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Abstract Ventricular enlargement is one of the most

consistent abnormal structural brain findings in schizo-

phrenia and has been used to infer brain shrinkage. How-

ever, whether ventricular enlargement is related to local

overlying cortex and/or adjacent subcortical structures or

whether it is related to brain volume change globally has

not been assessed. We systematically assessed interrela-

tions of ventricular volumes with gray and white matter

volumes of 40 Brodmann areas (BAs), the thalamus and its

medial dorsal nucleus and pulvinar, the internal capsule,

caudate and putamen. We acquired structural MRI

( patients with schizophrenia (n = 64) and healthy controls

(n = 56)) and diffusion tensor fractional anisotropy

(FA) (untreated schizophrenia n = 19, controls n = 32).

Volumes were assessed by manual tracing of central

structures and a semi-automated parcellation of BAs.

Patients with schizophrenia had increased ventricular size

associated with decreased cortical gray matter volumes

widely across the brain; a similar but less pronounced

pattern was seen in normal controls; local correlations (e.g.

temporal horn with temporal lobe volume) were not

appreciably higher than non-local correlations (e.g. tem-

poral horn with prefrontal volume). White matter regions

adjacent to the ventricles similarly did not reveal strong

regional relationships. FA and center of mass of the ante-

rior limb of the internal capsule also appeared differentially

influenced by ventricular volume but findings were simi-

larly not regional. Taken together, these findings indicate

that ventricular enlargement is globally interrelated with

gray matter volume diminution but not directly correlated
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with volume loss in the immediately adjacent caudate,

putamen, or internal capsule.

Keywords Cerebral spinal fluid � Sulcal enlargement �
Myelin � Fronto-thalamic connectivity

Introduction

Ventricular enlargement is one of the earliest [1] and most

consistent findings in schizophrenia [2]. The ventricles of

patients with schizophrenia are approximately 130% the

size of normal controls, an absolute volume difference in

the order of 1.5 cm3 [3]. This has been interpreted as an

indicator of brain shrinkage after the onset of the brain

process associated with schizophrenia since the skull in an

adult or adolescent is unlikely to contract. Thus, in

schizophrenia, the cranial vault would have increased fluid

volume if there were less brain tissue. If ventricular

enlargement was primarily due to shrinkage of tissue sur-

rounding the ventricle (caudate, thalamus, white matter),

we would expect that it would appear at some delay after

illness onset and be associated with relatively large local

volume change. If, alternately, ventricular enlargement was

due to diffuse cortical shrinkage, a very small percentage

loss (1%) of whole cortical volume could produce a ven-

tricular enlargement of 1.5 cm3. While some studies sug-

gest that ventricular enlargement is present by the time of

first psychotic episodes of schizophrenia, high-risk studies

tend to find a reduction in cortical gray matter volume that

is more prominent than ventricular enlargement [4, 5]. In

fact, first episode patients may show little ventricular

enlargement, [2] which appears later in the illness [6]. If

ventricular enlargement is present at illness onset, it seems

compatible with a developmental abnormality and poten-

tially regional. If it is more prominent in older individuals

ill for a long time but initially relatively well as adults, a

progressive and diffuse cortical gray matter loss and con-

comitant ventricular enlargement seem more consistent.

While ventricular enlargement might result in part from

decreased cortical volume in the frontal and temporal lobes

where gray matter decreases have been found as reviewed

earlier, structures immediately adjacent to the anterior horn

of the ventricles, the caudate[7], internal capsule [8, 9], and

thalamus [10] have also been found to be smaller in

patients. The order of magnitude of reductions in these

areas is 0.2–0.5 cm3 each. Cumulative volume loss in these

structures is 30–50% less than the total enlargement of the

ventricles, but could make a contribution to size increase.

However, progressive cortical shrinkage over time has

been estimated at approximately 37 cm3 in patients in

comparison with healthy subjects in a review of six studies

[6] and thus might fully explain ventricular enlargement.

Few studies have examined neuroanatomical correlates

of ventricular enlargement in schizophrenia. Voxel-based

morphometry revealed increased ventricular/brain ratio

associated with volume decrease in the thalamus and stri-

atum as well as the anterior temporal lobe [11], suggesting

a regional relationship. Post-mortem results found temporal

horn volume correlations with temporal lobe gyral volume

[12]. Cortical shrinkage associated with ventricular

enlargement might mechanically press on or pull apart

adjacent structures contributing to their volume loss. For

example, the interthalamic adhesion is more often missing

in subjects with larger third ventricles [13]. If this is a more

general mechanism, anterior horn size might be more

closely correlated with adjacent structure volumes than

with more distant cortical volumes. To our knowledge, no

previous study on schizophrenia has systematically asses-

sed the correlations between subregions of the ventricular

system and both regional cortical and subcortical volumes.

We hypothesized that there may be higher correlations

between anterior ventricle size and adjacent frontal gray

matter or the white matter tracts between the thalamus and

prefrontal cortex running through the anterior limb of the

internal capsule. Because the white matter medial to

Brodmann area 22, an area of prominent gray matter

shrinkage, lies adjacent to the ventricular space, we

hypothesized that both gray and white matter in this area

might be especially associated with temporal ventricular

enlargement.

Methods

Subjects

Sample one Patients with schizophrenia (n = 64) were

recruited from outpatient and inpatient departments at

Mount Sinai Hospital, the Bronx VA Medical Center, and

Pilgrim State Psychiatric Hospital, New York. Normal

comparison subjects (n = 56) were recruited through word

of mouth and advertisements. Healthy comparison subjects

were screened with a modified version of the Compre-

hensive Assessment of Symptom History CASH [14] to

exclude any history of an Axis I psychiatric disorder. All

participants were screened by medical history, physical

examination, and laboratory testing. Individuals with a

history of substance abuse/dependence, neurological dis-

orders, head trauma, clinical dementia, or a positive urine

test for drugs of abuse on the day of the scan were

excluded. After a complete description of the study, all

participants provided written informed consent. Sample

two 19 unmedicated or previously never-medicated

patients and 32 healthy controls were used for the assess-

ment of fractional anisotropy (FA) to volume correlations.
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All patients met criteria for either schizophrenia

(n = 79) or schizoaffective disorder (n = 4) as determined

by the CASH [14]. Patients were either never previously

medicated (n = 52) or had been neuroleptic free for at least

2 weeks (n = 31). One hundred and forty-seven subjects

were right-handed, 15 were left-handed, and seven were

ambidextrous (two undetermined) based on the Edinburgh

Handedness Inventory [15]. Subjects (1 patient and 1 con-

trol) with whole lateral ventricle volumes more than 3

standard deviations above their group mean were consid-

ered outliers and eliminated. Forty-four of the patients were

evaluated with the 18-item Brief Psychiatric Rating Scale

(BPRS [16]) (mean score = 52.9, SD = 10.08, range =

30–83). There were no significant age or sex differences

between patients with schizophrenia and normal volunteers

neither in the subset of individuals assessed separately for

FA analysis (See Table 1). Volumetric data on gray matter

but not ventricular size from a smaller subset of patients

were reported previously [17] [10, 18, 19].

Image acquisition and processing for two separate

non-overlapping samples

Sample one The Signa 5x system (1.5T GE Medical Sys-

tems, Milwaukee, WI) with a 3D-SPGR sequence (TR =

24 ms, TE = 5 ms, flip angle = 40�, field of view 23 cm,

slice thickness 1.2 mm, total slices 128, NEX = 1, matrix

size 256 9 256, in plane voxel size = 0.9 9 0.9 9

1.2 mm) was used for MRI acquisition. Anatomical SPGR

MRI images were resectioned to standard Talairach–Tour-

noux position. We used the FSL program FAST with bias

field correction of MRIs followed by k-means clustering

and local Markov analysis at each voxel for the segmenta-

tion into the white and gray tissue types [20]. Sample two

Anatomical images were acquired with a 3.0 T Siemens

Allegra (typical scanning time 50 min), using a magneti-

zation prepared rapid gradient echo (MP-RAGE) sequence

with the following parameters: voxel size = 0.82 9 0.82 9

0.82 mm, field of view = 210 mm, TR = 2500 ms, TE

time = 4.38 ms, T1 = 1100 ms, flip angle = 8�. Diffusion

tensor weighted images were obtained for all subjects using

a sequence of 28 3-mm-thick slices in 12 gradient direc-

tions. Preprocessing included conversion of all image data

to Analyze format, motion correction (MCFLIRT [21]);

Brain Extraction Tool [22]; spatial smoothing with Gauss-

ian profile filter of full-width-half-maximum (FWHM)

5 mm; high-pass temporal filtering with Gaussian-weighted

running line detrending (cutoff = 70 s). The FA for area

was determined by calculating the mean FA for every voxel

in the anisotropy image, which matched a voxel identified

as white matter on the MRI as we have done with FDG

images [23–25]. All analyses were carried out only with

subject images acquired on one scanner.

Anatomical analyses of the images

The Brodmann areas (Bas) of the cerebral cortex were

assessed in native space, based on the Perry coronal atlas of

the brain [26], as described in detail elsewhere [27–30],

with image segmentation into gray and white matter voxels

as in earlier reports [31]. Note that white matter adjacent

and medial to each gray matter area is counted white matter

Table 1 Demographic and main volumetric data of the subjects included in the study

Patients Sample 1 Patients Sample 2

Controls Statistic P value Controls Statistic P value

n 64 56 19 32

Age (SD) 33.7 (17.4) 36.8 (11.9) t118 = 1.15 0.25 32.1 (10.95) 31.1 (8.26) t49 = 0.95 0.72

Gender (F:M) 17:47 21:35 v2 = 1.65 0.20 7:12 12:20 v2 \ 0.00 0.96

Handedness (R:L:A) 55:5:3 51:4:1 v2 = 0.43 0.51 14:2:3 27:4 v2 = 1.44 0.23

Education (years) 12.8 (2.5) 16.27 (2.5) t83 = 6.27 \0.05 13 (1.79) 18.5 (10.5) t30 = 1.25 0.22

Age at onset 24.4 (7) NAa

Duration of illness

(years)

19.1 (16) NAa

Total volume (cm3) 1,191,000

(90,000)

1,220,000

(115,000)

t120 = 1.44 0.15 1,204,000

(125,000)

1,172,000

(106,000)

t49 = -0.95 0.34

Cortical gray matter 356 (40) 384 (34) t120 = 4.19 \0.001 434 (58) 432 (38) t49 = -0.17 0.87

Cortical white matter 325 (47) 326 (45) t120 = 0.05 0.96 297 (39) 290 (36) t49 = -0.58 0.56

Lateral ventricles 22 (12) 19 (8) t120 = -1.23 0.22 23 (17) 15 (11) t23 = -1.35 0.19

a Not determined in this sample
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associated with the area for the purposes of this analysis,

even though it may contain white matter from adjacent or

even distant cortical areas (Fig. 1, top row). The striatum

(caudate nucleus and putamen), whole thalamus, medio-

dorsal nucleus (MDN), pulvinar, anterior limb of the

internal capsule (ALIC) and the subdivisions of the lateral

ventricles (anterior, lateral, and temporal horns) were

traced manually in the axial plane as previously reported

[7, 32, 33] (Fig. 1, bottom row left, A) and the volume

obtained from application of the trapezoidal rule. The

thalamic nuclei included in this study were traced follow-

ing the guidelines carefully described elsewhere [10, 18].

The intraclass tracing between two independent tracers was

0.92 for the caudate nucleus, 0.98 for the putamen, 0.90 for

the whole thalamus, 0.80 for the MDN, 0.91 for the pul-

vinar, and 0.82 for the ALIC, and for ventricles were: 0.86

for the anterior, 0.93 for the lateral, and 0.87 for the tem-

poral horns. We calculated the xyz coordinates of the

center of mass of the caudate nucleus, putamen, thalamus,

MDN, pulvinar, and ALIC based on the tracings and

expressed this location relative to the midline anterior

commissure coordinates and corrected it for brain size

(Fig. 1c).

Data analysis

We carried out t-tests comparing healthy participants and

patients for each structure, averaging the right and left

hemisphere values. We calculated the bivariate Pearson

product–moment correlation matrices between absolute and

relative ventricular volumes and other volumes with sig-

nificance level of P \ 0.05. Relative tissue volumes were

computed as the ratio of region of interest volume in mm3 to

total brain volume with the latter being the sum of the

absolute gray and white matter volumes of 33 coronal brain

slices. Finally, correlations of ventricular sizes with FA

were analyzed in the subset of subjects in whom DTI was

acquired (sample two). Kullback’s v2 test for correlational

matrices was employed to test group differences in corre-

lation matrices [34], and Fisher’s z transformation was used

to compare individual correlations. Mixed factorial repe-

ated measures ANOVAs were employed to examine group

Fig. 1 Anatomical methods: stereotaxic and Manual tracings. Upper
panel Left Coronal MRI showing application of 20 lateral and 10

medial sectors. Center and Right Perry atlas with same sector

algorithm applied (see ‘‘Methods’’). Lower Panel a Axial view of an

MRI slice before (above) and after (below) applying the Sobel filter.

This method allows distinguishing the boundaries of the different

subcortical structures, especially the thalamus, whose tracing is

shown. Yellow arrow indicates lateral edge of thalamus and blue

arrow enhanced anterior horn of ventricle. b Three-dimensional

model merged from the manual tracings of the lateral ventricles. The

anterior horn is depicted in blue (note blue arrow indicating edge in

a), the lateral horn is in green, and the temporal horn appears in

yellow. c Location of the centers of mass of the caudate nucleus and

thalamus, and vectors showing their position regarding to the anterior

commissure in the midline of the brain (yellow arrow for orientation

to a)
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differences in ventricular volume. Since earlier investiga-

tors have reported tables of correlations among structure

volumes [35–37], we present the full analysis set (38 BAs

identified by Perry), for comparisons with past and future

exploratory analyses. From a Pub-Med search on schizo-

phrenia and BAs by number, we observe for the BA and

number of publication matches, respectively (6–17, 8–11,

9–35, 10–36, 11–18, 12–12, 44–6, 45–5, 46–16, 47–3,

32–12). It would not be appropriate to produce automated

data on all 38 Brodmann’s areas in the right and left

hemispheres and then adopt a Bonferroni corrected proba-

bility criterion that disconfirmed earlier reports or failed to

find consistency with earlier single regional results. For

these reasons, we present the exploratory analysis at a

P value equal or less than 0.05. Lastly, we used factor

analysis to reduce the dimensionality and examine whether

a factor exists which loads the volume of a specific portion

of the ventricles and a specific gray matter regional volume

confirming the regional effects hypothesis, or whether all

ventricle subregions load together with all cortical regions

confirming a global shrinkage hypothesis.

Results

Brodmann areas and whole brain volume

Volumes of many of the BAs of the frontal, temporal, and

parietal lobes, including BAs 1, 4, 9, 10, 11, 12, 21, 22, 23,

24, 25, 26, 27, 29, 30, 31, 32, 36, 40, 41, 43, 44, and 46,

were significantly smaller in patients than in normal con-

trols (Supplementary Table 1, see Electronic Materials and

Fig. 2). Whole brain volume did not differ between both

groups (Table 1).

Subcortical structures

The absolute volume of the right and left caudate together

and separately was found to be smaller in patients with

schizophrenia (left 4210, SD = 668, right 4210, SD =

701 mm3) than normal controls (left 4570, SD = 0.666;

right 4660, SD = 740 mm3; t = 2.95, df = 118, P =

0.0038; t = 3.43, P = 0.00084, respectively). The right

thalamus was smaller in patients with schizophrenia

(0.637, SD = 0.110) than normals (0.688, SD = 0.128,

t = 2.32, P = 0.022, diagnosis 9 hemisphere interaction,

ns). Putamen absolute value was not different between

groups, and putamen relative volume was significantly

greater in patients. Relative volumes of the thalamus,

MDN, and pulvinar did not differ significantly (Supple-

mentary Table 1 in Electronic Supplementary Material).

The ALIC was smaller in patients with schizophrenia, and

this was most marked in the left hemisphere (diagnosis 9

hemisphere interaction, F = 4.02, df = 118, P = 0.047).

The centers of mass of subcortical structures were dis-

placed, generally posteriorly and laterally with respect to

the anterior commissure (Supplementary Fig. 1, Supple-

mentary Table 2 in Electronic Supplementary Material).

Ventricular volume

Patients with schizophrenia had larger mean relative ven-

tricular volumes for anterior, lateral, and temporal horns

but this effect was only at a trend level (main effect of

group F = 3.33, df = 1,118, P = 0.070). Repeated mea-

sures ANOVA confirmed greater lateral than anterior or

temporal enlargement in schizophrenia (group by ventric-

ular region interaction, F = 3.45, df = 2, 236, P = 0.033,

Huynh–Feldt df = 1.46, 172, P = 0.048), and follow-up

Fig. 2 Relative volume proportions in the human brain in controls

compared with schizophrenics. The dimension of the boxes represents

the percentage of every cortical or subcortical subdivision in the brain

of the control sample. Colors indicate whether relative volumes of

these subdivisions are bigger in controls (orange), in patients (blue),

or do not differ (white). Note how, in general, the relative volume of

cortical gray matter and caudate nucleus is bigger in controls, but

most aspects of cortical white matter, ventricles, and putamen are

bigger in schizophrenics. The values in the color legend (-14.9 and

7.5) are expressed in percentage. Cg cingulate cortex, FC frontal

cortex, T temporal cortex
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ANOVA confirmed this (lateral ventricle, main effect of

diagnosis, F = 4.01, df = 1,118, P = 0.047 and diagnosis

by age F = 4.23, df = 1,118, P = 0.041). Ventricular

enlargement in comparison with normal controls was sig-

nificantly greater in older patients ([29 years old, mean

age 51.6, SD = 10.5) than younger ones (\29 years old,

mean age 20.1, SD = 4.3) (repeated measures ANOVA,

group by age group interaction, F = 5.24, df = 1, 118,

P = 0.023). Relative ventricular volume of the left hemi-

sphere was greater than the right across both groups

(F = 17.3, df = 1,118), but no significant interaction with

diagnosis was found.

Ventricular volume was also enlarged when volume in

mm3 uncorrected for brain volume was examined with a

similar statistical pattern. Older patients had total ventric-

ular volume (right ? left) of 29710 mm3 (SD = 17590),

which was 9,600 mm3 greater than older normal controls

(20110 SD = 9940, t = 2.87, P = 0.005). Of the 38 BAs

tested, 36 showed normals with significantly greater mm3

volume than patients with schizophrenia (BAs 34 and 38

were exceptions). Total gray matter absolute volumes were

436,000 mm3 for normals and 402,000 mm3 for older

patients, a difference of 34,100 mm3 or 3.54 times as great

as the ventricular enlargement. Thus, the ventricular

enlargement in older patients with schizophrenia is

only 28.2% of gray matter loss. Total sulcal cerebrospinal

fluid (CSF) space was 123,064 in older normals and

144,706 mm3 in older patients with schizophrenia, a dif-

ference of 21642 mm3, which is 63.7% of the gray matter

loss. Thus, taken together, CSF increase accounts for

91.9% of the gray matter decrease (third ventricle not

included in measurement).

Correlations between ventricular enlargement

and gray matter volumes of interest

We examined whether left temporal horn ventricular

enlargement, common in patients with schizophrenia, was

associated with local cortical volume loss. We expected a

significant negative correlation (larger ventricles associated

with greater gray matter loss) and for the negative corre-

lation to be greater for the adjacent ventricular region than

for a distant one. For example, in patients, the correlations

for relative ventricular volume of the left temporal horn

and gray matter volume of left lateral temporal lobe (BA

20 r = -0.41, BA 21 r = -41, BA 22 r = -0.45) are all

far above statistical significance but actually the same or

lower than the correlations between left anterior horn

and left lateral temporal lobe (BA 20 r = -0.39, BA 21

r = -0.45, BA22 r = -0.51, for r [ 0.38, n = 63,

P \ 0.002). Similarly for the posterior temporal and cin-

gulate regions near the left temporal horn (BA 23, 29, 30,

31), the correlations between left relative gray matter

volume and left temporal horn volume were -0.54, -0.47,

-0.53, -0.42 and highly significant, but correlations with

the distant left anterior horn were also significant but not

significantly lower (-0.48, -0.42, -0.38, -0.41, respec-

tively, Fisher’s z-tests, 1-tailed, not significant between any

corresponding pair). Thus, support for a regional hypoth-

esis was not obtained. Correlation matrices between bilat-

eral ventricular volumes, both as a whole and regionally,

and other volumes of interest were significantly different in

patients as compared to controls (df = 231, Kullback’s

v2 = 345.119, P \ 0.001). Patients showed relatively

stronger negative correlations (Table 2) for all ventricular

regions except for the anterior horns and BAs 20, 21, and

38 (inferior temporal region and temporal pole). Volumes

of the superior lateral temporal (BAs 22, 41, and 42) and

medial temporal regions (BAs 27, 28, 34, 35, and 36) were

more strongly correlated with the lateral horn volume than

with the temporal horn volume in patients with schizo-

phrenia, and this difference did not extend to normal

controls, where correlations were not significant. Gray

matter volume in cortical areas is more strongly correlated

with ventricular size in patients than healthy subjects in 60

of the 72 regional correlations of Table 2. Factor analysis

in patients with schizophrenia was used with volumes for

ventricle (anterior, lateral, and temporal horn), subcortical

gray (caudate, putamen, thalamus) and cortical gray (BA of

the prefrontal, cingulate, and temporal regions). The three-

factor solution showed a cortical gray factor, a ventricle

factor, and a subcortical gray factor and did not confirm a

suggestion of a temporal lobe gray/ventricle factor or

frontal/anterior horn factor (Table 3 in Electronic Supple-

mentary Material).

Correlations between ventricular enlargement

and white matter volumes

The hypothesis that temporal lobe white matter volume

would be associated with temporal horn enlargement was

not supported. Instead, data were more consistent with

generalized gray matter shrinkage being associated with

whole ventricle enlargement. In patients with schizophre-

nia, the correlation between the left temporal horn volume

and left temporal white matter volume for BA area 22 was

r = 0.19, (positive correlation indicating larger ventricles

with larger white matter and non-significant), and other

white matter correlations were similar. Regarding between-

group comparison, there were no statistically significant

group differences between the correlation matrices of white

matter and ventricle volumes (df = 78, Kullback’s

v2 = 12.756, P [ 0.995). Moreover, no significant group

differences were detected in Fisher’s z-tests for individual

arrays of ventricle to white matter volume correlations.

Both controls and patients showed negative correlations of
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whole ventricular volumes with white matter volume in

orbitofrontal and medial prefrontal areas (r = -0.29 and

r = -0.34 in controls vs. r = -0.46 and r = -0.16 in

patients, respectively). Anterior prefrontal, dorsolateral

prefrontal, temporal, occipital, and parietal regions showed

positive correlations with lateral ventricle volumes in both

study groups.

CSF volume

CSF space associated with left temporal BA area 22 was

equally well correlated with left anterior horn (r = 0.41),

lateral horn (r = 0.39), and temporal horn (r = 0.39, all

P \ 0.002). Left BA 22 relative gray matter volume was

correlated -0.60 (P = \0.001) with CSF volume for left

area 22, but this correlation is inflated by the fact that the

fixed BA area 22 is segmented into gray, white, and CSF.

Brodmann left area 22 CSF was correlated with adjacent

left area 20 gray matter volume r = -0.32, area 21 r =

-0.48, area 23 -0.46, but more distant correlations were

higher (left BA 17 r = -0.55, and BA 8 r = -0.69). Thus,

we were not able to demonstrate any regionality for CSF in

sulci of the brain for the most clearly regionalized

hypothesis.

Correlations between ventricular enlargement

and fractional anisotropy in white matter

Significant positive correlations were found ipsilaterally

between FA in the left ALIC and volumes of ventricular

regions in the control group (lateral horn r = 0.41, tem-

poral horn, r = 0.35, whole ventricle r = 0.42, all

P \ 0.05). In contrast, no significant correlations with FA

in ALIC and ventricular volumes were discovered in

schizophrenic patients (Fig. 2 in Electronic supplementary

material). No significant correlations between bilateral

ventricle volumes and averaged FA in prefrontal, temporal,

parietal, occipital, anterior or posterior cingulate areas were

found in either of the groups. Regional correlations with

FA in white matter adjacent to BAs 19, 22, 23, 24, 25, 28,

31, 32, 34, 39, 40, 44, 46 were examined in both groups in

search for a local effect. No significant correlations were

found among controls for any part of the ventricles adding

left and right volumes together. In the schizophrenic group,

significant correlations of anterior horn volumes and FA in

white matter adjacent to left BAs 44 and 46 were observed

(P \ 0.05). Also, temporal horns volumes were correlated

with right BAs 19 and 22 (P \ 0.05). However, when

comparing intra-group correlations for each BA and the

different regions of the ventricles, i.e. anterior horns versus

temporal horns, none of the resulting z-tests reached sta-

tistical significance.T
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Medication history

There were no significant effects of medication status

(never previously medicated vs. currently unmedicated) on

ventricular size at the time of the MRI nor were there

interactions with laterality or age.

Discussion

The major findings of the present study are enlargement of

the three major portions of the ventricular system in

schizophrenia, the lack of a regional effect of ventricular

enlargement on adjacent white or gray matter, an associa-

tion of ventricular enlargement with central gray decreases

and displacement, and the more marked ventricular

enlargement in older patients.

Our findings are consistent with the widely reported

ventricular enlargement in older (over age 29) patients with

schizophrenia. This enlargement in patients was found

throughout the anterior, lateral and temporal horns but age

by diagnosis effects were only significant for the lateral

ventricles analyzed separately (perhaps explaining why we

observed a significant age by diagnosis interaction but this

was not observed elsewhere [38]). However, these local

increases were not regionally associated with volume

decreases in the overlying Brodmann areas. In contrast,

decreased volumes in both the caudate and putamen were

associated with enlargement of the adjacent region of the

ventricle. The volume increase in the ventricles was only

29% of gray matter loss in schizophrenia compared to

controls, while CSF increase in sulcal space was equal to

63% of gray matter loss. Since both automated and hand-

tracing of the ventricles may be more reliable than sulcal

measures, ventricular size remains an advantageous indi-

cator of cortical loss. It is of interest that for high-level

cognitive skills requiring integration of many brain areas,

ventricular size was the best correlate of performance [39].

Our finding of widespread cortical gray matter decrease in

schizophrenia, somewhat more prominent frontotemporal-

ly, is consistent with other recent studies (e.g. [40]). While

the correlation patterns did not support a regional rela-

tionship between gray or white matter volume and adjacent

ventricular volume, we found that larger ventricles in

schizophrenia are associated with a relative loss of gray

matter in lateral temporal, cingulate and occipital cortices,

and shrinkage in some regions of the thalamus, namely the

pulvinar nucleus. Thus, these results corroborate previous

evidence pointing to an interrelation between general

ventricular enlargement in schizophrenia and volume def-

icit in specific gray matter regions, especially in the tem-

poral lobes and certain thalamic subnuclei. It is interesting

that Gaser et al. [11] found similar correlations using a

deformation-based morphometry approach in a sample of

schizophrenic patients.

Correlations between temporal lobe volume and tem-

poral horn enlargement in post-mortem data showed

strongly negative values similar to ours but correlations to

other brain regions (also similarly significant in our data)

were not evaluated [12]. We also noted that the center of

mass (see supplementary material) of the whole thalamus

and its nuclei as well as the caudate appear relatively

displaced in schizophrenia as compared to healthy controls.

A ventricular expansion could ‘push’ subcortical nuclei

outward, especially those lying close to the walls of the

ventricles and potentially compress the anterior limb of the

internal capsule, altering its size or anisotropy. While lar-

ger ventricles did push the thalamus and internal capsule,

in patients with schizophrenia this was not associated with

local FA change. Thus, local ventricular enlargement

appears primarily related to diffuse cortical volume loss,

and it is difficult to demonstrate a localized effect on

adjacent white matter volume or its anisotropy. While brain

tumors and compression of white matter tracts in hydro-

cephalus have been associated with increased FA [41, 42],

this effect was missing in our patients with schizophrenia.

Limitations of our study include lack of longitudinal

data, few white matter tracts volumetrically evaluated, and

a limited and thick section set of anisotropy data. A longi-

tudinal analysis beginning in the prodromal stage would

have allowed us to assess the correlates of ventricular

enlargement over time, but since much enlargement

appeared after age 29, a very long follow-up would have

been required to address developmental issues. The limited

number of selected white matter regions and the lack of

volumetric assessment of many major ones make difficult to

rule out an involvement of brain regions other than those

analyzed. However, our strategy of examining white matter

under each Brodmann area has the advantage of evaluating

clearly adjacent position and extending into areas contigu-

ous with the ventricles. We recognize that deeper white

matter at the apex of the triangle may not be closely asso-

ciated with the gray matter at the base, but clear tract

dividing lines cannot be drawn on MRI images. Thus, our

current method is not inappropriate for testing the hypoth-

eses in this report of local ventricular deformation effects.

Multiple correlations between FA in the aforementioned

areas and ventricular size were obtained in a relatively small

sample, making our analyses susceptible to a type II error.

Larger samples of higher resolution anisotropy data will

assist in this process. Lastly, it may be that associations

between specific ventricular areas and particular symptoms

or neuropsychological deficits may be present (e.g. [43])

and that we have missed these regional ventricular effects.

Cortical thickness loss through aging may be a common

determinant of ventricular size in both healthy controls and
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patients with schizophrenia. In schizophrenia, however,

ventricular enlargement seems to be more strongly associ-

ated with temporal cortex volume reduction. Gray matter

volume in cortical areas is more strongly correlated with

ventricular size in patients than healthy subjects in 60 of the

72 regional correlations of Table 2. Normal decline in

temporal lobe volume is greater later in life, while frontal

lobe volume declines more early in life (e.g. Sowell’s study

[44] frontal age vs. volume curves in superior frontal region

decline in first few decades in comparison with curves in

superior temporal regions), and this is possibly consistent

with a more marked effect of age in patients with schizo-

phrenia. Further, the posterior portion of the temporal

ventricle may be the most markedly enlarged [45]. The

temporal lobe peaks later in females [46]. This is particu-

larly intriguing because schizophrenia usually manifests

during adolescence or early adulthood, with a later onset in

females. We speculate that the same neural maturation

process responsible for the normal temporal cortex aging

change might be critical in the pathophysiology of schizo-

phrenia with some morphometric changes appearing early

[47] and others late [48] [19] in its chronic course.

Ventricular enlargement may be a result of both brain

development and neurodegeneration across life span, and the

salience of both aspects may help explain the pervasive

finding of ventricular enlargement in schizophrenia. Our

percentage increases in ventricular size show patients at

127% of controls, similar to the left and right enlargements of

130 and 120% found in 18 studies by Wright and coworkers

[3], but our temporal horn enlargement of 111% was some-

what smaller than the 126% found in 13 studies. Our findings

suggest that ventricular enlargement in schizophrenia is not

apparently linked to volume reduction in the surrounding

structures. White matter abnormalities may not contribute

greatly to ventricular enlargement and may not be closely

related to the effect of vetriculomegaly in schizophrenia.
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