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Abstract

Conventional MRI studies have not provided definitive evidence of progressive loss of brain
volume in the early stages of schizophrenia, although more subtle changes may have gone
undetected. We have looked for such subtle changes using volumetric MRI and magnetization
transfer imaging (MTI), an advanced MRI technique sensitive to subtle neuropathological
abnormalities. Magnetization transfer images and high-resolution volumetric T1-weighted images
were acquired from 16 patients with first-episode schizophrenia at the start of the study and 3.7
years later. A group of 12 healthy controls were also scanned on two occasions. Images were
processed using a voxel-based approach that allows whole-brain analysis. There was a group
difference with a significant volume loss in the patients' white matter adjacent to the lateral
ventricles in the right and left temporal lobes, in medial temporal gyrus, and in the white matter
in and around the right middle frontal gyrus. No cortical differences were detected between the
groups using MTI or volumetric MRI. The absence of any time-by-group interaction suggests that
these abnormalities do not progress in the early stages of the disease. The results of the study
need to be interpreted in the light of the small sample size and of the limitations of current image
analysis methods.

1 Introduction

The most consistent finding in magnetic resonance imaging (MRI) studies in schizophrenia
is a reduction in brain volume (Lawrie and Abukmeil, 1998, Shenton et al., 2001) and
enlargement of lateral ventricles (Shenton et al., 2001). However, the time course of

these and other brain changes is debatable. It has also been shown that certain brain

MRI abnormalities are already evident by the first episode of illness (Gur et al., 2000,
Pantelis et al., 2003) and may be present in unaffected relatives (McDonald et al., 2004).
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Recent studies using magnetization transfer imaging (MTI), an MRI technique sensitive to
subtle neuropathological changes, have reported diffuse cortical abnormalities in people with
chronic schizophrenia (Foong et al., 2001) and focal abnormalities in the medial prefrontal
cortex, insula, and fasciculus uncinatus in first-episode patients in the absence of detectable
atrophy (Bagary et al., 2003).

The histological abnormalities that underlie these imaging changes are subtle. Decreases
in neuronal size in hippocampus and neocortex with reduced dendritic arborisation and
synaptic abnormalities (Blennow et al., 1996), together with reduction in the number of
oligodendrocytes, have been described (Uranova et al., 2004). These abnormalities may
be genetically determined (see Harrison and Weinberger, 2005, for a review), and may
represent the structural basis of the functional “disconnectivity” that may explain the
symptoms and cognitive impairment of schizophrenia (Harrison and Eastwood, 2001).

The natural history of the neuropathology of schizophrenia is still unclear. Longitudinal
imaging studies have not provided clear evidence of progression (see Shenton et al., 2001
for a review). However, the apparent clinical deterioration of some patients over time

and reports suggesting progressive volumetric loss (Woods et al., 1990, DeL.isi et al.,

1995, Rapoport et al., 1999, Ho et al., 2003) have rekindled interest in the notion of
neurodegeneration as an alternative to a non-progressive neurodevelopmental pathology,
even if neuropathological studies have so far failed to support such an hypothesis (Arnold et
al., 1998, Purohit et al., 1998, Falke et al., 2000).

Here we present data from a volumetric MRI1 and MTI follow-up study of first-episode
schizophrenia patients. MTI is based on the interaction between protons bound to
macromolecular structures (e.g. myelin and cell membranes) and free protons in tissue water
(Wolff and Balaban, 1989). If the bound protons (which are invisible to conventional MRI)
are preferentially saturated using an off-resonance radio-frequency pulse, this saturation

is transferred to the free pool by cross-relaxation and chemical exchange, resulting in
decreased signal from the MR-visible free water. The amount of signal loss, measured in
percentage units, is the magnetization transfer ratio (MTR) which is highly reproducible

in normal subjects rescanned at intervals (Barker et al., 1996). MTR depends on the

density of macromolecules in a given tissue and pathological processes that damage the
macromolecular structure will result in MTR reductions. We used voxel-based morphometry
(VBM) (Ashburner and Friston, 2000, Good et al., 2001) to analyze the T1-weighted data
sets and a similar voxel-based method for the MTR data sets. VBM is an automated method
that avoids operator bias and yields information about the whole brain without an a priori
selection of possibly abnormal brain regions. It has recently been applied to the study of
brain abnormalities in schizophrenia and other psychiatric disorders (Kubicki et al., 2002,
Moorhead et al., 2004).

2 Methods
2.1 Subjects

The subjects participating in this follow-up study had taken part in a previously reported
cross sectional study of first-episode schizophrenia (Bagary et al., 2003). The patients were
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initially recruited and scanned within 1 month of their first presentation to psychiatric
services with a first-episode of psychosis with the diagnosis of schizophrenia according to
DSM-IV criteria subsequently being confirmed in all patients. The mean interval between
the initial and the follow-up examination was 3.7 years. Of the 30 patients who were part

of the original study, 12 were not available for follow-up: 3 had moved away and could not
be contacted, 8 refused to participate, and one had died. Eighteen patients agreed to undergo
scanning but two could not tolerate the procedure. This resulted in a final group of 16
patients (12 males and 4 females), with a mean age of 26.3 years at baseline (range 16-45)
and 29.9 years (range 19-49) at follow-up. All participants were reviewed by experienced
clinicians (EJ and TREB) after recruitment. Patients' symptoms were also assessed with the
Scales for the Assessment of Positive Symptoms (SAPS) (Andreasen, 1981) and Negative
Symptoms (SANS) (Andreasen, 1983). Scores for positive, disorganisation and negative
syndromes of schizophrenia (Liddle and Barnes, 1990) were calculated for each patient by
summing the SAPS and SANS global sub-scale scores relevant to each factor. Antipsychotic
medication being taken at the time of both scans was recorded.

Thirty healthy volunteers had taken part in the original study (Bagary et al., 2003) and 12
returned for follow-up (4 males and 8 females); their mean ages were 31.6 years at baseline
(range 21-48 years) and 36 years at follow-up (range 26-50 years). The mean interval
between scans was 4.4 years. The criteria for exclusion for patients and controls were a
history of head injury, neurological or systemic illness, a history of substance abuse during
the study, or alcohol intake above 210 g/week during the study period. Controls with a
history of psychiatric illness were also excluded. The study was approved by the relevant
research Ethics Committees and written informed consent was obtained from all subjects.

MRI scans for all subjects were obtained using a standard quadrature head coil on a

GE Signa 1.5 Tesla scanner (General Electric, Milwaukee, WI), which underwent regular
quality-control checks. The same MRI scanner and an identical scanning protocol to that
used in the original study (Bagary et al., 2003) were used at follow-up. A preliminary
sagittal localizing scan was acquired, which was also used to check head position for

the follow-up scan. High-resolution coronal volumetric images were acquired using a
3-dimensional inversion-recovery prepared T1-weighted spoiled gradient recalled (SPGR)
echo sequence generating 124 contiguous, 1.5-mm coronal slices (echo time [TE] 4.2 ms,
repetition time [TR] 15 ms, inversion time [TI] 450 ms, field of view [FOV] 24 cm2, 256 x
192 matrix, flip angle 20°). The 1 x 1.2 x 1.5-mm voxel size at acquisition was determined
by scan time constraints, and images were automatically reconstructed by the scanner at a
1 x 1 x 1.5 mm voxel size. Axial magnetization transfer (MT) images were acquired using
a dual spin-echo-based MT sequence (TE 30/80 ms, TR 1720 ms, 28 contiguous 5-mm
axial slices, 256 x 128 pixel image matrix, 24 cm2 FOV) with and without a saturation
pulse (16 ms, 23.2 uT Hamming appodized 3-lobe sinc pulse applied 1 KHz from water
resonance). The 1 x 2 x 5 mm voxel size was again determined by scan time constraints,
and the scanner automatically reconstructed the images ata 1 x 1 x 5 mm voxel size. The
MT sequence (Barker et al., 1996) generates proton-density and T2-weighted images along
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with MT-weighted images. These images are all inherently registered to each other, and to
the calculated MTR image created from proton-density and MT-weighted images.

Image processing

Data were processed on a Sun workstation (Sun Microsystems, Santa Clara, CA). First MTR
maps were calculated on a pixel-by-pixel basis from the formula: MTR = {[Mo - Ms]/Mo}
x 100, where Ms and Mo are mean signal intensities with and without the saturation pulse,
respectively. MTR is not calculated in voxels where values in source images are below a
threshold determined by the mean background noise level. We used the 30-ms (first) echo
for MT calculation because the resulting map has higher signal-to-noise ratio than that from
the 80-ms echo. For our spin-echo sequence, typical MTR values were approximately 40 pu
(percentage units) for white matter, 35 pu for subcortical grey matter, 32 pu for cortical grey
matter, and 2 pu (demonstrating the minimal direct saturation effects) for CSF.

The following steps of the processing were performed using SPM2 (Wellcome Department
of Cognitive Neurology, London, UK) in MATLAB (MathWorks, Natick, MA) (Fig. 1).
First, the proton-density weighted scans from the MT sequences at baseline and at follow-
up were each coregistered to the corresponding SPGR volume, using normalized mutual
information as the cost function (Studholme et al., 1996). The SPGR volume at follow-up
was then coregistered to the SPGR volume at baseline, and the transformation determined
was applied to the follow-up MTR scan. At this stage all images were in the space of the
baseline SPGR volume. The SPGR volumes were then segmented to produce images of

the grey matter “shell’, both at baseline and follow-up (Ashburner and Friston, 2000). An
average of the baseline and follow-up grey matter shells was then normalized to the SPM
grey matter template, and the transformation thus determined was applied to the coregistered
SPGR and MTR images. This approach was chosen, instead of normalizing each time point
separately, in order to preserve small changes that might have occurred over the follow-up
period. Finally, the normalized SPGRs were then segmented to produce images of grey
matter and white matter volume in normalized space.

2.4 Smoothing

To improve signal-to-noise ratio, the segmented grey matter and white matter images were
smoothed using a 6-mm full-width-half-maximum (FWHM) Gaussian filter. This procedure
also allows for anatomical variability between subjects and has the effect of normalizing the
distribution of the error terms in the data. After smoothing, the individual voxel intensity
becomes the locally weighted average of grey matter density (Ashburner and Friston, 2000).
Smoothing ensures the validity of inferences based on parametric tests according to the
central limit theorem (Salmond et al., 2002) and sensitizes the analysis to features of a size
determined by the smoothing kernel width (the ‘matched filter theorem’). Thus the size

of the kernel can have a significant effect on the results of the analysis (as demonstrated,
albeit for a different type of data, by Jones et al., 2005). We selected a priori a small
smoothing kernel (6 mm) to match the expected small extent of changes taking place during
the follow-up period (see Shenton et al., 2001). A similar smoothing procedure using 6-mm
FWHM was performed on the MTR images.
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Since we were interested in estimating group differences over time, as well as differences
between groups at baseline, for each image type (MTR, white matter and grey matter maps)
we computed a ‘sum’ and a “‘difference’ image between the normalized and smoothed

image at follow-up and the normalized and smoothed image at baseline. As this step was
performed for each subject, this gave a total of 28 “difference’ images and 28 ‘summed’
images for each grey matter, white matter and MTR image set. These combined images were
used for the statistical comparison as explained below.

2.5 Statistical analysis

Statistical comparisons of both grey and white matter volumes, and of MTR maps, were
performed using SPM2, which is based upon the general linear model and the theory of
Gaussian random fields (Friston et al., 1994). Two ANCOVA models were used to compare
the “difference’ and the ‘sum’ images between patients and controls:

(1) The “difference’ images were used to assess the main effect of time, by means of the T
contrast [1, 1], as well as the group-by-time interaction, by means of the T contrast [1, — 1].
(2)The “‘sum’ images were used to assess the group effect, by means of the T contrast [1, —
1].

This type of analysis, recommended as a way of implementing a repeated-measure
ANCOVA in SPM (http://www.jiscmail.ac.uk/lists/spm.htm), also prevents the differences
already present at baseline between patients and controls from masking subsequent changes.

In both comparisons we accounted for age, sex and scan interval for each subject as nuisance
variables. The choice of age and sex as nuisance variables was based on previous studies
demonstrating regional anatomical differences in normal subjects related to these variables
(Xu et al., 2000, Good et al., 2001).

3 Results

There were no significant differences in age between the patient and control groups (426)
= 0.076). However, there were significant differences in gender, with more males in the
patient group (¥?(1) = 0.027) (Table 1). When patients in the current study were compared
with those from the original study who were not available for follow-up, there were no
baseline differences in age (428) = - 0.52), gender ratio (;(2(1) = 0.05), premorbid 1Q
(427) = - 0.79), or duration of untreated psychosis (#28) = — 0.79). An assessment of
baseline symptoms scores revealed that there were no significant differences in negative
symptoms (428) = 0.382), positive symptoms ({28) = 0.167) or disorganization symptoms
(428) = 0.053) between these two patient groups. One year from the onset of the study,
quantitative clinical data were available in 10 of the 14 patients who failed to participate in
the follow-up imaging study and in all 16 who participated. Comparisons between the two
groups of patients revealed no significant differences on the scores for negative symptoms
(#24) = 0.426), positive symptoms (£24) = 0.827) and disorganization symptoms ({24) =
0.075). These comparisons suggest that the subgroup that took part in the follow-up imaging
study is representative of the original sample, at least in the early stages of the disease.
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Unfortunately, at 3-year follow-up, quantitative clinical data were available for only 3 of the
14 patients who did not take part in the follow-up imaging study.

The clinical outcome of the patients reported in this study was variable. Eight had been
continuously symptomatic in the intervening period despite medication, four had relapsed
at least once or exhibited mild residual symptoms and were receiving medication, and

the remaining four had been in full remission and medication-free throughout. When first
scanned, 7 of these patients were receiving first-generation (typical) and 9 second-generation
(atypical) antipsychotics. Of the 12 patients who were taking medication on both occasions,
8 had remained on the same type of antipsychotic (3 on first-generation and 5 on second-
generation antipsychotics), and 4 had switched to a different type of drug (3 from first to
second-generation antipsychotics). No gross structural brain abnormalities were reported

at follow-up in any of the subjects when the MRI images were visually inspected by an
experienced neuroradiologist.

3.1 Longitudinal changes in MTR and brain volume (time effect)

When patients and controls were considered as a single group, there were no significant
changes between baseline and follow-up in MTR, white matter and grey matter volumes.

3.2 Comparisons of MTR and brain volumes between patients and controls (group effect)

When the ‘sum” images (initial and follow-up scans) of patients and controls were
compared, there were no significant between-group differences in MTR or grey matter
volume that survived corrections for multiple comparisons. On the other hand, there were
significant volume losses (p < 0.05) in the patients in the white matter adjacent to the lateral
ventricles in the right and left temporal lobes, in medial temporal gyrus, and in the white
matter in and around the right middle frontal gyrus, and this finding survived the false
discovery rate (FDR) correction for multiple comparisons (Fig 2).

3.3 Comparisons of change in MTR and brain volumes over time between patients and
controls (group-by-time interaction)

There were no significant differences between the groups in the magnitude of changes in
MTR, white or grey matter volumes during the follow-up period, suggesting that the changes
in these parameters (i.e. white matter volume) were already present at baseline in the patient
group and did not change over time.

4 Discussion

In this small follow-up study of patients with first-episode schizophrenia using both
conventional and advanced MRI techniques, we found no evidence to suggest a progression
of brain abnormalities in the early stages of the disease. Volumetric losses in white matter
were present in patients with schizophrenia early in the disease, mostly in an area adjacent
to the lateral ventricles and in and around the right middle fontal gyrus, areas that have
previously been implicated in the illness (Shenton et al., 2001). Our findings are in keeping
with those of other studies showing reductions in white matter volume (Hulshoff Pol et al.,
2004, Antonova et al., 2005), and in particular with those of voxel based morphometric
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studies reporting white matter volume loss in frontal regions (Paillere-Martinot et al.,
2001) and in areas adjacent to the left frontal and temporal cortex (Spalletta et al.,

2003). Our findings are also in keeping with one of the most robust MRI findings in
schizophrenia research, namely ventricular enlargement (Shenton et al., 2001, DeLisi et al.,
1997, Rapoport et al., 1997, Lieberman et al., 2001), which is likely to be related to a
reduction of white matter adjacent to the ventricles (Christensen et al., 2004).

In our original first-episode study (Bagary et al., 2003) MTI proved a valuable tool to

detect grey matter abnormalities at baseline in a larger group of patients that included those
reported here. The sample attrition at follow-up is likely to explain our failure to detect such
abnormalities here, although the image analysis methodology used in this longitudinal study
may also have contributed to our negative findings.

The lack of evidence for progressive brain abnormalities in our study echoes the findings of
others in the early stages of the disease (Puri et al., 2001, Dickey et al., 2004, DeL.isi and
Hoff, 2005) and may be related to the characteristics of our sample, as previous follow-up
studies have suggested that the evolution of brain abnormalities detected during the first
episode is variable and to some extent related to clinical outcome and treatment, and that
progressive changes, if present, may occur at different times and affect some brain areas
preferentially. The results of these studies, including our own, have to be considered in the
light of their limitations, among which the small sample sizes and methodological variability
are paramount. DeL isi and collaborators, following a group of patients over a 10-year
period, did not detect changes in ventricular, hippocampal or temporal lobe volume in the
first 5 years of the study, although ventricular enlargement occurred in the subsequent 5
years in those with a poor clinical outcome (DeLisi et al., 1992, DeL.isi et al., 1995, DeL.isi
etal., 1997, DeLisi et al., 2004). Others (Nair et al., 1997) have described early ventricular
enlargement with later stabilization. Lieberman et al. (2001), in a 6-year follow-up study,
also described progressive ventricular enlargement in relation to the course of illness, while
cortical and hippocampal volumes remained unchanged. Several studies (Keshavan et al.,
1998, Lieberman et al., 2001, Lieberman et al., 2005, Chakos et al., 2005) have suggested
that antipsychotic drugs, in particular the second-generation drugs, may prevent some of
these changes. More recent studies have also reported decreased frontal white matter (Ho et
al., 2003) in the early stages of the illness, and other studies have revealed progressive grey
matter changes (Mathalon et al., 2001, Shenton et al., 2001, Pantelis et al., 2003). A series
of related studies of childhood-onset schizophrenia (Thompson et al., 2001, Gogtay et al.,
2004, Whitworth et al., 2005, Vidal et al., 2006) have found severe cortical volume loss in
this subgroup of patients with a particularly bad prognosis.

Differences in image analysis are also important in explaining the conflicting results of
different follow-up studies. We used a voxel-based method, because it has the advantage of
exploring the whole brain, without any a priori hypothesis on the location of abnormalities,
but there are shortcomings to this method that limited its sensitivity to small changes.

In particular, individual anatomical variability (Rajkowska and Goldman-Rakic, 1995),
difficulty of coregistration (Ashburner and Friston, 2001, Bookstein, 2001) and overstringent
statistical corrections for multiple comparisons (Worsley et al., 1996) which have all been
discussed by others. In this context it is also important to mention that the choice of the
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size of the smoothing kernel (6 mm in our case), dictated by the magnitude of the expected
changes, determines in turn the sensitivity of the method and, therefore, our results should
be interpreted as showing lack of evidence for longitudinal changes of a spatial extent
comparable to the size of our smoothing kernel, while more subtle changes would have gone
undetected. We cannot exclude the possibility that the use of a different smoothing kernel, or
a less stringent analysis (e.g. region of interest methodology), might have led to a different
result.

Aside from these methodological considerations, there are other potential shortcomings of
this study, such as the small sample size and the imperfect matching between patients and
controls. Both of these problems resulted from the difficulty in tracing some of the subjects
from the original study (Bagary et al., 2003). The small sample size has prevented us from
exploring whether brain abnormalities evolve differently in patients exposed to different
types of neuroleptics or with different clinical outcome. However, the size of our sample
does not differ greatly from that of many follow-up studies (Chakos et al., 1994, DeGreef
etal., 1991, Jacobsen et al., 1998, Keshavan et al., 1998, Nair et al., 1997, Rapoport et al.,
1997, Rapoport et al., 1999, Kasai et al., 2003) and we have, as far as possible, controlled for
the differences in age and gender between the groups by statistical means.

Finally, our study does not rule out the possibility that progressive brain abnormalities
may occur at a later stage in the disease in relation to poor clinical outcome or cognitive
impairment, and a longer follow-up study of a larger sample of patients will be required to
answer these questions.
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Fig. 1. Image processing steps using SPM 2.
GM, grey matter; MTR, magnetic transfer ratio; PD, Proton Density; PDW, Proton Density

Weighted; WM, white matter.
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Fig. 2. SPM map of white matter reductionsin patientsvs. controls at baseline.
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Table 1
Demographic data of follow-up patients and controls

Demogr aphic data Patients (n = 16) Controls (n =12)
Age at baseline [mean (range)] 26.3 (16-45) years  31.6 (21-48) years
Age at follow-up [mean (range)] 29.9 (19-49) years 36 (26-50) years
Males:females 31 1:2

*NART IQ (mean + range) at baseline ~ 100.3 (75-121) 110.9 (93-126)

Mean follow-up period (range in days) 1329 days 1606 days
3.64 years 4.4 years
(709-1801) (1198-1877)
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