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Abstract

Introduction—Frontal-subcortical cognitive and limbic feedback loops modulate higher

cognitive functioning. The final step in these feedback loops is the thalamo-cortical projection

through the anterior limb of the internal capsule (AL-IC). Using diffusion tensor imaging (DTI),

we evaluated abnormalities in the AL-IC fiber tract in schizophrenia.

Methods—16 chronic schizophrenics and 19 male, normal controls group matched for

handedness, age, and parental SES, underwent DTI on a 1.5 Tesla GE system. We measured the

diffusion indices, fractional anisotropy (FA) mean diffusivity (MD), radial diffusivity (RD), and

axial diffusivity (AD), and manually segmented, based on FA maps, AL-IC volume, normalized

for intracranial contents (ICC).

Results—Results showed a significant reduction in the ICC corrected volume of the AL-IC, in

schizophrenia, but did not show diffusion measure group differences in the AL-IC in FA, MD, RD

or AD. In addition, results revealed in schizophrenics, AL-IC FA correlated positively with

performance on measures of spatial and verbal declarative/episodic memory, and right AL-IC ICC

corrected volume correlated positively with more perseverative responses on the Wisconsin Card

Sort Test (WCST).
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Discussion—We found a reduction in AL-IC ICC corrected volume in schizophrenia, without

FA, MD, RD or AD group differences, implicating the presence of a structural abnormality in

schizophrenia in this subcortical white matter region which contains important cognitive, and

limbic feedback pathways which modulate prefrontal cortical function. Despite not demonstrating

a group difference in FA, we found that AL-IC FA was a good predictor of spatial and verbal

declarative/episodic memory performance in schizophrenia.

Keywords

Schizophrenia; Diffusion Tensor Imaging; Anterior Limb of the Internal Capsule; Thalamus;
Prefrontal Cortex

1. Introduction

Frontal-subcortical cognitive and limbic feedback loops modulate higher cognitive

functioning (Cummings 1993; Levitt et al 2002; Levy et al 1997; Manoach et al 2000). Of

significance for the current study, the final step for all higher cognitive function prefrontal-

subcortical feedback loops, both cognitive and limbic, is the white matter fiber tracts passing

through the anterior limb of the internal capsule (ALIC) (Albin et al 1989; Alexander et al

1990; Alexander et al 1986; Cummings 1995; Middleton and Strick 2001). More

specifically, discrete cognitive and limbic feedback circuits anatomically link the prefrontal

cortex to the basal ganglia and thalamus forming fronto-striatal thalamic (FST) parallel,

feedback loops (Albin et al 1989; Alexander et al 1990; Alexander et al 1986; Cummings

1995; Middleton and Strick 2001). Structural abnormalities in any of the gray and/or white

matter core structures involved in this circuitry, including the ALIC, could functionally

disconnect the cognitive and limbic feedback loops and consequently interfere with the

output from this circuitry. In turn, this could produce cognitive and limbic symptoms similar

to that produced by damaging the prefronatal cortex, itself, and could hence induce

neuropsychiatric syndromes including schizophrenia. The mediodorsal nucleus which

receives input, for example, from the dosolateral prefrontal cortex and the anterior nucleus

which receives input from the hippocampus are both thalamic subnuclei which project out

through the ALIC (Nolte 2002; Parent 1996). Hence, abnormalities in the ALIC could

impair executive and memory functions subseved by such structures. Furthermore, two

previous papers our ours (Nestor et al 2004; Nestor et al 2008) found that decreased FA in

the cingulum and uncinate fasciculus, in chronic schizophrenic subjects, indeed, correlated

respectively with worse performance on measures of executive function and verbal memory.

The prefrontal targets of the cingulum and uncinate, the cingulate cortex and orbitofrontal

cortex, both project to the striatum in FST subloops which, in turn, project back to the

prefrontal cortex via thalamocortical projections through the ALIC. Hence, disturbances in

the ALIC, via its disruption of prefrontal-subcortical loops, also could lead to impaired

verbal memory and executive function. Using diffusion tensor imaging (DTI), we evaluated

abnormalities in the AL-IC fiber tract in schizophrenia.

There are now a number of neuroimaging studies that suggest white matter abnormalities

using DTI in schizophrenia (Buchsbaum et al 1998; Burns et al 2003; Kubicki et al 2002a;

Kubicki et al 2003; Lim et al 1999; Wang et al 2004; Wolkin et al 2003). In particular, the
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diffusion measure of Fractional Anisotropy (FA) has been assessed. FA is an index of the

degree of asphericity of water diffusion and is believed to be sensitive to the extent of

anatomical connectivity between brain regions. More specifically, with regard to the AL-IC

in schizophrenia, a number of studies, using a variety of MR imaging methods have reported

FA abnormalities in schizophrenia. A number of approaches using MR-DTI have been

employed. A reduction in FA in schizophrenia has been reported in the AL-IC based on the

use of tract-based spatial statistics (Jeong et al 2009), tractography (Oh et al 2009), voxel-

based morphometry (Sussmann et al 2009; Zhou et al 2003), and an automated “strereotactic

ROI approach” (Mitelman et al 2007). FA asymmetry differences in schizophrenia including

in the AL-IC has been reported using a voxel-based tensor analysis (Park et al 2004).

However, a recent whole brain voxel-based morphometry (VBM) MR DTI study of

paranoid schizophrenics with a history of auditory hallucinations did not find FA changes in

the ALIC, although decreased FA was reported in a number of regions as well as increased

FA in the arcuate fasiculus, only, in schizophrenic subjects (Rotarska-Jagiela et al 2009). In

addition, MRI structural analysis of the AL-IC has also been performed in varying ways.

Decreased volume of the AL-IC has been reported in schizophrenia based upon manual

tracing methodology in first-episode and chronic schizophrenics (Lang et al 2006; Wobrock

et al 2008; Zhou et al 2003) and based upon using VBM (Chua et al 2007; Zhou et al 2003).

Additionally, using a combined manual and automatic methodology, decreased volume at

“dorsal levels” of AL-IC in chronic schizophrenic patients with poor outcome has also been

reported (Brickman et al 2006). Other morphometric measures of AL-IC have also been

reported including decreased maximal cross-sectional area in the left AL-IC in first-episode

schizophrenia (Wobrock et al 2009) and a shorter tract length connecting the AL-IC with the

prefrontal cortex (Buchsbaum et al 2006).

Additional diffusion measures including RD, MD and AD have also been examined in

schizophrenic subjects. Whitford et al (2010) from our group found a reduction in FA

together with an increase in RD in frontal corpus callosum fibers, and the latter finding was

interpreted as consistent with demyelination. Also, (Ashtari et al 2007) in adolescents with

schizophrenia found decreased FA and increased RD and overall diffusion (Trace), after

adjusting for premorbid intelligence, in the left inferior longitudinal fasciculus. Lastly, in a

complex statistical analysis, Michael et al. (2008) examined the relationship of FA, MD, AD

and RD in schizophrenic subjects with the PANNS, measures of symptom severity, and

found that “…FA values of almost all regions” negatively correlated with PANNS scores

indicating that more severe symptoms correlated with more disturbed white matter. They

also found that “MD and AD, for most of the regions” positively correlated with PANNS

scores, again, indicating that more disturbed white matter correlated with more severe

symptoms, although RD “did not show strong correlations for any of the regions”.

Despite the array of approaches to measuring the AL-IC in schizophrenia, we note that we

did not find studies which measured both FA and total AL-IC volume, based on FA maps,

which was the approach employed by us. We believe the simultaneous measurement of both

volume and diffusion indices of the IC in a single study, helps to understand better the

meaning of the reported diffusion measure findings including FA, mean diffusity, radial and

axial diffusivity in schizophrenia. We used MR-DTI, instead of structural MRI, as DTI
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allows for the assessment of diffusion measures as well as volume (e.g., Kubicki et al

2002b), and may be more sensitive to the detection of the boundaries of fiber tracts, such as

the AL-IC. We hypothesized both decreased FA and decreased volume in the AL-IC in

schizophrenia. Given our FA hypothesis, we also measured mean diffusivity (MD), axial

diffusivity (AD) and radial diffusivity (RD). MD can be thought of as an index of

extracellular fluid (Hoptman et al 2002); it reflects overall diffusivity not dependent on

direction, and specifically measures the mean of the tensor eigenvalues; AD can be thought

of as indexing longitudinal axonal integrity; whereas, RD can be thought of as indexing

myelin pathology and potentially inter-axonal extracellular fluid, or axonal packing (Song et

al 2003; Song et al 2002). Finally, we predicted that FA and volume of the AL-IC white

matter, in schizophrenic patients, would correlate with poorer performance on

neuropsychological measures sensitive to prefrontal cortical functioning, as well as with

greater severity on clinical measures of positive and negative symptoms of psychosis.

2. Methods

2.1. Subjects

Sixteen male patients with chronic schizophrenia were recruited from inpatient, day

treatment, outpatient, and foster care programs at the VA Boston Healthcare System,

Brockton, Mass. Assessments with the Structured Clinical Interview for DSM-IV—Patient

Version (SCID) (First et al 1997) were used to make DSM-IV diagnoses, and the non-

patient edition of the SCID (First et al 1995) was completed for 19 normal control subjects.

The control subjects were recruited from the general community and were group-matched to

the patients on age, sex, handedness (Oldfield 1971), and parental socioeconomic status

(Hollingshead 1965). The inclusion criteria for all subjects were right-handedness (one

subject was ambidextrous), age between 17 and 55 years, no history of electroconvulsive

shock treatment, no history of neurological illness, no alcohol or drug abuse in the last 5

years, no medication with known effects on MR (such as steroids), a verbal IQ at least 70,

and an ability and desire to cooperate with the procedures as evidenced by written informed

consent. In addition, the control subjects were screened to exclude individuals who had a

first-degree relative with an axis I disorder.

Mean age did not differ between patients and normal controls (39.4, SD=7.2, versus 42.4,

SD 6.6). Also, there was no significant difference in parental socioeconomic status between

groups (2.8, SD=1 versus 2.4, SD 1.2). There were, however, the expected differences in

other indices including years of education (12.4, SD 2.0 versus 15.6, SD 2.4, t=4.1,

p<0.001), IQ (86.2, SD 14.0 versus 109.0, SD 10.3, t=5.0, p<0.001) and personal

socioeconomic status (4.3, SD 0.8 versus 2.2, SD 1.0, t=−6.5, p<0.001; See Table 1).

Furthermore, the chronic schizophrenic subjects were quite ill as reflected in their scores on

their clinical measures. As noted in Table 1, their mean scores on the PANNS total, Global

SANS and Global SAPS, respectively, were 69.6 (±21.7), 10.5 (±5.7) and 9.6 (±3.3).

Written informed consent was obtained from all subjects after they received a complete

description of the studies.
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2.2. Neuropsychological and clinical measures

All subjects were evaluated using a neuropsychological test battery, where we selected tests

that we believed were especially sensitive to frontal, particularly, prefrontal cortical

functions (Lezak 1995; Nestor et al 1993; Nestor et al 1998). Hence, for neuropsychological

measures, all subsets were evaluated on the Wisconsin Card Sorting Test (WCST), the FAS

verbal fluency task, Trailmaking B, the WAIS-III scaled score on block design, digits

forward and backward, digit span, spatial span, letter-number sequencing, the wais III

working memory index and the wais III family pictures recall, and the Wechsler Memory

Scale— 3rd ed. (WMS) LMI story recall. For clinical measures, all subjects were evaluated

on The Positive and Negative syndrome scale (PANSS) (Kay et al 1987), the overall SANS

(Andreasen 1981) and the overall SAPS (Andreasen 1984). We used the above tests to

assess the psychopathological significance of the internal capsule in patients with

schizophrenia.

2.3 MRI methods

2.3.1. Image acquisition and post-processing—All subjects were scanned using a

line-scan diffusion tensor imaging (LSDI) acquisition, (Gudbjartsson et al 1996), which,

unlike single-shot (Turner et al 1990) and navigated echo (Ordidge et al 1994) echo-planar

imaging, the most commonly used MR diffusion imaging techniques, is largely insensitive

to bulk motion and movement artifacts, producing relatively undistorted DWI images

(Kubicki et al 2004). MR scans were performed with a quadrature head coil on a 1.5-T GE

Echospeed system (General Electric Medical Systems, Milwaukee), which permits

maximum gradient amplitudes of 40 mT/meter. The line-scan diffusion tensor imaging

sequence was acquired in the coronal oblique orientation, parallel to the AC-PC line, and

perpendicular to the interhemispheric fissure. For each line, six images with high diffusion

weighting (1000 sec/mm2) along six directions were collected. For low diffusion weighting

(5 sec/mm2) we collected only two images, since diffusion-related signal changes are

minimal. The following scan characteristics were used: rectangular field of view, 220×165

mm; 128×128 scan matrix (256×256 image matrix); slice thickness, 4 mm; interslice

distance, 1 mm; receiver bandwidth, ±4 kHz; TE (echo time), 64 msec; effective TR

(repetition time), 2592 msec; scan time, 60 sec/slice section. We acquired a total of 31–35

coronal slices covering the entire brain, depending on brain size. The total scan time was

31–35 minutes. After reconstruction, the diffusion-weighted images were transferred to a

workstation, where eigenvalue, eigenvector, and fractional anisotropy maps of the diffusion

tensor were calculated and multiplied by 1000 for slicer display purposes.

We measured mean FA and MD, RD and AD for region of interest (ROI) volumes. FA was

calculated based upon the fraction of the magnitude of the tensor that can be ascribed to the

anisotropic diffusion by manipulating tensor eigenvalues, as described by (Basser 1995).

MD was calculated as representing the mean diffusivity of the 3 orthogonal tensor

eigenvalues, λ1 and λ2 and λ3/3. Furthermore, AD was calculated as representing the value

of the principal eigenvalue, Lambda, λ1, and RD represents the value of the mean of

eigenvalues for Lambda, λ2 and λ3/2 (Song et al 2003; Song et al 2002). Volume was

calculated by summing all voxels manually traced upon FA DTI maps, as described below,

for left and right AL-IC. Volume measurements were normalized for head size by using the
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volume of Intracranial Contents (ICC) to calculate ROI linear regression residualized

measures (See 2.4. Statistical analysis, below). An axial series of contiguous double-echo

(proton density and T2-weighted) images (repetition time=3000 msec, echo time=30 and 80

msec, voxel dimensions=0.9375×0.9375×3.0mm) was employed to measure ICC volume, as

previously described (Hirayasu et al 2000; Kasai et al 2003).

2.3.2. Manual segmentation: internal capsule anatomical landmarks—To

quantify internal capsule FA, we used the 3D-Slicer (http://www.slicer.org) which provides

tools for the manual tracing of Region of Interests (ROIs) including allowing the viewing of

ROIs in all 3 planes simultaneously. ROIs were manually drawn using the following criteria.

The AL-IC spanned approximately four coronal slices. The anterior boundary of the AL-IC

was the coronal slice posterior to the emergence of the rostrum of the corpus callosum. The

superior boundary of the AL-IC was formed by the line connecting the most medio-dorsal

aspect of the putamen and the dorso-lateral aspect of the caudate nucleus where it is

contiguous with the corpus callosum (easier to visualize using DTI FA Maps). The medial

and lateral boundaries were formed by the lateral aspect of the caudate nucleus and the

medial aspect of the lentiform nucleus, respectively. The inferior boundary was defined by a

gray matter area that included the ventral striatum, basal forebrain nuclei and the globus

pallidus. Lastly, the posterior boundary was formed by the most anterior slice where the

column of the fornix was present (Figure 1).

Interrater reliability for left and right AL-IC (rI =0.95; rI =0.93) were high. Inter-rater

reliabilities, based on intraclass correlation coefficients, were computed by three raters on

the brain scans of 5 schizophrenic and 5 normal control subjects, randomly selected from the

total pool of subjects.

2.4. Statistical analysis

To correct for differences in brain size, a linear regression procedure was employed with

absolute volume of each of the ROIs as the dependent variable and ICC as the independent

variable, yielding residualized volumes which were then used in subsequent analyses.

Repeated measures analysis of variance (ANOVA) with group (chronic schizophrenic

versus normal controls) as a ‘between-subjects’ factor and side as a ‘within-subjects factor’,

was used to test for group differences in AL-IC residualized volumes. Repeated measures

analysis of variance (ANOVA), with group (chronic schizophrenic versus normal controls)

as a ‘between-subjects’ factor and side as a ‘within-subjects factor’, was used to test for

group differences in internal capsule diffusion FA. In the case of a significant main effect,

planned, independent t-tests were used, with significance set at P < 0.05 (two-tailed) to

compare group mean differences. Because of our relatively small sample size, and to avoid

the undue influence of outliers, we employed nonparametric Spearman’s rho (r) tests, with

2-tailed p values, to test possible associations between internal capsule variables with

cognitive and clinical measures of psychopathology.
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3. Results

3.1. AL-IC ROI volumes and diffusion measures

As shown in Figure 2 and Table 2, statistical tests of group difference were performed on

both FA and on residualized volume measures of internal capsule ROIs as well as on total

intracranial contents absolute volumes. There was no group difference in total intracranial

volume (1488.02 ± 117.71 vs 1536.02 ± 121.69, t=1.18, df=33. p=0.25). We found that

Repeated Measures ANOVA, using residualized measures of AL-IC volume, revealed a

significant main effect for group (F=4.27, df=1,33, p=0.047) but not for side (F=0.010,

df=1,33, p=0.92), with no group by side interaction (F=1.39, df=1,33, p=0.25). Follow-up t-

tests revealed a significant decrease in residualized volume measures for the right (−0.15 ±

0.34 vs 0.12 ± 0.39 mls, t=2.13, df=33, p=0.04) with a trend decrease in volume for the left

(−0.082 ± 0.31 vs 0.07 ± 0.27 mls, t=1.54, df=33, p=.13) AL-IC in schizophrenia. Of note,

when we performed Repeated Measures ANOVA using absolute volumes of internal capsule

ROIs and covaried for ICC, instead of using residualized volumes, we found similar results.

We found that Repeated Measures ANOVA for AL-IC diffusion FA revealed a trend main

effect for group (F=2.18, df=1,33, p=0.084) a main effect for side (F=10.89, df=1,33,

p=0.002) and no group by side interaction (F=0.06, df=1,33, p=0.81). Furthermore, repeated

measures ANOVA for mean AL-IC MD revealed no main effect for group (F=1.44,

df=1,33, p=0.239) or side (F=0.33, df=1,33, p=0.569), and no group by side interaction

(F=1.11, df=1,33, p=0.299). Follow up t-tests showed no group differences between

schizophrenics and normal controls in MD in the left (0.709±0.02 vs 0.703±0.02; t=−1.04,

df=33, p=0.31) or right (0.710±.02 vs 0.701±0.02; t=−1.30, df=33, p=0.20) AL-IC. In

addition, we found that Repeated Measures ANOVA for AL-IC radial diffusivity revealed

no main effect for group (F=1.04, df=1,33, p=0.316) or for side (F=2.35 df=1,33, p=0.135),

and no group by side interaction (F=0.015, df=1,33, p=0.903). Moreover, we found that

Repeated Measures ANOVA for AL-IC axial diffusivity revealed no main effect for group

(F=1.30, df=1,33, p=0.262), a main effect for side (F=10.16, df=1,33, p=0.003), and no

group by side interaction (F=0.23, df=1,33, p=0.639).

3.2. Correlations between volume and diffusion of the AL-IC with measures of
psychopathology, demographic variables and neuroleptic exposure in chronic
schizophrenic subjects

We found more significant correlations with psychopathology in patients diagnosed with

schizophrenia with AL-IC FA measures than with volume measures. Overall, mean FA,

primarily on the right, positively correlated with better performance on several spatial and

verbal declarative/episodic memory tasks and positively correlated with one longitudinal

clinical course measure but not with cross-sectional clinical measures. Specifically, we

found, first, a positive correlation between right AL-IC mean FA (rho=0.73, N=12, p=0.007)

and WAIS-III visual delayed index scores (Figure 3), a measure of spatial episodic memory.

Second, we found a positive correlation between right AL-IC mean FA (rho=0.60, N=12,

p=0.038) and WMS-III family pictures II scales scores (Figure 4), a second measure of

visuospatial episodic memory. And third, we found a positive correlation between right AL-

IC mean FA (rho=0.66, N=12, p=0.021) and a near positive correlation between left AL-IC
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mean FA (rho=0.56, N=12, p=0.056) and WMS-III story A recall unit scores (Figure 5), a

measure of verbal episodic memory. With regard to clinical symptoms we found no

correlations between left nor right AL-IC mean FA and cross-sectional clinical measures of

sum of negative or positive PANNSS scores and SANS and SAPS scores (0.24<ps<0.78).

Also, age of onset, age of subject at SCID date and CPZ Dosage equivalent did not correlate

with our measures of left or right AL-IC FA (0.15<ps<0.70). There was, however, a positive

correlation between right AL-IC mean FA (rho=0.51, N=16, p=0.045), but not left Al-IC

mean FA (p=0.60), and the longitudinal clinical course measure of duration of illness from

onset to date of SCID.

With regard to residualized AL-IC ROI volumes, we found a significant positive correlation

between right AL-IC residualized volume measures (rho=0.60, N=15, p=0.019) and WCST

perseverative response scores (Figure 6). Conversely, the sum of the negative or positive

PANNSS scores and the SANS and SAPS did not significantly correlate with our measures

of residualized left and right AL-IC Volumes (0.20<ps<0.92). Furthermore, clinical

measures including age of onset, age of subject at SCID date, duration of illness and CPZ

dosage equivalent also did not correlate with our measures of residualized left and right AL-

IC volumes (0.50<ps>0.99).

4. Discussion

There are several important findings in our study. First, using manual tracing of the entire

white matter AL-IC, we found a significant group difference, more pronounced on the right,

in AL-IC volume between patients diagnosed with chronic schizophrenia and normal

controls. Second, and not expected, we did not detect a group difference in mean FA for AL-

IC; nor, did we find group differences in MD, AD or RD. Third, despite the absence of a

group difference in FA, we found in schizophrenics, important right-sided positive

correlations between mean FA in the AL-IC and neuropsychological performance on

visuospatial memory and a more bilateral positive correlation between mean FA and verbal

declarative/episodic memory. With regard to our volumetric measures of the AL-IC, we

reported a single positive, right-sided, correlation between volume and WCST perseverative

responses.

Our finding of reduced AL-IC volume supports a structural abnormality in subcortical WM

in schizophrenia in this important region. The absence of a group difference in MD and, also

in particular, RD, supports the absence of an increase in extracellular fluid between axons in

schizophrenic subjects. Though the microstructual implication of diffusion indices have yet

to be fully elucidated, animal studies by Song and colleagues have shown that RD and AD

can be used to discriminate between myelin and axonal damage. Song et al. (2002) studied

“congenitally dysmylelinated shiverer mutant mice” and found using DTI that in these mice

that RD (water diffusivity perpendicular to axonal fiber tracts) was significantly increased in

a number of central nervous system white matter tracts, whereas AD (water diffusivity

parallel to axonal fiber tracts) was not compared with wild type control mice. Furthermore

Song et al. (2003) showed using DTI that in a model of retinal ischemia in mice” where

axonal degeneration precedes myelin degeneration, the time course of change in AD and RD

were consistent with AD changes reflecting axonal damage and RD changes reflecting
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myelin damage. Lastly, Song et al. (2005) used DTI to assess RD and AD in the corpus

callosum using the cuprizone mouse model of demyelination and remylelination found that

the time course of increase and subsequent re-normalization of RD, but not AD, was

consistent with demyelination and remyelination in mice fed fist with cupriozone causing

myelin degeneration and then fed normal chow allowing for myelin regeneration. This again

supports that RD and AD can be used to discriminate between myelin degeneration and

axonal damage. Hence, no group change in RD suggests similar water diffusivity

perpendicular to axons, or between axons, in both groups and is consistent with an absence

of an increase in extracellular fluid between axons in schizophrenics patients compared with

controls. It should also be noted, that in contrast to RD and AD, FA does not discriminate

between myelin and axonal damage.

Two possible interpretations of our findings are as follows. The volume reduction we found

in the AL-IC in schizophrenia could represent fewer fibers with normal packing density; or,

normal fiber numbers which have drawn closer together and, hence, have increased packing

density. A reduction in oligodendroglia cells in schizophrenia has been reported by Hof et

al. (2002) and a potential disturbance in the Myelin related gene, neuregulin-1, also has been

noted in schizophrenia (Corfas et al 2004), both of which could, in turn, lead to reduced

myelin sheath thickness without necessarily reducing fiber number. This would support the

second interpretation for our findings; that is, if AL-IC fibers have thinner myelin in

schizophrenia, and draw closer together leading to increased packing density, this may

maintain a relatively normal amount of extracellular fluid yielding decreased volume, with

greater preservation of FA, which is what we found. The latter idea is analogous to the

proposed explanation for volume reduction in gray matter in schizophrenia of neuropil

reduction with increased neuronal density of Selemon and Goldman-Rackic (1999). To our

knowledge, the first interpretation of fewer fibers in the AL-IC in schizophrenia has not

been demonstrated. A more definitive answer to the above the issue of packing density will

require future careful EM studies assessing this issue in the AL-IC in schizophrenia. An

additional possible explanation for our not finding a group difference in FA might be a

potential normalizing effect of medication in the schizophrenic patients. We note, however,

that we did not find that CPZ dosage equivalence correlated with either our measures of AL-

IC FA or with AL-IC volume.

Our findings further support the importance of simultaneously measuring FA and volume.

FA can be explained by a number of different processes and can reflect a combination of

multiple potential factors including fiber size, density, or myelination, and tract coherence

versus disorganization (McIntosh et al 2008; Park et al 2004). Thus an FA group difference

is subject to a number of interpretations. Knowing volume in addition to FA for a given

structure should help in clarifying which of multiple factors contributes. For example,

decreased FA without volume change may point more to problems of tract coherence;

whereas, in the presence of volume reduction this may point more to issues regarding fiber

size, density and myelination. As our failure to find decreased FA may represent a type II

error, due to a relatively small sample size, our study does not exclude the possibility of a

reduction in both volume and FA in the AL-IC in schizophrenia. As described in our

introduction, decreased AL-IC FA, utilizing different techniques, has been reported in a

number of studies in schizophrenia. Given the above described notion that AL-IC fibers may
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draw closer together in schizophrenia, this may explain why in our study manually traced

volume may have been a more sensitive measure to detect a group difference than FA.

Of further importance, despite not demonstrating a group difference in FA, our FA-cognitive

correlations in schizophrenia suggest the value of AL-IC FA as a predictor of cognitive

function in schizophrenia and the need for future studies using DTI in schizophrenia. More

specifically, our correlative findings support the interpretation that AL-IC FA is an

important measure in schizophrenics in predicting diminished declarative/episodic memory.

Furthermore, chlorpromazine mg-equivalent dosages, in our study, did not correlate either

with mean FA or with the volume of left or right AL-IC (0.33<Ps<0.78) suggesting our

findings were not due to the effect of medication. Our finding of a positive correlation

between right AL-IC volume and WCST perseverative responses at first is surprising as

decreased FA and/or decreased volume might be thought to be associated with worse

neuropsychological performance. Nonetheless, in a condition such as obsessive compulsive

disorder, for which abnormal striatal structure and function have been described (Graybiel

and Rauch 2000), it has been hypothesized that an overactive prefrontal-subcortical circuit

may lead to repetitive behaviors (Saxena et al 1998), which is consistent with our finding of

increased AL-IC volume leading to more perseverative, i.e., repetitive, behaviors. We do

acknowledge, however, as this is one of few studies to assess AL-IC in relation to

neuropsychological disturbance in schizophrenia, we ran a number of exploratory

correlations to see how predictive volume and FA might be. While the number of computed

correlations increased the risk of Type I error, the potential benefit lies in exploring possible

helpful clinical correlations that subsequent studies can either confirm or disconfirm.

Therefore, the observed neuropsychological-anatomical correlations should be considered as

preliminary findings that will need to be replicated in independent studies.

Possible limitations of our study include first, that our sample size may be too small for

detecting a group difference in our measure of FA. For example, our calculated Cohen d

effect size for our right and left AL-IC FA were 0.59 and 0.47 SDs (Cohen 1977) with

schizophrenics showing non-significantly reduced FA for both right and left AL-IC (See

Table 2). This raises the possibility that our negative results regarding AL-IC FA may have

been because of insufficient power. In fact, our repeated measures analysis comparing

groups for FA resulted in a near significant p value for FA of 0.08. Second, although our FA

maps are very useful in detecting the edge of white matter fiber bundles, and, hence, we

believe were effective for tracing the AL-IC, the resolution in our DTI study was 0.8594 by

0.8594 by 4 mm with 1 mm gaps between slices. Nonetheless, we believe that our use of

LSDI, due to better protection from movement artifact, greatly improved the accuracy of the

data. We previously demonstrated that even though acquired at relatively low resolution,

LSDI is characterized by smaller error, and smaller intersubject and intersession variability,

thus, providing more accurate data than comparable EPI sequence (Kubicki et al 2004).

Lastly, newer methods to assess white matter tracts employing various approaches to

tractography are clearly of great importance but are not without potential methodologic

issues. Thus, manual tracing, though labor intensive, we believe remains an important

complementary approach to assessing white matter tracts, particularly anatomically well

defined, discrete tracts such as the AL-IC, whose anatomic boundaries are especially well

defined within the confines of the basal ganglia and the thalamus.
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In summary, we found that the AL-IC, a key subcortical white matter component of

prefrontal corticalsubcortical circuits relevant for modulating cognitive and emotional

functions, is abnormally reduced in volume in chronic schizophrenia, but we did not detect

group differences in the diffusion measures of FA, MD, RD and AD. These findings are

consistent with a reduction in the number of fibers, or a reduction in the thickness of the

myelin sheath of the fibers together with some degree of increased axonal fiber packing

density, in the AL-IC in schizophrenia. Lastly, despite not detecting a group difference in

FA, we found several important correlations with decreased AL-IC FA predicting poorer

performance in spatial and verbal declarative/episodic memory in schizophrenia.
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Figure 1.
(A–D) Manual segmentations of left (shaded purple) and right (shaded green) AL-IC ROIs

superimposed on MRI coronal slices in a subject. The slices are from posterior to anterior

from A to D. (E) A Three-Dimensional rendering of left (purple) and right (green) AL-IC

superimposed on an MRI coronal slice in a subject.
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Figure 2.
Scatterplot of AL-IC (absolute) Volumes in Schizophrenia and Normal Controls. * P<0.05.
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Figure 3.
Scatterplots between Visual Memory Index Scores and Left and Right AL-IC FA in

Schizophrenia. Although we used Spearman’s rho for testing statistical significance because

of our small N, we have plotted a least squares line for the convenience of the reader.

Although we used Spearman ρ for testing statistical significance because of our small

sample size, we have plotted a least squares line for the convenience of the reader.
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Figure 4.
Scatterplot between WMS-III Family Pictures II Scale Scores and Right AL-IC FA in

Schizophrenia. Although we used Spearman’s rho for testing statistical significance because

of our small N, we have plotted a least squares line for the convenience of the reader.

Although we used Spearman ρ for testing statistical significance because of our small

sample size, we have plotted a least squares line for the convenience of the reader.
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Figure 5.
Scatterplots between WMS-III Story A Recall Unit Scores and Right and Left AL-IC FA.

Although we used Spearman’s rho for testing statistical significance because of our small N,

we have plotted a least squares line for the convenience of the reader.
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Figure 6.
Scatterplot between WCST Perseverative Response Scores and Right AL-IC Residualized

Volumes in Schizophrenia. Although we used Spearman ρ for testing statistical significance

because of our small sample size, we have plotted a least squares line for the convenience of

the reader.
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