 0 image in

the first repetition using FMRIB Software Library (v. 4.0) http://

www.fmrib.ox.ac.uk to produce a new averaged image, with gradients

re-oriented according to the registration transformation. A final diffu-

sion tensor was then estimated based on all 75 aligned volumes using

a weighted least-squares approach. Registration corrects eddy current

distortions and subject motion, important artefacts that can affect the

data, and averaging improves the signal to noise ratio. A brain ‘mask’

was then generated. Points were seeded throughout each voxel of the

brain. Whole-brain tractography was performed with a deterministic

(streamline) approach (Runge–Kutta order 2 tractography with a fixed

step size of 0.5 mm). More detailed descriptions of our tractography

approach and our clustering segmentation algorithm have been

recently published (O’Donnell et al., 2006; Voineskos et al., 2009)

and are summarized here. Threshold parameters for tractography were

based on the linear anisotropy measure CL, where CL = (�1� �2)/�1

and �1 and �2 are the two largest eigenvalues of the diffusion tensor

sorted in the descending order. Thresholds were based on the CL

rather than on FA, because FA can be relatively high in regions of

planar anisotropy, which may indicate tract crossings or branching

(Ennis and Kindlmann, 2006). The three threshold parameters for trac-

tography were Tseed, Tstop and Tlength. The Tseed and Tstop are aniso-

tropy thresholds based on CL. The Tlength threshold was 20 mm to

prevent very short fibres from being generated (O’Donnell and

Westin, 2007), in order to permit reliable selection of clusters that

comprise the major neuroanatomic tracts of interest (Voineskos

et al., 2009). Tractography and creation of white matter fibre tracts

were performed using 3D Slicer (http://www.slicer.org) and MATLAB

7.0 (http://www.mathworks.com).

A pairwise fibre trajectory similarity was quantified by first comput-

ing a pairwise fibre distance, and then employing a mean closest point

distance. The directed distances between fibres ‘A’ and ‘B’ were con-

verted to a symmetric pairwise fibre distance. Each distance was then

converted to an affinity measure suitable for spectral clustering via a

Gaussian kernel (Wij) = eð�d2 ij=s2Þ (Shi and Malik, 2000). The role of �

(� = 60 mm) is to define the size scale of the problem by setting the

distance over which fibres can be considered similar. A spectral

embedding of fibres was then created based on the eigenvectors of

the fibre affinity matrix. We used the top 15 eigenvectors of the fibre

similarity matrix to calculate the most important shape similarity infor-

mation for each fibre, using a k-way normalized cuts clustering algo-

rithm (O’Donnell et al., 2006).

Once the whole brain cluster model was produced, a trained oper-

ator (A.N.V.) combined the clusters that correspond to a given fibre

tract. Left and right uncinate fasciculus, inferior occipitofrontal fasci-

culus, cingulum bundle, inferior longitudinal fasciculus, arcuate fasci-

culus, and genu and splenium (parietal, temporal, occipital fibres) of

the corpus callosum were selected (Voineskos et al., 2009) (Fig. 1). As

reported elsewhere (Voineskos et al., 2009), two individuals, blind to

participant information, performed the entire clustering procedure sep-

arately on 10 individuals with schizophrenia and 10 healthy controls,

and achieved excellent spatial and quantitative reliability using this

clustering method (i.e. both voxel overlap and scalar measures of

the tensor showed high agreement). MATLAB (v. 7.0) was then

used to calculate FA (Basser and Pierpaoli, 1996). Presented data rep-

resent the mean values along the selected tracts. With the exception

of participants included in the reliability study, this is a new cohort of

subjects, with data reported for the first time.

Statistical analysis
Data were analysed using the Statistical Package for the Social

Sciences v.15.0. For groupwise comparisons, a repeated measures
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ANOVA model was used. The four ‘diagnosis-age’ groups were com-

pared: younger controls, younger schizophrenic patients, older controls

and older schizophrenic patients. Some reports have indicated that

gender may affect microstructural integrity of white matter

(Schmithorst et al., 2008; Huster et al., 2009). Therefore, gender

was also included as a between-group factor. There were

12 within-group factors; the mean FA for each of the 12 white

matter tracts was studied. Post hoc t-tests comparing the younger

control to the younger schizophrenia groups and the older control to

the older schizophrenia groups were used to discover where significant

differences in tract FA were present between age-specific diagnostic

groups. For individual tract analyses, Bonferroni correction for 12 com-

parisons (P50.05/12) (i.e. P50.0042) was applied. When a significant

difference was found, tract volume and chlorpromazine equivalents of

medication dosage were regressed against FA for that fibre tract, to

correct for any influence of these variables.

Rather than conducting post hoc within diagnostic group compari-

sons of the younger schizophrenia to older schizophrenia groups and

the younger control to older control groups, we sought to examine the

age-related change in each white matter tract within the diagnostic

group by using correlational analysis across adult life separately for all

schizophrenic patients and then for all controls. We then compared

correlations of age-related FA decline between the schizophrenia

group and the control group for each white matter tract across

adult life. Significance of the differences between correlations (to com-

pare age-related FA changes for each white matter tract in schizophre-

nic patients versus healthy controls) was calculated by dividing the

difference between Fischer’s Z-score transformation of Pearson’s r by

the standard error of difference between the two correlations (Blalock,

1972).

Since previous studies have found evidence of potential differences

in asymmetry (Kubicki et al., 2002) in schizophrenia, a laterality index

was calculated for each bilateral hemispheric tract (i.e. uncinate fasci-

culus, arcuate fasciculus, inferior longitudinal fasciculus, inferior occi-

pitofrontal fasciculus, cingulum bundle), as in Catani et al. (2007):

laterality index = (left tract FA – right tract FA)/[(left tract FA + right

tract FA)]/2. A repeated measures ANOVA was performed, with the

five-tract laterality index within group measures and the diagnosis-age

group as the between-group measure. To examine for age-related

effects, the laterality index for each tract pair was regressed against

age.

Exploratory correlational analyses for tract FA values were per-

formed with positive and negative symptom subscale scores from

the PANSS in each schizophrenia group (younger schizophrenia

group, older schizophrenia group). For each laterality index, correla-

tions with PANSS scores were performed for all schizophrenic patients,

since age was not related to laterality.

The relationship of Mini Mental Status Exam scores to tract FA was

also explored using separate Pearson correlational analyses for patients

with schizophrenia and controls.

Results
Demographic and clinical characteristics of the 100 subjects are

presented in Table 1. Figure 2 illustrates the mean FA values for

each ‘diagnosis-age’ group at each white matter tract. There was

a significant main effect of group (F3,92 = 12.2, P50.001)

and a group by tract interaction (F33,1012 = 1.68, P = 0.010)

(Greenhouse–Geiser correction: F26,832 = 1.68, P = 0.018)

(observed power = 0.989). There was no significant main effect

of gender (F1,92 = 0.53, P = 0.47), nor was there a significant

group by gender (F3,92 = 1.68, P = 0.18) or group by gender by

tract interaction (F33,1012 = 1.17, P = 0.26).

Three individuals in the schizophrenia group experienced

‘late-onset schizophrenia’ (i.e. onset of illness at age 45 and

older) (Jeste et al., 1995), which may represent a milder version

of illness (Almeida et al., 1995), resulting in a significant difference

in the age-of-onset in the two schizophrenia groups (t48 = 2.5,

P = 0.02); thus, the analysis was repeated without these three indi-

viduals (the age-of-onset was no longer different between the

schizophrenia groups: t45 = 1.4, P = 0.16). Significant results were

Figure 1 White matter tracts of interest superimposed on fractional anisotropy grey scale images. (A) Left to right: left uncinate

fasciculus, left inferior occipitofrontal fasciculus, left arcuate fasciculus. (B) Left to right: left inferior longitudinal fasciculus, right cingulum

bundle, genu and splenium of corpus callosum (in same panel, both coloured red).
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Table 1 Demographic and clinical characteristics of subjects

Demographic Young controls (n = 25) Young SZ (n = 25) Old controls (n = 25) Old SZ (n = 25)
Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Age 38 (10) 40 (12) 66 (7) 65 (6)

Educationa 15 (2) 13 (3) 15 (2) 13 (3)

WTAR (IQ) 114 (8) 110 (12) 115 (10) 112 (13)

MMSE 29 (1) 29 (1) 29 (1) 29 (1)

CIRS-Gb 1 (2) 5 (3) 4 (3) 8 (4)

Age of onsetc NA 23 (5) NA 30 (13)

Duration of illness NA 17 (12) NA 33 (15)

Chlorpromazine equivalent (mg) NA 305 (220) NA 236 (188)

PANSS

Positive NA 14 (6) NA 16 (6)

Negative NA 17 (6) NA 15 (7)

General NA 27 (9) NA 27 (6)

Diagnosis, n NA 22 SZ, 3 SA NA 22 SZ, 3 SA

Gender, n 16 M, 9 F 16 M, 9 F 13 M, 12 F 13 M, 12 F

Handedness, n 24 R, 1 L 24 R, 1 L 24 R, 1 L 24 R, 1 L

Ethnicity, n 18 C, 3 As, 4 Af 21 C, 4 As 22 C, 1 As, 2 Af 23 C, 2 As

Currently smoking, n 8 12 10 12

Antipsychotic treatment,d n NA 21�, 22 2� NA 11�, 23 2�

SZ = schizophrenic; SA = schizoaffective; NA = not applicable; 1� = first-generation antipsychotic; 2� = second-generation antipsychotic; M = male; F = female;
WTAR = Wechsler Test for Adult Reading; MMSE = Mini Mental State Examination; CIRS-G = Clinical Information Rating Scale, Geriatrics; C = Caucasian; As = Asian;
Af = African (based on self-report).
a,b Young controls were compared with young schizophrenic patients; and old controls to old schizophrenic patients using t-tests on age, education, WTAR, MMSE and
CIRS-G. Significant differences (i.e. P50.05) were present on education (t48 = 2.8, P = 0.008) (young schizophrenic patients5young controls and old schizophrenic

patients5old controls) and CIRS-G (t48 = 5.5, P50.001) (young controls5young schizophrenic patients) and (t48 = 4.0, P50.001) (old controls5old schizophrenic
patients).
c Age of onset is higher in the older schizophrenia group; however, when the three late-onset (i.e. 445 years of age) individuals were removed from the older schizophrenic
group, the schizophrenia groups were no longer different in the age of onset, and all analyses of group FA differences were unchanged.
d In each schizophrenia group, one individual was not on antipsychotic medication.

Figure 2 Fractional anisotropy by diagnostic-age group for 12 white matter tracts. �Significant differences (that survived Bonferroni

correction) between young controls and young schizophrenic patients are noted on the figure: left uncinate fasciculus t48 = 3.7, P = 0.001;

and right cingulum bundle t48 = 3.6, P = 0.001. L UF = left uncinate fasciculus; R UF = right uncinate fasciculus; L IFOF = left inferior

occipitofrontal fasciculus; R IFOF = right inferior occipitofrontal fasciculus; L AF = left arcuate fasciculus; R AF = right arcuate fasciculus;

L ILF = left inferior longitudinal fasciculus; R ILF = right inferior longitudinal fasciculus; L CB = left cingulum bundle; R CB = right cingulum

bundle; G CC = genu of corpus callosum; S CC = splenium of corpus callosum.
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unchanged following this new analysis: a significant main effect of

group (F3,89 = 14.1, P50.001) and a group by tract interaction

(F33,979 = 1.68, P = 0.010) (Greenhouse–Geiser correction:

F26,784 = 1.68, P = 0.018) were still present, while no significant

main effects or interaction effects of gender were present.

The post hoc comparisons of the younger control and the youn-

ger schizophrenia groups demonstrated statistically significant dif-

ferences (threshold set at P50.0042) with relatively large effect

size for the left uncinate fasciculus (t48 = 3.7, P = 0.001) (Cohen’s

d = 1.05) and the right cingulum bundle (t48 = 3.6, P = 0.001)

(Cohen’s d = 1.02). There was no relationship between FA and

the fibre tract volume for the left uncinate fasciculus and right

cingulum bundle, nor with FA and the mean medication dose.

No differences in FA were present between the older groups for

any white matter tract (P40.10 for all tracts).

Significant inverse correlations between age and FA were found

in healthy controls (P40.001 for all white matter tracts), and in

schizophrenic patients, except for the left uncinate fasciculus

(r =�0.26, P = 0.07), right uncinate fasciculus (r =�0.32,

P = 0.02), left arcuate fasciculus (r =�0.24, P = 0.10), right arcuate

fasciculus (r =�0.35, P = 0.01) and right cingulum bundle

(r =�0.36, P = 0.01), which did not reach significance after apply-

ing the P value corrected for the 12 comparisons (Fig. 3). There

was no statistically significant difference in correlation coefficients

measuring the age-related decline of FA between diagnostic

groups for any white matter tract (all P40.05).

For the laterality index, there were no main effects of group

(F3,96 = 1.05, P = 0.37) nor group by tract interaction

(F12,384 = 1.10, P = 0.36). No relationship was present between

age and laterality index for any bilateral tract in either the controls

or schizophrenia samples.

No significant relationships were found for PANSS scores with

FA in either schizophrenia group. A significant relationship

between the cingulum bundle laterality index and negative symp-

toms (r = 0.47, P = 0.001) across all schizophrenia subjects was

found.

No relationship between the Mini Mental Status Exam score and

the tract FA was found for schizophrenic patients, and no such

relationship was found for healthy controls.

Discussion
We conducted a comprehensive DTI study of the microstructural

integrity of frontotemporal and interhemispheric white matter

tracts in 50 patients with schizophrenia stratified into a younger

and an older group and 50 individually matched controls. This

study has three main findings: (i) the left uncinate fasciculus and

right cingulum bundle showed a significant decrease in microstruc-

tural integrity (FA) in younger patients compared with younger

controls; (ii) no differences in FA were observed/detected between

older patients and older controls; and (iii) age-related FA decline

occurs in both patients and controls; however, no exaggerated

ageing effects in schizophrenia were found.

The decreased FA we observed in the left uncinate faciculus in

younger patients with schizophrenia is consistent with the litera-

ture suggesting frontotemporal disconnectivity in schizophrenia

(McIntosh et al., 2008), although there have been negative stu-

dies (Jones et al., 2006). Reduced oligodendrocyte number and

gene expression in frontal and temporal cortices in schizophrenia

have been reported (Hakak et al., 2001; Uranova et al., 2001;

Katsel et al., 2005), which align with our finding of reduced FA in

the left uncinate fasciculus. Reduced oligodendrocyte number in

schizophrenia may lead to disrupted myelin, or insufficient

myelin mediated inhibition of neuritic sprouting (Budel et al.,

2008), which in turn may contribute to axonal disorganization,

and hence reduced FA in the left uncinate fasciculus (Voineskos,

2009). The uncinate fasciculus may also have disrupted asymmetry

in schizophrenia (Kubicki et al., 2002); however, we found no

difference in our laterality index. A role for the uncinate fasciculus

in self-regulation, self-awareness and goal-directed behaviour is

suggested by the specific frontotemporal regions it connects

(Kubicki et al., 2002) and by results from lesion studies.

Therefore, disrupted uncinate fasciculus integrity in schizophrenia

may be related to impaired social cognition, characterized mainly

by theory of mind and empathy deficits (Benedetti et al., 2009).

However, these dimensions of the disease are not measured by

the PANSS scale or conventional neuropsychological testing.

We also observed decreased FA of the right cingulum bundle in

younger schizophrenic patients compared with controls, consistent

with frontotemporal disconnectivity. Increased white matter

volume in the right cingulate but not the left (Mitelman et al.,

2005) has been shown, and right cingulate metabolism has shown

preferential decrease during the Stroop task in schizophrenia

(Nordahl et al., 2001). Glial cell loss has been demonstrated in

cingulate cortex in schizophrenia, and oligodendrocyte-related

genes are downregulated in three regions connected only by the

cingulum bundle, the cingulate, frontal and temporal cortices

(Davis et al., 2003). Recent work has also demonstrated down-

regulation of oligodendrocyte genes in cingulate white matter,

namely the quaking gene, myelin-associated glycoprotein gene,

20,30-cyclic nucleotide 30-phosphodiesterase gene and the transfer-

rin gene (McCullumsmith et al., 2007). Dowregulation of such

genes in cingulate white matter in schizophrenia may be related

to decreased FA in the cingulum bundle measured with DTI.

However, previous DTI studies have shown decreases in FA in

both left and right cingulum bundles, while others have not

(Konrad and Winterer, 2008). Disrupted cingulum integrity in

schizophrenia may be related to negative symptoms and impaired

executive function (Kubicki et al., 2007). In our analysis, we found

no relationship with negative symptoms in left or right cingulum.

However, a significant correlation between the cingulum laterality

index and negative symptom burden was present across both

schizophrenia age groups (though this should be viewed as pre-

liminary given the large number of comparisons made with tract

FA and the PANSS). Nevertheless, it is possible that greater asym-

metry of the cingulum may represent a pathophysiological mech-

anism underlying negative symptoms in schizophrenia. Others

have also shown that increasing asymmetry may be disadvanta-

geous: while asymmetry of the arcuate fasciculus is normal,

healthy individuals with the greatest asymmetry performed most

poorly in the California Verbal Learning Task (Catani et al., 2007).

We found no differences in FA in the arcuate fasciculus, inferior

longitudinal fasciculus, inferior occipitofrontal fasciculus or corpus
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Figure 3 Relationship between age and fractional anisotropy for each white matter tract in both schizophrenic patients and healthy

controls. No significant differences (when comparing correlation coefficients) in age-related decline of fractional anisotropy were present

in any white matter tract between schizophrenic patients and controls.
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Figure 3 Continued.
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callosum. For the left inferior longitudinal fasciculus, recent tracto-

graphy findings in early onset schizophrenia adolescents have

shown reduced FA, where individuals with visual hallucinations

showed further reduced FA (Ashtari et al., 2007). On the other

hand, higher FA in both the arcuate fasciculus (Shergill et al.,

2007) and cingulum bundle (Hubl et al., 2004) has been asso-

ciated with auditory hallucinations in schizophrenia. Despite our

negative findings, continued investigation of the arcuate fascicu-

lus, inferior longitudinal fasciculus, inferior occipitofrontal fascicu-

lus and corpus callosum in schizophrenia is important, particularly

given their crucial roles in language, visuo-emotional processing,

visuo-spatial function and interhemispheric communication,

respectively (Gazzaniga, 2000; Catani et al., 2003; Kier et al.,

2004; Kubicki et al., 2007; Catani and Mesulam, 2008).

To our knowledge, this is the first report examining frontotem-

poral white matter tracts in schizophrenia across the adult lifespan.

Our data showed no excess in the expected age-related decline in

older patients compared with healthy controls. While it is possible

that we were insufficiently powered to detect differences between

the older groups, the detectable differences and large effect sizes

observed between the younger groups make such a possibility less

likely. Other studies using DTI tractography have also found dif-

ferences between groups with similar or smaller sample sizes com-

pared with ours (Ashtari et al., 2007; McIntosh et al., 2008).

Another DTI tractography study (Jones et al., 2005a) examined

elderly patients with ‘very-late-onset schizophrenia-like’ psychosis

compared with healthy elderly controls and found no differences

in FA measured along frontotemporal white matter tracts. Though

the patients in that study did not have schizophrenia and had a

much shorter duration of illness (since the onset of illness was 60

years or greater), one important similarity with our elderly patients

was that all individuals had Mini Mental Status Exam scores of 25

or greater. Our findings are unlike the recent finding of exagger-

ated age-related decline in schizophrenia in the forceps minor of

the corpus callosum and the inferior longitudinal fasciculus

(Friedman et al., 2008). One explanation for this difference

might be due to different methodological approaches, whereby

Friedman et al. (2008) used a region-of-interest-based approach,

and thus sampled specific anatomic portions of the corpus callo-

sum and inferior longitudinal fasciculus, whereas via our tractogra-

phy approach, our FA results represent microstructural integrity

measured along each fibre tract. In addition, Friedman et al.

(2008) included long-term institutionalized patients, who have

been shown to experience dramatic cognitive decline, with cogni-

tive scores consistent with severe dementia (Rajji and Mulsant,

2008). Our patients were community-dwelling with cognitive

scores in the non-demented range. Unlike institutionalized

patients, older community-dwelling patients may be more resilient,

given the otherwise dramatically decreased life-expectancy in indi-

viduals with schizophrenia (Marder et al., 2004; Tiihonen et al.,

2009). Our lack of finding of a relationship between Mini Mental

Status Exam score and tract FA was not surprising given the

narrow range of Mini Mental Status Exam scores in our sample,

and the simplified nature of the Mini Mental Status Exam as a

neurocognitive assessment. Efforts are underway by our group to

comprehensively investigate the relationship between white matter

integrity and cognition in schizophrenia across the adult lifespan.

Further characterization of such a relationship, particularly in

late-life, may provide insight into neurobiological underpinnings

of cognitive and functional outcomes, and neural correlates of

successful ageing in schizophrenia.

The absence of differences between our older groups provides

some insight regarding the potential confounding effects of med-

ication on FA. Like ours, most studies demonstrate no relationship

between medication and FA. These cross-sectional findings do not

prove that reduced FA in chronic schizophrenia samples is not

medication-related. However, they help mitigate such concerns.

If medication had a significant effect on FA, the group with the

longer medication exposure (i.e. the elderly group) might have

had a greater reduction in FA than the control group.

Furthermore, antipsychotic medications may lead to white matter

repair, possibly reflected by increased FA (Garver et al., 2008),

and, in mice, the atypical antipsychotic, quetiapine, has been

shown to facilitate oligodendrocyte development (Xiao et al.,

2008).

Our study has several limitations. First, even though they may

provide a protective effect for oligodendrocytes, antipsychotic

medication effects on FA are still not well understood. Second,

ageing is associated with a larger cumulative burden of exposure

to environmental factors that may change white matter integrity,

such as smoking, alcohol or comorbid physical disorders. In

patients with schizophrenia, these factors are present at a higher

rate than in the general population (Marder et al., 2004). Third,

post-mortem studies of schizophrenic patients that demonstrate

reduced myelin gene expression have been shown with both

younger chronic (Torrey et al., 2000; Tkachev et al., 2003) and

older chronic subjects (Hakak et al., 2001), though the older sub-

jects had ‘chronic intractable schizophrenia, each with at least 35

years of hospitalization’ (Hakak et al., 2001). Since these

post-mortem studies do not include elderly community-dwelling

subjects, conclusions regarding the relationship of post-mortem

myelin gene downregulation reported in the literature to the

lack of FA differences between our elderly groups cannot be

drawn. Regarding study design, a longitudinal DTI study is

needed to provide information about white matter decline in

each individual, and it would protect against a survivor selection

bias, which can be present in a cross-sectional design, such as

ours. Fourth, we did not study institutionalized patients, who

may have a more severe form, or different variant of illness.

They may experience progressive deterioration, and accelerated

decrease in white matter integrity. Recently, prominent FA

changes in schizophrenia have emerged from datasets that include

individuals who have severe disease phenotypes, such as patients

with early-onset schizophrenia (Ashtari et al., 2007), institutiona-

lized inpatients (Friedman et al., 2008) and deficit syndrome

patients (Rowland et al., 2009). Finally, while we are confident

in our measurement of FA given that previous work has demon-

strated at least 20 unique sampling orientations as necessary for a

robust measurement of anisotropy (Jones, 2004) (we obtained 23

unique sampling orientations), for robust estimations of tensor ori-

entation and mean diffusivity at least 30 unique sampling orien-

tations are required (Jones, 2004).

In summary, we investigated 12 susceptible corticocortical white

matter tracts in schizophrenia across the adult lifespan. We studied
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a relatively large, carefully matched group, assessing both age-

and group-effects for each white matter tract. Statistically signif-

icant reductions in FA with large effect sizes were observed in the

left uncinate and right cingulum of younger patients with chronic

schizophrenia. However, these differences were not present in

older patients. Future DTI investigations of these elderly patients

in conjunction with more detailed cognitive measures may ulti-

mately reveal specific mechanisms or biomarkers of resilience in

schizophrenia. At the same time, a focus on white matter in indi-

viduals with schizophrenia who have a severe, deteriorating course

of illness may reveal which patients experience age-related decline

that exceeds that of healthy ageing, thus providing increased

capability to discover biological substrates of prognosis in schizo-

phrenia across adult life.
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