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Abstract
The anterior limb of the internal capsule (ALIC) is a white matter structure, the medial portion of
which includes the anterior thalamic radiation (ATR) carrying nerve fibers between thalamus and
prefrontal cortex. ATR abnormalities have a possible link with cognitive abnormalities and
negative symptoms in schizophrenia. We aimed to study the fiber integrity of the ATR more
selectively by isolating the medial portion of the ALIC using region-of-interest based
methodology. Diffusion-tensor imaging was used to measure the anisotropy of total ALIC (tALIC)
and medial ALIC (mALIC) in 39 schizophrenia and 33 control participants, matched for age/
gender/handedness. Relationships between anisotropy, psychopathology, and cognitive
performance were analyzed. Compared to controls, schizophrenia participants had 4.55% lower
anisotropy in right tALIC, and 5.38% lower anisotropy in right mALIC. There were no significant
group anisotropy differences on the left. Significant correlations were observed between right
ALIC integrity and relevant domains of cognitive function (e.g., executive function, working
memory). Our study suggests an asymmetric microstructural change in ALIC in schizophrenia
involving the right side, which is only minimally stronger in mALIC, and which correlates with
cognitive impairment. Microstructural changes in the ALIC may be linked to cognitive
dysfunction in schizophrenia.
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1. INTRODUCTION
Dysfunction of the thalamus has been associated with the pathophysiology of schizophrenia
due in part to its dense reciprocal connections with the cerebral cortex (Andreasen, 1997;
Byne et al., 2009). Many structural studies have shown decreased size of the thalamus in
schizophrenia (Wright et al., 2000; Konick and Friedman, 2001), although negative studies
have also been reported (Portas et al., 1998). In our previous studies, using deformation-
based shape analysis, thalamic abnormalities were localized to regions that included the
anterior extremes of the structure (Csernansky et al., 2004; Harms et al., 2007). The anterior
and mediodorsal nuclei have been associated with cognitive functions (Van der Werf et al.,
2003), and postmortem studies have shown a reduction in neuronal population in these
regions among individuals with schizophrenia (Young et al., 2000). The anterior thalamic
nucleus receives hippocampal afferents and projects information to the anterior cingulate
cortex, and can influence the encoding of new stimuli (Mitchell et al., 2002; Van der Werf et
al., 2003). The mediodorsal thalamic nucleus has reciprocal connections with the prefrontal
cortex, and structural and functional abnormalities in this area have been linked to
dysfunction in executive processes pertaining to declarative memory (Van der Werf et al.,
2003).

A major efferent tract of the thalamus is the anterior limb of the internal capsule (ALIC).
The ALIC carries two major fiber systems: the anterior thalamic radiation (ATR) and the
frontopontine tract (Kahle et al, 2002). To a lesser degree thalamo-striate and striato-striate
fibers are also present (Axer and Keyserlingk, 2000; Cunningham, 1903) in the ALIC. The
ATR consists of fibers between mediodorsal thalamic nuclei and the frontal cortex, and
fibers between anterior thalamic nuclei and the anterior cingulate cortices (Kahle et al.,
2002; Zhou et al., 2003). Frontopontine fibers are descending cortical fibers, which have
motor functions (Hendelman, 2006). Although the distinct fiber systems intermingle to a
degree in the ALIC (Axer and Keyerslingk, 2000, Axer et al., 1999), the anterior thalamic
radiation fibers tend to course medial to the frontopontine tracts in at least some deep brain
regions superior to the anterior commissure (Wright and Locke, 1971; Meyer et al., 1947;
Wakana et al. 2004. At more inferior regions near the level of the anterior commissure, the
ALIC consists almost exclusively of anterior thalamic radiation fibers (Spalteholz, 1923).

In recent years an increasingly valuable tool for evaluating the integrity of the ALIC and
other white matter tracts has been diffusion tensor imaging (DTI) (Basser et al., 1994). DTI
measures the diffusivity of water molecules within living brain and can characterize the
organization of underlying tissue structure using scalar measures of anisotropy (Basser,
1999; Conturo et al., 1996). In healthy white matter, water is constrained to diffuse primarily
along the axis of the fibers resulting in a high anisotropy, while in gray matter diffusion is
less directional yielding a relatively low anisotropy (Pierpaoli et al., 1996; Le Bihan et al.,
2001). Anisotropy refers to the extent to which water diffusion is direction-dependent within
the tissue microstructure, and is considered a marker of white matter integrity. Therefore
DTI can evaluate the integrity and directionality of white matter tracts in vivo. Previous DTI
studies of schizophrenia have generally shown decreased anisotropy in various white matter
structures as well as a loss of normal left-right asymmetry (Kanaan et al., 2005; Kubicki et
al., 2007). The anisotropy of the ALIC has been previously reported to be decreased in
schizophrenia using both voxel based morphometry (Sussmann et al., 2009; Munoz Maniega
et al., 2008) and region-of-interest (ROI) based methods (Zou et al., 2008; Mitelman et al.,
2007; Sussmann et al., 2009). In addition, reduced anisotropy has been found in unaffected
siblings of patients (Munoz Maniega et al., 2008).

The goal of the current study was to determine if selective measurement of the anterior
thalamic radiation may provide increased sensitivity to detect anisotropy changes in
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schizophrenia relative to the ALIC as a whole. We also sought to determine if those changes
have a relationship with specific symptoms and cognitive features of schizophrenia. We
hypothesize that weighting the anisotropy measurements to the anterior thalamic radiation
by measuring the more medial part of the ALIC will yield a more significant reduction in
schizophrenia subjects than when measuring the total ALIC. This hypothesis is based on the
premise that anterior thalamic radiation, and not frontopontine fibers, are disrupted in
schizophrenia, due to decreased neuronal density in thalamic nuclei that project through the
ATR (Young et al., 2000). Also, since the anterior thalamic radiation is associated with
memory encoding and executive functioning (as described above), we hypothesize a
relationship of fiber integrity to cognitive performance.

2. METHODS
2. 1. SUBJECTS

The study was approved by the local Institutional Review Board (IRB). Informed consent
was obtained in all subjects. Two groups of subjects were recruited by advertising in local
area psychiatric clinics and in the community: schizophrenia probands (SCZ; n=39) and
healthy controls (CON; n=33). From an initial group of potential subjects that fit inclusion
criteria (see below), the final group of study subjects were those from whom diffusion tensor
image scans were generated and whose MR scans did not have significant artifact (e.g.,
movement). This cohort of subjects overlapped with those subjects used in our previous
studies of thalamic structure (Csernansky et al, 2004; Harms et al, 2007), but is a subset of
the subjects from those studies, since DTI scans were not collected in all subjects.

The demographic and clinical profiles of the subject groups are summarized in TABLE 1.
All subjects were diagnosed using DSM-IV criteria on the basis of a consensus between a
research psychiatrist and a Masters level research assistant who used the Structured Clinical
Interview for DSM-IV Axis I Disorders (SCID-I) (First et al., 1995). Subjects were excluded
if they had neurologic disorders, unstable medical disorders, head injury with loss of
consciousness, contraindication to MRI (e.g., metal implant or claustrophobia), or if they
met DSM-IV criteria for substance abuse or dependence within the three months preceding
assessment. Handedness was determined in all subjects as the hand used for writing.

The SCZ participants were clinically stable; the global severity of their symptoms had
remained unchanged for at least 2 weeks prior to participation in the study. The majority of
SCZ subjects were currently on atypical antipsychotic drugs. The CON participants had no
lifetime history of Axis I psychotic or major mood disorders (i.e. major depression or
bipolar disorder) or any first-degree relative with a psychotic disorder.

2. 2. ASSESSMENT OF PSYCHOTIC SYMPTOMS
Measures of specific domains of psychopathology were derived in two ways. First, measures
of lifetime history of psychopathology were derived for delusions, hallucinations, thought
disorganization and negative symptoms using selected item scores extracted from the SCID-
I, as previously described (Mamah et al., 2008). Second, measures of current
psychopathology were derived from subscores of the Scale for the Assessment of Negative
Symptoms (SANS) and the Scale for the Assessment of Positive Symptoms (SAPS)
(Andreasen and Olsen, 1982). Mean individual subscores of SAPS and SANS assessments
are listed on TABLE 1.

2.3. ASSESSMENT OF NEUROCOGNITION
Cognitive function was assessed using a battery of neuropsychological tests. The raw scores
from the individual neuropsychological tests were first z-scored (against a sample of 216
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subjects, including controls, individuals with schizophrenia, and their siblings that have
participated in studies at our center). Selected clusters of z-scores were then averaged to
yield four broad cognitive domains (executive function, episodic memory, working memory
and crystallized intelligence). For executive function, episodic memory, and working
memory, the domain clusters were composed of the same items as described in Harms et al
(2007; also see Delawalla et al., 2006). Crystallized intelligence (Kay, 2005) was assessed
using scores from the WAIS-III Vocabulary subtest.

2.4. IMAGE ACQUISITION AND PROCESSING
DTI data were acquired in study participants over a 3-year period from 2004–2006 using the
same MRI scanner, pulse sequence, and acquisition protocol. The DTI acquisition was
incorporated into ongoing MRI studies of schizophrenia which began in 2001. All MRI
scanning was performed using a Siemens Magnetom Vision 1.5T imaging system.

The DTI methods were tailored to anisotropy imaging of smaller white-matter structures
such as the ALIC. Specifically, diffusion-tensor images were acquired using a custom in-
house single-shot echo planar imaging (EPI) DTI pulse sequence designed for higher spatial
resolution. Tetrahedral-perpendicular tensor encoding was employed (Shimony et al., 1999)
using b values of 37, 333, and 1000 s/mm2. This encoding scheme has a low matrix
condition number (i.e., low noise) (Skare et al., 2000; Hasan et al., 2001). The sequence was
designed to use the resonant circuit to clip the sinusoidal gradient waveforms in order to
perform EPI readout during a plateau, while using the early sinusoidal upslope to rapidly
reach the readout plateau. Sampling on a plateau enabled on-line reconstruction on the
scanner.

In the initial pulse sequence optimization phase of the study, the optimal repetition time
(TR) for maximal SNR was analytically determined, assuming repeat scanning and signal
averaging at a fixed scan time. Taking into account the on-line image reconstruction time,
the optimal TR was found to be 2.5 s. To optimize isotropic voxel size, we then acquired
human brain data with varied voxel size and number of scan repeats. (An isotropic voxel
size was chosen to provide effective measurement of ROI means and volumes). An isotropic
voxel size of 2.0 mm was found to be a good trade-off between smaller voxels that have low
SNR (causing overestimation of anisotropy due to noise bias, or alternatively requiring an
impractical amount of signal averaging) versus larger voxels that have partial volume
averaging (causing underestimation of anisotropy due to surrounding gray matter, and
causing coarse ROI sampling of the ALIC). Acquisition of 7 contiguous slices with a 2.0-
mm slice thickness provided the necessary anatomical coverage (see below), while yielding
a nearly optimal TR of 2.62 s. Acquisition of 12 scan repeats provided sufficient signal
averaging for anisotropy imaging of the ALIC with minimal noise bias, and yielded a 5.6-
min scan time allowing the DTI scan to be incorporated into to the overall MRI scan session.
The echo time (TE) was 108 ms (with centered echoes and fat saturation) for acquisition of a
256×256 mm field of view, oversampled with a 128×200 matrix.

Subjects were positioned with their canthomeatal line perpendicular to the table. DTI scans
were acquired such as to generate seven contiguous 2.0-mm slices (with no slice gaps) in a
14 mm axial slab containing the ALIC. Because the ALIC has a characteristic anatomical
relationship to the adjacent anterior commissure (AC), the slices were positioned relative to
the AC identified on a high-resolution sagittal scout scan. The bottom of the second-lowest
slice was positioned at the inferior border of the AC, such that the AC coursed within the
plane of this slice, while the lowest slice was immediately inferior to the AC.

Rigorous scanner quality control was administered over the 3-year data acquisition period,
including quarterly RF room maintenance, and increased frequency of vendor QA testing
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and tuning. There were no vendor software or hardware changes during this period. These
procedures provided very stable imaging conditions for this study.

Images were processed by realignment of all slices to the b~0 T2-weighted EPI image (I0
image) to correct for eddy-current effects and movement. The I0 image and diffusion-
weighted images (DWIs) were then averaged across the 12 scans to increase SNR. From the
averaged I0 and DWIs, anisotropy images were computed using the parameter Aσ (Conturo
et al., 1996). Aσ ranges from 0 to 1, and has a linear response over that range. Aσ is related
to fractional anisotropy (FA) (Basser., 1995) by a nonlinear numerical expression (Hasan
and Narayana, 2003). Accordingly, Aσ has a linear partial-volume effect (Shimony et al.,
1999) when imaging small white-matter structures surrounded by gray matter (e.g., ALIC).
All anisotropy measurements are reported as Aσ.

2.5. OUTLINING REGIONS OF INTEREST
Regions of interest (ROI) were outlined using Analyze AVW™ software (Mayo Foundation,
Rochester, Minnesota) on the anisotropy images. The T2-weighted EPI (I0) images
(averaged across 12 scans) were displayed alongside anisotropy images to help guide ROI
outlining. All ROIs were outlined by manual tracing on the anisotropy images, with the
position confirmed on the I0 images (Fig. 1). The same operator, who was blinded to
diagnostic group, traced all ROIs. Of the seven slices generated, only four slices were
outlined: the third to the sixth axial slice (numbered from inferior to superior). Thus, ROIs
were placed in the slices immediately superior to the anterior commissure (the latter
coursing through slice #2). First, the total anterior limb of the internal capsule (tALIC) was
outlined in its entirety, with its rostral border formed by the beginning of the external
capsule, and its caudal border formed by a line continuous with the lateral border of the
posterior limb of the internal capsule (Fig. 1A). Second, the medial portion of the ALIC
(mALIC) was outlined by bisecting out the medial part of the tALIC (Fig. 1B) in all four
slices except the most inferior slice (slice #3). On this most inferior slice, the tALIC was not
medially bisected because the ALIC at this level is almost exclusively composed of anterior
thalamic radiation fibers (Axer and Keyerslingk, 2000, Axer et al., 1999). On this slice, the
entire width of the ALIC was included in the measurement of mALIC.

2.6. DATA ANALYSIS
Mean anisotropy was computed across the four slices to generate the total mean anisotropy
value for each region. Group differences in mean anisotropy and ROI volumes were
assessed using one-way ANOVA with hemisphere as a repeated factor (SAS, SAS Institute,
Cary NC). Bivariate correlations between anisotropy and subscores of psychopathology or
neurocognitive domain scores were assessed using Pearson’s statistics (SAS). As anisotropy
was hypothesized to be inversely related to the presence and severity of clinical abnormality,
one-tailed tests were used to derive p-values. Because there was no hypothesis concerning
volumes, comparison of ROI volumes utilized two-tailed tests.

3. RESULTS
3.1. ROI VOLUMES

For each subject, the volume of the specific ROIs outlined in each axial section were
summed across sections to calculate the total ROI volumes. This calculation was used as a
quality-control check on the ROI tracing procedure, and to test for differences in tALIC
volume between groups. Because anisotropy images demonstrate the full thickness of the
internal capsule compared to conventional T1- or T2-weighted images (Shimony et al.,
1999), we assessed the tALIC volume using the volumes of the tALIC ROI outlines drawn
on anisotropy images. Analysis of volumes using repeated measures ANOVA revealed no
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main effect of group (p=0.3) and no group-by-hemisphere interaction (p>0.8) for either
tALIC or mALIC, although the main effect of hemisphere was significant for both ROIs
(p<0.0001). Mean volumes of the tALIC ROIs were 324.7 mm3 (control) and 333.9 mm3

(schizophrenia) on the right (p=0.5), and 277.4 mm3 (control) and 288.5 mm3

(schizophrenia) on the left (p=0.35). Medial volumes of mALIC ROIs were 195.3 mm3

(control) and 203.9 mm3 (schizophrenia) on the right (p=0.37), and 171.8 mm3 (control) and
178.8 mm3 (schizophrenia) on the left (p=0.4). The percent of the tALIC ROI volume that
was designated as mALIC was 60.15% (control) and 61.07% (schizophrenia) on the right,
and 61.93% (control) and 61.98% (schizophrenia) on the left, indicating that the mALIC
ROI was consistently defined by splitting the tALIC. (The percentage is > 50% due to the
entire tALIC being assigned to mALIC on the lowest slice).

3.2. ANISOTROPY
Graphs comparing mean anisotropy between groups in each ROI are shown in Fig. 2. Mean
Aσ values of the tALIC were 0.374 (control) and 0.357 (schizophrenia) on the right
(−4.55%), and 0.344 (control) and 0.346 (schizophrenia) on the left (+0.58%). There was a
significant main effect of hemisphere on tALIC mean Aσ (right>left, F[1,70]=22.6,
p<0.0001). The main effect of group was not significant (F[1,70]=0.9, p=0.36). However,
because the group-by-hemisphere interaction was significant (F[1,70]=5.2, p=0.026), we
conducted a group comparison separately by hemisphere and found a significant effect of
group status on mean anisotropy of the tALIC on the right side (F[1,70]=4.4, p=0.04), but
not the left (p=0.8). Including race as a covariate in the analysis showed near identical
results.

Mean Aσ values of the mALIC were 0.353 (control) and 0.334 (schizophrenia) on the right
(−5.38%), and 0.333 (control) and 0.329 (schizophrenia) on the left (−1.20%). The main
effect of hemisphere was again significant for the mALIC (F[1,70]=8.8, p=0.004). The main
effect of group was not significant (F=[1,70]=1.9, p=0.18), but because the group-by-
hemisphere interaction trended toward significance (F=[1,70]=3.2, p=0.077), we conducted
a post-hoc group comparison separately by hemisphere. This analysis found that mean
anisotropy in the mALIC was significantly reduced in the schizophrenia group on the right
(F[1,70]=4.9, p=0.03), but not the left (p=0.7). Including race as a covariate in the analysis
did not change the results.

3.3. RELATIONSHIPS OF ANISOTROPY TO PSYCHOPATHOLOGY
Using lifetime psychopathology measures derived from the SCID, there were no significant
correlations observed in SCZ subjects between hallucinations, delusions or thought
disorganization and mean anisotropy values in any ROI. Among the subtests obtained from
the SAPS and SANS, the only significant relationships were the attention subtest (SANS)
with the right tALIC (r= −0.29; p=0.038) and with the right mALIC (r= −0.34; p=0.017) in
SCZ subjects.

3.4. RELATIONSHIP OF ANISOTROPY TO PSYCHOPATHOLOGY AND NEUROCOGNITION
Using lifetime psychopathology measures derived from the SCID, there were no significant
correlations observed in SCZ subjects between hallucinations, delusions or thought
disorganization and mean anisotropy values in any ROI. Among the subtests obtained from
the SAPS and SANS, the only significant relationships were the attention subtests (SANS)
with the right tALIC (r= −0.29; p=0.038) and with the right mALIC (r= −0.34; p=0.017) in
SCZ subjects.

Partial correlation analysis (controlled for group status), including both subject groups, was
used to evaluate the relationship between mean anisotropy and four cognitive domains (i.e.
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executive function, episodic memory, working memory and crystallized intelligence).
Significant relationships were observed for anisotropy of the right mALIC with executive
function (r=0.23; p=0.03), as well as a trend-level correlation with working memory (r=0.16;
p=0.095). Right tALIC values similarly correlated significantly with executive function
(r=0.23; p=0.03), and showed trend-level correlations with both working memory (r=0.19;
p=0.06) and episodic memory (r=0.16; p=0.1). Graphs of the relationship between the right
tALIC and the cognitive domains are shown in Fig. 3.

4. DISCUSSION
In this study, we found evidence for decreased anisotropy in the anterior limb of the internal
capsule (ALIC) in patients with schizophrenia, compared to controls. Anisotropy decreases
could be due to decreased myelination, neuronal fiber density, or directional coherence
(Basser, 1999). A possible explanation for the right ALIC finding is decreased neuronal
fiber density, which would be consistent with histopathologic observations showing
decreased neuronal density in thalamic neurons that project through the ALIC (Young et al.,
2000). Previous DTI studies in schizophrenia have also found decreased anisotropy and/or
increased mean diffusivity of the ALIC (Oh et al, 2009; Sussmann et al., 2009; Munoz
Maniega et al., 2008; Zou et al., 2008; Mitelman et al., 2007). Other studies have reported
smaller volumes (Wobrock et al, 2009; Brickman et al, 2006; Lang et al, 2006; Zhou et al,
2003; Kito et al, 2009), or tract length (Buchsbaum et al, 2006), of the ALIC in
schizophrenia, which were not found in our study. Altered myelin- and axonal-associated
proteins have also been noted in the ALIC in schizophrenia (Beasley et al, 2009), which
further suggests that impaired ALIC integrity is linked to disorder pathology. Previous
findings of smaller mediodorsal and/or anterior thalamic nuclei in schizophrenia (Shimizu et
al, 2008; Byne et al, 2002; Young et al, 2000; Hazlett et al, 1999) support the association of
these nuclei with ALIC abnormalities. It is notable that not all DTI studies found abnormal
anisotropy in schizophrenia and some have reported abnormalities in the posterior limb of
the internal capsule (PLIC) (Cheung et al, 2008; Szeszko et al, 2005). Reduced volumes
limited to the PLIC, rather than ALIC, have also been noted (Yoshihara et al, 2008). Unlike
other studies of the ALIC anisotropy in schizophrenia (Sussmann et al., 2009; Munoz
Maniega et al., 2008; Zou et al., 2008; Mitelman et al., 2007), our results show only
unilateral abnormality involving the right side. Our finding of higher anisotropy on the right
compared to the left in control subjects is consistent with previous studies (Park et al., 2004;
Peled et al., 1998). There was a notable decrease in the left-right asymmetry of anisotropy in
individuals with schizophrenia, compared to controls, consistent with the hypothesis of
attenuated asymmetry in schizophrenia (Crow et al., 1989). Right greater than left
asymmetry of thalamic volume has been previously reported in both controls and
schizophrenia patients (Harms et al., 2007; Deicken et al., 2002), although other authors
have noted different results (Csernansky et al., 2004). Interestingly, a selectively decreased
metabolic rate of the right thalamus has also been reported in schizophrenia, with a loss of
the normal right greater than left asymmetry (Buchsbaum et al., 1996). This may indicate
that thalamic processes may be disrupted asymmetrically in schizophrenia.

It was notable that the overall mean anisotropy of the mALIC was lower than the tALIC in
both groups. This could be due to biological factors such as a relatively decreased fiber
density, myelination, or fiber directionality (Byne et al, 2006; Madler et al, 2008; Kubicki et
al, 2005) in medial regions of the ALIC. As this difference between mALIC and tALIC was
observed in both control and schizophrenia subjects, it does not appear to be pathologic. The
tALIC consists of the anterior thalamic radiation, frontopontine tract, and to a lesser extent
thalamostriate and striato-striate fibers (Kahle et al., 2002; Axer and Keyserlingk, 2000;
Cunningham, 1903). While it has been reported that the anterior thalamic radiation (ATR)
tends to run medial to the frontopontine tract in the ALIC (Wright and Locke, 1971; Meyer

Mamah et al. Page 7

Psychiatry Res. Author manuscript; available in PMC 2014 January 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



et al., 1947; Wakana et al., 2004), other studies have indicated a more complex
intermingling of fiber systems (Axer and Keyserlingk, 2000; Axer et al., 1999). Descending
fibers of the frontopontine tract are highly organized (Stieltjes et al, 2001), and may account
for higher anisotropy in lateral regions of the ALIC. Our results show that more medial
regions of the ALIC have a similar percentage (as well as statistical) difference in anisotropy
between SCZ and CON as the ALIC as a whole. Comparing mALIC to tALIC anisotropy,
we observed less than 1% difference in anisotropy decrease in schizophrenia. Thus, the
difference between the mALIC and tALIC effects were not as strong as anticipated, possibly
because the medial portion of the ALIC biologically has a significant microscopic
intermingling of different fiber tracts. While variability in the tracing/positioning of the
narrow mALIC ROI (Fig. 1) might lead to admixtures of structures other than the ATR, and
dilute the effect seen in mALIC, the consistency of the mALIC ROI volume as a percent of
the tALIC volume indicates that the mALIC ROI was consistently defined. The observation
that effects occur in both mALIC and tALIC suggests that both the frontopontine tract
system and ATR are affected in schizophrenia.

Our results also suggested a relationship between white matter integrity in the right ALIC
(and its medial portion) and cognitive performance. Among the domains of cognitive
function, the most significant relationship was with executive function, and to a lesser
degree working memory. Interestingly, there were no significant correlations of positive or
negative psychopathology measures and the ALIC, with the exception of the attention
subtest of the SANS. Taken together, this suggests a possible relationship of the integrity of
the ALIC with cognitive, but not psychotic symptoms, at least in our cohort of subjects. This
finding is consistent with the role of the ATR in cognition, since the ATR carries fibers from
the thalamic nuclei to the prefrontal cortex, which is involved in executive function and
planning complex behaviors (Van der Werf et al., 2003; Zoppelt et al., 2003; Floresco and
Grace, 2003). Anterior thalamic nuclei process afferent information from the hippocampus,
which is involved in working memory, and project mainly to anterior cingulate cortex
(Mitchell et al., 2002; Van der Werf et al, 2003). Many of the other authors investigating the
ALIC in schizophrenia (Sussmann et al., 2009; Zou et al., 2008; Mitelman et al., 2007;
Munoz Maniega et al., 2008) did not study its relationship to cognition. Sussmann et al
(2009) did not find a correlation between ALIC integrity and psychopathology using the
Positive and Negative Symptom Scale (PANSS). However, Harms et al. (2007) found a
weak relationship between working memory performance and shape abnormalities of the
thalamus which involved its anterior surface. Results of our correlation analysis should be
interpreted with caution as they were not controlled for multiple comparisons, which would
have negated significant effects. Nonetheless, our finding a relationship between the
integrity of ALIC anisotropy and executive function is consistent with prior work suggesting
the importance of thalamic-prefrontal connections to executive control.

Since beginning the collection of our imaging data, acquisition schemes for obtaining
diffusion imaging data have continued to evolve, which may improve the validity of results
of DTI studies in the future (Vaessen et al, 2010; Cheng et al, 2010). A limitation to the
current study is that it was not designed to adequately control for the effect of medications
and recreational substances on our findings. Antipsychotic medications or the higher
prevalence of substance use in schizophrenia patients may account for at least some of the
abnormalities reported in the ALIC. However, the asymmetric abnormalities noted make it
unlikely that these are chemically induced. Furthermore, ALIC abnormalities have been
previously shown in antipsychotic-naïve schizophrenia patients (Zou et al., 2008). Future
studies designed to explore the effects of specific antipsychotic medications and substances
may explain the degree to which they may contribute to white matter abnormalities.
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Figure 1. Outlining the anterior limb of the internal capsule (ALIC)
The figures show examples of axial brain slices with respective regions of interest for A)
total ALIC (tALIC) and B) medial ALIC (mALIC). The mALIC was defined as the medial
half of the ALIC in the superior three of four slices in which the ALIC was defined, plus the
entire ALIC in the most inferior slice. Only one slice is shown in the figure.
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Figure 2. Anisotropy of the ALIC
The figure shows mean anisotropy of the entire ALIC (tALIC) and the medial ALIC
(mALIC) in schizophrenia and control subjects.
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Figure 3. Relationship of right mALIC anisotropy with cognition
The graphs are derived from partial correlation analysis that included both schizophrenia
and control patients. The relationships shown include that between right mALIC and
executive function (r=0.23, p=0.03), crystallized intelligence (r=0.07; p=0.6), episodic
memory (r=0.16; p=0.1) and working memory (r=0.19; p=0.06). Cognitive relationships for
the right tALIC were similar.
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TABLE 1

Demographic and clinical profiles.a

Characteristics SCZ n=39 CON n=33 F or χ2 p

Age 38.0 (12.6) 33.4 (16.7) 1.7 0.19

Gender – N (%)

 Female 13 (33.3) 13 (39.4) 0.28 0.59

 Male 26 (66.7) 20 (60.6)

Race – N (%)

 African American 23 (59.0) 9 (27.3) 7.4 0.03*

 Caucasian 15 (38.5) 23 (69.7)

 Hispanic 1 (2.6) 1 (3.0)

Handedness – N (%)

 Right 33 (89.2) 28 (87.5) 0.05 0.83

 Left 4 (10.8) 4 (12.5)

Parental Socioeconomic Statusb 3.8 (0.8) 3.4 (0.9) 3.84 0.054

Illness duration (yrs) 17.1 (14.2) n/a n/a n/a

Positive Psychotic Symptoms (SAPS)c

 Hallucinations 1.25 (1.7) n/a n/a n/a

 Delusions 2.08 (1.8) n/a n/a n/a

 Bizarre Behavior 0.68 (0.9) n/a n/a n/a

 Positive Thought 1.59 (1.3) n/a n/a n/a

Negative Psychotic Symptoms (SANS)c

 Affective Flattening 1.10 (1.2) n/a n/a n/a

 Alogia 0.97 (1.0) n/a n/a n/a

 Avolition/Apathy 2.18 (1.2) n/a n/a n/a

 Anhedonia/Asociality 2.21 (1.5) n/a n/a n/a

 Attention 1.76 (1.4) n/a n/a n/a

a
Values are means (standard deviation) unless stated otherwise. F values were calculated using one-way ANOVA across groups. The χ2 value is

the result of a chi-square comparison.

b
Socioeconomic status ranges from 1–5, with higher values indicating lower socioeconomic status.

c
SAPS and SANS scores range from 1–5, with higher values indicating stronger positive (SAPS) or negative (SANS) symptoms.

n/a=not applicable.

*
Statistically significant (p<0.05) between-group differences.
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