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A method for postprocessing of segmented routine
brain MRI studies providing automated definition of
major structures (frontal, parietal, occipital, and tem-
poral lobes; cerebellar hemispheres; and lateral ven-
tricles) according to the Talairach atlas is presented.
The method was applied to MRI studies from 25 nor-
mal subjects (NV), 14 patients with deficit schizophre-
nia (DS), and 14 with nondeficit schizophrenia (NDS),
to evaluate their gray matter and CSF regional vol-
umes. The two patient groups did not differ in mean
age at illness onset, duration of illness, severity of
psychotic symptoms, or disorganization; DS had more
severe avolition and worse social functioning than
NDS. For validation purposes, brain structures were
manually outlined on original MR images in 10 stud-
ies, thus obtaining reference measures. Manual and
automated measures were repeated 1 month apart to
measure reproducibilities of both methods. The auto-
mated method required less than 1 min/operator per
study vs more than 30 min for manual assessment.
Mean absolute difference per structure between the
two techniques was 4.8 ml. Overall reproducibility did
not significantly differ between the two methods. In
subjects with schizophrenia, a significant decrease in
GM and increase in CSF were found. GM loss was
confined to frontal and temporal lobes. Lateral ventri-
cles were significantly larger bilaterally in NDS com-
pared to NV and only on the right in NDS compared to
DS. The finding of greater structural brain abnormal-
ities in NDS adds to the evidence that deficit schizo-
phrenia does not represent just the more severe end of
the schizophrenia continuum. e 2002 Eisevier Science (USA)

INTRODUCTION

Segmentation of MR brain images provides mea-
sures of total brain tissue volumes. Definition of brain
lobe limits in individual MR studies, coupled with
brain segmentation, can provide regional brain volum-
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etry, which is gaining increasing interest in the study
of structural brain changes in a number of pathologies.

Differences between normal subjects and patients
with schizophrenia (SC) have been demonstrated for
both total intracranial gray matter (GM) (Zipursky,
1992; Harvey, 1992, 1993; Lim, 1996) and brain lobes
and ventricles (Andreasen, 1986; Shenton, 1991;
Buchanan, 1993; Wright, 1995, 1999; Nair, 1997; Law-
rie, 1998; Saeed, 1998; Puri, 1999, 2001; Paillere-Mar-
tinot, 2001; Lieberman, 2001). However, it has been
argued that schizophrenia is a heterogeneous disease,
with variable clinical manifestations, probably reflect-
ing a multiplicity of etiopathogenetic mechanisms
(Maj, 1998; Tsuang et al., 2000), which might be asso-
ciated with different morphometric brain features. The
concept of “deficit schizophrenia” (Carpenter, 1988)
was introduced to identify a relatively homogeneous
subgroup of patients with the diagnosis of schizophre-
nia, characterized by the highly stable (Amador, 1999)
presence of primary negative symptoms including re-
stricted affect, diminished emotional range, poverty of
speech, curbing of interests, and reduction of sense of
purpose and of social drive. Deficit patients (DS)
present a poor premorbid adjustment, an often insidi-
ous onset, and a relatively high frequency of soft neu-
rological signs, abnormal involuntary movements, and
resistance to treatment with antipsychotic drugs (in-
cluding atypical antipsychotics) (Buchanan, 1990; Car-
penter, 1994; Fenton, 1994).

Structural brain imaging studies investigating cor-
relates of the negative symptoms on the whole have
reported abnormalities of ventricular and periventricu-
lar structures and hemispheric asymmetries (Pearlson
et al., 1984; Williams et al., 1985; Kemali et al., 1987;
Van Kammen et al., 1988; Bilder, 1994; Gur et al.,
1994; Meisenzahl, 2000), as well as of frontal lobes
(Besson et al., 1987; Uematsu, 1989; Williamson et al.,
1991; Zipursky et al., 1992; Wible et al., 1995). The few
available studies comparing DS and nondeficit patients
(NDS) have reported conflicting results (Buchanan,
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1993; Turetsky, 1995). Most of these studies were car-
ried out by manual definition of brain structures on
image sets. Manual methods for definition of brain
structures are cumbersome and prone to operator-de-
pendent inaccuracy. Furthermore, the definition of
brain lobe limits is particularly difficult to perform on
sets of axial slices, when a 3D set of images specifically
acquired for morphometric analysis is not available;
this is the case when routine clinical studies are
evaluated, for which an automated procedure could
represent a valuable tool to decrease intra- and inter-
operator variability and to save operator time. An al-
ternative approach to brain structure definition is of-
fered by stereotactic methods, which are based on the
assumption of proportionality of brain structures (i.e.,
brain size changes between different subjects, but pro-
portions of brain structures are constant). Stereotactic
proportional grids were originally developed in the
1950s for stereo-EEG evaluation of temporal lobe epi-
lepsy. Talairach introduced the line passing through
the center of the anterior and posterior cerebral com-
missures (AC-PC) as a stable basis for the stereotactic
grid placement compared to other brain structures (Ta-
lairach, 1952). This method has been subsequently ex-
tensively validated for indirect cerebral cortical local-
ization (Steinmetz, 1989).

The Talairach stereotactic coordinate system (Ta-
lairach, 1988) is currently widely used, although with
minor modifications, for intersubject normalization
and for cortical localization of activation areas in nu-
clear medicine and MR functional studies (Friston,
1995). The Talairach proportional 3D grid provides a
coordinate system for automated identification of ana-
tomical structures, which divides the brain into 1056
boxes. Based on the original Talairach atlas, these
boxes can be assigned to specific brain lobes. Conse-
guently, the application of the grid to a single brain
will divide it into lobes. The Talairach grid has been
applied to 3D MR image sets specifically acquired for
segmentation and volumetry purposes to obtain, from
the corresponding segmented images, estimates of
brain lobe volumes (Andreasen, 1996) or of smaller
structures corresponding approximately to Brodmann’s
areas, subsequently pooled using multivariate analysis
(Wright, 1999).

The method presented here follows this general ap-
proach, modified to process data obtained within rou-
tine clinical protocols and extended to measure, in ad-
dition to brain lobes, volumes of lateral ventricles.

The aims of our study were:

¢ to develop a method for the automated measurement
of volumes of brain structures (i.e., cerebral lobes, cere-
bellar hemispheres, and lateral ventricles) based on the
application of the stereotactic Talairach 3D proportional
grid to segmented conventional SE axial MR images ob-
tained within routine clinical protocols;
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¢ to validate the method against manual tracing of
brain structures as gold standard;

¢ to evaluate the reproducibility of both manual and
automated techniques; and

¢ to apply the method to the study of brain regional
volumetry to derive information on differences in brain
tissues between schizophrenic and normal subjects, as
well as between different subgroups (DS and NDS) of
schizophrenic patients.

METHODS AND MATERIALS

Subjects

Twenty-eight patients, 14 with a diagnosis of DS (13
males, 1 female, age range 20-51) and 14 age- and
sex-matched patients with a diagnosis of NDS (13
males, 1 female, age range 19-54) were studied. Inclu-
sion criteria were the following:

e a DSM-1V diagnosis of schizophrenia, confirmed by
the Structured Clinical Interview for DSM-1V (SCID-I)
(First, 1997);

¢ no history of mental retardation, alcoholism, drug
abuse, head injury, or electroconvulsive therapy; and

¢ willingness to participate in the study procedures.

DS diagnosis was established by administering the
Schedule for the Deficit Syndrome (Kirkpatrick, 1989);
information on the presence and stability of the nega-
tive symptomatology was gathered from at least one
close relative of the patient.

Twenty-five age- and sex-matched normal volun-
teers (NV) were also recruited (19 males, 6 females, age
range 18-50).

In all enrolled patients psychopathological evalua-
tion was carried out by means of the expanded Brief
Psychiatric Rating Scale, version 4.0 (EBPRS; Ventura
et al., 1993), the Scale for the Assessment of Negative
Symptoms (SANS; Andreasen, 1981), and the Scale for
the Assessment of Positive Symptoms (SAPS; An-
dreasen, 1984). The recent history of hospitalization
and social functioning was also evaluated by the
Strauss—Carpenter Scale (Strauss and Carpenter, 1972).

MR Studies

Analyzed brain MRI sets included T1w (600/15 TR/
TE) and DP/T2w (2200/15-90 TR/TE1-TEZ2) conven-
tional spin-echo images, 25-cm FOV, 256 X 256 acqui-
sition matrix, 30 contiguous 4-mm-thick axial slices,
covering the entire brain.

A subset of 10 studies (5 schizophrenic and 5 normal
subjects) was used for comparison of volume measures
between manual and automated techniques and for
reproducibility assessment purposes. A larger data
base of 50 normal subject MRI studies (age range 16—
76, 31 males, 19 females) was used to define age-re-
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lated total GM and CSF changes, which were used for
adjustment of age-related changes in volumes here
presented.

Segmentation

Segmentation of MR brain images into GM, white
matter (WM), and CSF was obtained using a fully
automated multispectral segmentation method (Alfano,
1997, 1998). This method provides, starting from a set
of axial Tlw-, T2w-, and N(H)-weighted conventional
spin-echo images, a corresponding set of segmented
images. The only constraint required by the algorithm
is that a triplet of images (T1w, N(H), and T2w) is
available for each level. Care was thus taken to ensure
the same positioning for T1w and N(H)/T2w image sets
in each study. Segmentation was performed binarily,
i.e., each intracranial pixel was labeled as belonging
univocally to GM, WM, or CSF.

Preliminary Assignment of Talairach Boxes

The Talairach 3D grid divides a box encompassing
the brain into 1056 small boxes. In order to obtain
structure measures from the application of the Ta-
lairach 3D grid to segmented MR images, a look-up
table for the assignment of the content of each box to a
specific brain structure must be used. This was done
preliminarily by visual inspection of the Talairach at-
las: two neuroradiologists (M.Q. and E.T.) assigned
each of the 1056 boxes of the Talairach atlas to six
couples of structures (frontal, parietal, occipital, and
temporal lobes; cerebellar hemispheres, and lateral
ventricles). Assignment was done on the original atlas
(Talairach, 1988), based on the labeling of cortical
structures therein reported. Boxes containing more
than a structure were assigned to the one occupying
their largest percentage.

Software

A program was written for application of the Ta-
lairach three-dimensional proportional grid to brain
MR data sets, which performs the following steps:

I. Identification of the AC and PC

The program prompts the operator to identify the
center of the AC and PC on the original axial images.
This is the only operator intervention required by the
method. The program also automatically provides a
lateral view of the brain with display of the AC-PC line,
to allow one to recognize possible major errors in com-
missures’ identification, which results in a clearly ab-
normal position of such line.

I11. GM lIsolation

The application of the Talairach 3D grid needs identi-
fication of the external brain parenchyma limits, which
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can be automatically defined on segmented images using
GM voxels. Therefore, from a set of segmented axial
images, a set of GM maps is automatically obtained by
zeroing of all non-GM voxels. This allows one to handle
the data set more efficiently, thus decreasing computa-
tional time of subsequent processing steps.

I11. Generation of the GM Volume

The 30 MR axial GM maps are stacked to obtain a
256 X 256 X 30 3D matrix, which is in turn rebinned
into a matrix with 1-mm isotropic voxel dimensions.

IV. Realignment of the Segmented GM Volume
to the AC-PC Line

The program rotates the GM volume around the z
and x axes to render the AC-PC line defined by the
operator’s identification in step (I) horizontal.

V. Automated lIdentification of the Falx Cerebri (FC)

Residual head tilt around the y axis can be corrected
if the midline structures are aligned to the AC-PC line.
In order to do this the FC can be used as a landmark of
the midsagittal plane. In order to identify the FC, a
5-pixel-thick line is selected on the projection of the
GM volume onto the coronal plane, lying at 1/6 of the
distance between the AC-PC line and the top of the
brain. The highest second derivative of this line, cor-
responding to the center of the FC, is automatically
identified (Fig. 1A).

V1. Correction of Possible Rotation around the y Axis
(Due to Malpositioning of the Head at the Time
of the MR Scan)

Correction of head tilt around the y axis is achieved
by rotating the GM brain volume so that the FC and
the AC-PC line are vertically aligned (Fig. 1B).

VII. Identification of the Boundaries of a Box
Encompassing the Supratentorial Brain (Fig. 2)

The limits of the GM volume are automatically iden-
tified. In order to exclude cerebellum, which is not used
in the definition of the whole brain box according to
Talairach, the inferior brain limit is identified as the
lowermost plane containing GM in front of the AC,
thus allowing automated identification of the inferior
limit of the temporal tips.

VIII. Application of the Talairach Proportional Grid
to the Segmented Image Set

The segmented images are then divided into 1056
small boxes according to Talairach grid prescriptions.
Brain parenchyma pixels falling below the brain box
are assigned to two (left and right) additional boxes,
which are assigned to cerebellum.
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FIG. 1.

(A) Projection of the GM volume onto the coronal plane after realignment to the AC-PC line (perpendicular to this plane). A

5-pixel-thick line placed at 1/6 of the distance between the AC-PC line and the brain vertex is selected (shaded area). The corresponding
intensity profile is obtained (middle line). Corresponding second derivative is then calculated (upper line); its highest value identifies the
superior sagittal sinus (arrows). (B) The rotation angle needed to vertically align the superior sagittal sinus and the AC-PC line (upper image)
is then applied to the GM volume, thus correcting for malrotation around the y axis.

IX. Sum of the Boxes Belonging to Each
of the 12 Structures

For each lobe and for each cerebellar hemisphere,
GM contained in the corresponding boxes, according to
the lookup table preliminarily created, is summed to-
gether. The same procedure is applied to CSF voxels
from the boxes containing the lateral ventricles.

X. Volume Calculation

Finally, conversion into milliliters of tissue is ob-
tained by multiplying the pixel volume by the number
of tissue pixels belonging to each structure.

Brain Structure Manual Definition (Gold Standard)

For comparison purposes, manual definition of brain
lobes, cerebellar hemisphere, and lateral ventricle lim-
its was performed on the original axial images of 10
studies by two neuroradiologists (M.Q. and E.T.).

Brain Lobes Automated Definition

On each study two neuroradiologists (M.Q. and E.T.)
and two properly trained psychiatry residents (U.V.
and G.A.) defined the location of the cerebral commis-
sures for Talairach grid application.

All the software for manual and automated definition
of brain structures was written using Interactive Data
Language (Research Systems, Inc., Boulder, CO). Software
development and data processing were performed on a Pen-
tium-based PC (Compaq Computer Corp., U.S.A)) run-
ning Linux RedHat 7.0 and on an Ultra-Sparc 70 (Sun
Microsystems, Inc., Palo Alto, CA) running Solaris 5.7.

Data Normalization

For each study, total GM, WM, and CSF were di-
vided by total intracranial volume (ICV), thus provid-
ing fractional results (fGM, fWM, and fCSF). fGM and
fCSF were corrected according to age-related changes
by adjusting them to the mean age of all 56 studies
(34.8 years), according to the corresponding rates of
decline (for fGM, 0.013%o - y ) or of increase (for fCSF,
0.015%0 - y ), as measured in a larger data base of 50
normal subjects (Alfano, 1997). Regional fGM and
fCSF data were also proportionally corrected.

Automated Method Validation
Volume Measurement Comparison

As systematic differences in brain shape between
diagnostic categories may theoretically induce system-
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FIG. 2. Projection of the gray matter volume, realigned according to Talairach, onto the coronal (top), sagittal (bottom right), and axial
(bottom left) planes. The limits of the box encompassing the brain and the AC-PC line are also displayed. The volume between the two coronal
planes passing through the commissures is shaded. Note that the inferior limit of the box encompassing the brain is tangent to the inferior
limit of the temporal tips, as prescribed by Talairach’s 3D grid, not taking into account cerebellum. Voxels falling below this plane are

automatically assigned to the cerebellum by the program.

atic errors when measuring regional volumes against a
constant atlas, consistency of the agreement between
the automated and the manual methods was prelimi-
narily tested by comparing for each structure mean
percentage differences between the two methods in the
two main diagnostic categories (NV vs SC) by Student’s
paired t test.

Upon verification of the absence of a diagnostic cat-
egory effect, data from the five NV and five SC studies
analyzed with both methods were pooled for subse-
guent analysis, and lobar and ventricular volumes ob-
tained using the two methods were compared using
intraclass correlation coefficients (ICC) (McGraw,
1996). The disagreement between the two methods was
assessed according to Bland and Altman (1986).

Localization Accuracy

When measuring the volume of a brain structure in a
single study, manual and automated methods can pro-
vide the same volume estimates. This does not imply that
the same voxels have been assigned to a specific structure

by both methods, it just means that the same number of
voxels has been assigned to that structure.

The accuracy of “localization” of the brain structures
of the automated method (i.e., the ability to correctly
classify each voxel as belonging to the corresponding
brain structure as defined by the gold standard, here-
inafter referred to as “sensitivity”) was assessed using
the manual method as gold standard. Specificity of the
method (measured by the voxels incorrectly classified,
hereinafter defined “localization error”) was also as-
sessed compared to the manual method. For each
structure, sensitivity and localization error of the au-
tomated method were calculated as the percentage of
GM (for brain lobes and cerebellar hemispheres) and
CSF (for lateral ventricles) voxels which were respec-
tively correctly and incorrectly classified by the auto-
mated technique in the 10 MR studies analyzed by
both methods (manual and automated) in two separate
measures.

For each structure, sensitivity is expressed as per-
centage of the volume as measured by the manual
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FIG. 3. Manual vs automated measurements of brain structure
volumes. Data are reported for the two measures of the 12 structures
performed with each method on the 10 MR studies used for valida-
tion (n = 240). For each structure, right and left data are represented
in the same color. CBL, cerebellum; FRO, frontal;, OCC, occipital;
TEM, temporal; PAR, parietal; VENTR, lateral ventricles.

technique and localization error as percentage of the
volume as measured by the automated technique.

Reproducibility

The same 10 studies used for lobar reproducibility
assessment were analyzed twice 1 month apart with
both manual and semiautomated techniques to assess
intraoperator reproducibility of the two techniques.
Reproducibilities of the two techniques were compared
using Student’s paired t test.

Group Comparisons

Age-corrected (for fGM and fCSF) regional data, re-
sulting from the application of the automated method
to the 25 NV and 28 SC studies, were compared using
t test: first, differences were sought between NV and
pooled SC data, and only for regions showing differ-
ences between these two groups, differences of NV vs
DS, NV vs NDS, and DS vs NDS were then probed
separately. Demographic and clinical characteristics of
the different groups were compared using the t test.

Results were considered significant when P < 0.05.
Where necessary, multiple comparison correction ac-
cording to Bonferroni was applied.

RESULTS

For each study, operator intervention required less
than 1 min for the definition of the AC-PC line. Manual
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definition of brain lobes required on average 37 min
(range 30-48) for each study. Volumes obtained by
manual assessment vs corresponding automated mea-
sures are plotted in Fig. 3.

Automated Method Validation
Volume Measurement Comparison

In Table 1, mean differences between the two meth-
ods, separately for NV and SC studies, are reported for
each structure. Comparison of the agreement between
the two methods in NV and SC failed to demonstrate a
difference in accuracy of the automated method upon
the two diagnostic categories, hence for subsequent
validation of the automated method NV and SC data
were pooled.

The results of the comparison of the lobar volumes as
measured by the two techniques, after pooling the re-
sults from five NV and five SC studies used for method
comparison, are reported in Table 2 along with corre-
sponding ICC.

The differences between the two methods are plotted
in Fig. 4 according to Bland and Altman (1986). The
mean difference between automated and manual mea-

25 -
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Mean Volume [ml]

FIG. 4. Scatter plot of the differences between automated and
manual measures of the volumes of the 12 structures (y axis, linear
scale) versus the average values obtained from the two methods (x
axis, logarithmic scale) according to Bland and Altman (1986). A
positive value indicates overestimate by the automated method.
Data from the two measures of 12 brain structures performed with
each method in 10 MR studies are reported (for each structure, n =
240). Symbols are the same as in Fig. 3. Mean absolute difference
between the values obtained by the two techniques was 4.8 ml,
maximum difference for a single structure was 21.4 ml. Overestima-
tion by the automated method is present for ventricles, cerebellum,
and parietal lobes, underestimation is present for temporal lobes,
with increased error for larger structures.
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TABLE 1

Differences between Automated and Manual Methods Ex-
pressed as Percentage of the Volume Measured Manually
Separately in NV and SC Studies

% difference (n = 20)

NV SC

mean £ SD mean * SD
Cerebellum 5.8 +13.4 13.6 = 23.9
Frontal 42 +74 -0.8*+8.2
Occipital —-1.8+14.2 0.1 +216
Parietal 10.9 = 13.9 12.9 = 20.9
Temporal -11.6 = 6.4 -7.3*+9.0
Lat. ventricles 24.7 = 16.2 23.7 £ 17.7

Note. For each lobe and for each group of subjects (NV and SC) are
reported the average of 20 measures (right and left, 5 MR studies
analyzed twice) performed with each method. No significant differ-
ence in the performance of the automated method when analyzing
NV and SC was detected by testing % differences by Student’s paired
t test. SD, standard deviation.

sure of each structure in the 10 MR studies was 0.4 ml
(range —6.8 to 3.7), the maximum difference for a sin-
gle measure being 21.4 ml. The values for the single
structures along with the corresponding values for ab-
solute differences are reported in Table 2. Overestima-
tion by the automated method for ventricles, cerebel-
lum, and parietal lobes and underestimation for
temporal lobes were statistically significant at paired t
test. For lateral ventricles, volume overestimation by
the automated method (+1.1 ml) corresponds to a 13%
error. For the remaining GM structures (cerebellar
hemispheres and brain lobes), systematic errors were
within 10%.
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Localization Accuracy

Sensitivity and specificity assessment results are re-
ported in the last two columns of Table 2. Two repre-
sentative studies are reported in Fig. 5. The voxels
incorrectly labeled by the automated method are high-
lighted. The selected studies are the two associated
with the worst (Fig. 5A, mean error per structure 11.2
ml) and the best (Fig. 5B, mean error per structure 3
ml) performances of the automated method.

Reproducibility

The results of the assessment of the reproducibility
of the two techniques are summarized in Table 3. The
automated method was significantly less reproducible
for cerebellar hemispheres, while manual measures
were less reproducible than the automated method for
temporal lobes. When pooling all structures, no differ-
ences in the reproducibilities of the two techniques
could be detected.

Group Comparisons

There was no significant difference between DS and
NDS for age (37.1 = 8.4 vs 34.8 =+ 8.5 years), education
(11.2 = 2.9 vs 11.3 = 3.8 years of school), age at onset
of illness (22.1 = 4.82 vs 19.5 = 4.2 years), or duration
of illness (15.1 = 8.7 vs 15.3 = 6.6 years). The mean
current dose of antipsychotic drugs was higher in NDS
patients (608 *= 209 vs 425 = 336 chlorpromazine
equivalents). There was no difference between the two
patient groups as to the type of antipsychotic treat-
ment they were receiving: 54.5% of DS and 53.8% of
NDS patients were being treated with novel antipsy-
chotics, 27.3% vs 30.8% with standard neuroleptics,

TABLE 2

Comparison of the Brain Lobe Volumes Obtained Using Manual Assessment
vs Those Obtained Using the Automated Method (n = 40)

Signed Absolute

Manual (ml) Automated (ml) difference (ml) difference (ml)

mean = SD mean * SD mean * SD mean *= SD ICC Sensitivity Localization error
Cerebellum?® 344+ 6.4 375 +83 3.1*+59 52+ 42 0.7744 89.5% 19.5%
Frontal 105.2 = 17.9 106.8 = 19.4 16+79 7.0+39 0.9082 88.2% 13.3%
Occipital 19.1 + 4.2 185+ 34 -05+31 2617 0.7206 86.0% 10.9%
Parietal® 39.4 + 8.6 431 +7.0 3.7+56 5.7+ 3.6 0.8068 78.8% 30.6%
Temporal® 68.4 £ 9.0 61.7 = 7.7 -6.8 £6.0 73+54 0.8042 86.8% 3.4%
Lat. ventricles® 74+ 46 85=*45 12+1.0 1.2+038 0.9904 96.7% 18.2%
Mean 04 +6.4 48 42 0.9909 88.3% 11.7%

Note. Mean and standard deviation (SD) are reported for both signed (automated minus manual) and absolute differences between the two
methods. For each structure, the percentages of voxels correctly and incorrectly assigned by the automated method (respectively, sensitivity
and localization inaccuracy of the automated method, average of the two trials in 10 studies), are reported in the last two columns. For each
structure, sensitivity is expressed as a percentage of the volume as measured by the manual technique, localization error as a percentage of
the volume as measured by the automated technique, while mean sensitivity and localization error are calculated over total brain voxels. For
each lobe, the averages of 40 measures (right and left, 10 MR studies analyzed twice) performed with each method are reported. SD, standard
deviation. Correlation as assessed by intraclass correlation coefficients (ICC) was significant in all instances.

# Mean volumes, as measured with manual and automated methods, significantly different at paired t test.
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FIG. 5. Representative slices from the two segmented MRI studies with the largest (study A, mean error per structure 11.2 ml) and the
smallest (study B, mean error per structure 3 ml) error. For sake of simplicity only GM is represented. GM voxels correctly assigned by the
automated method are in gray, incorrectly assigned voxels are in black.

18.2% vs 15.4% with a combination of standard and
novel antipsychotics.

The mean score on the Avolition—Apathy SANS sub-
scale was significantly higher in DS than in NDS pa-
tients (DS, 3.71 = 0.7; NDS, 2.85 = 0.9;t = 2.68, P <

0.01). No significant difference was found on SAPS and
EBPRS scores. On the Strauss—Carpenter Scale, DS
patients, compared to NDS, had significantly lower
total score (DS, 7.2 = 2.3; NDS, 10.0 = 2.6; t = —2.90,
P < 0.008) and mean score for the item Social Contacts
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TABLE 3

Mean Absolute Intramethod Differences for Manual
and Automated Methods (n = 20)

Manual Automated

Mean Max Mean Max

(ml) (ml) (ml) (ml)
cBL? 0.4 1.3 6.9 14.8
FRO 3.2 13.9 4.9 12.2
occC 15 4.6 1.2 2.6
PAR 4.3 16.2 2.4 8.3
TEM? 4.8 12.9 1.9 4.4
VENTR 0.4 1.4 0.4 1.6
Total (n = 120) 2.4 16.2 29 14.8

Note. For each structure n = 20 (2 structures for 10 studies, as
right and left structures are pooled together), mean and maximum
values are reported. Units are milliliters of GM (brain lobes and
cerebellar hemispheres) or of CSF (lateral ventricles). Reproducibil-
ity of the manual method was significantly higher at paired t test for
cerebellar hemispheres and significantly lower for the temporal
lobes. When all structures were pooled together, no differences in the
reproducibilities of the two methods emerged.

® Difference in reproducibilities significant at paired t test after
correction for multiple comparisons.

(DS, 0.7 = 1.0; NDS, 2.5 £ 1.5;t = —3.59, P < 0.002),
indicating poorer functioning in the former group.

Calculation of total intracranial GM, WM, and CSF
fractional volumes showed a significant decrease in
fGM, with a corresponding increase in CSF, in patients
compared to NV (Fig. 6). This was common to both
subtypes of SC, with a more evident, although not
significant, effect in NDS patients (Fig. 7). No signifi-
cant difference was present for fGM and fCSF between
DS and NDS.

Results of the regional volumes assessment in the
three groups of subjects are summarized in Table 4.
The reduction in fGM appears to be essentially due to
a decrease in frontal and temporal lobe GM volumes.
Again, no difference emerges between the two SC sub-
groups.

Enlargement of lateral ventricles was present in the
SC population; for the right ventricle, it was significant
in NDS versus both NV and DS, while for the left
ventricle, it was significant in NDS versus NV, but
approached significance only versus DS.

DISCUSSION

Validation of the automated method implied a com-
parison between two methods for definition of major
brain structures, which are based on two intrinsically
different approaches, such as a landmark-based (man-
ual definition of structures is based on the recognition
of internal landmarks) and a proportionality-based
(stereotaxy-based) method. Nonetheless, in agreement
with previous work validating this approach on 3D
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data sets (Andreasen, 1996), the differences between
the two methods, although systematic for most struc-
tures, fall within 10% for GM volumes and below 15%
for ventricular volumes, largely within the reproduc-
ibility interval of both techniques. In this work manual
assessment of brain structures, operated on axial slices
by two experienced neuroradiologists, had the same
overall reproducibility compared to the automated
technique despite the substantial amount of time spent
in the manual process.

The inferior reproducibility of the automated method
when measuring the cerebellar hemispheres, com-
pared to manual assessment, is a somewhat expected
finding, considering that the extremely well defined
boundaries of the cerebellum do not allow for interop-
erator variability, while the stereotactic proportional
approach makes the volume of this structure extremely
dependent on the height at which the AC-PC line is
defined. In this sense the lower reproducibility of the
manual technique when measuring the temporal lobe
is also expected, as the upper part of this region has
less well defined boundaries, hard to univocally define
especially on axial slices.
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FIG. 6. Scatter plots of GM (circles), WM (triangles), and CSF
(squares) percentages of ICV as a function of age in 50 normal
subjects (empty marks) vs 28 schizophrenic patients (solid marks). In
patients a significant decrease in GM and an increase in CSF can be
appreciated, with normal fractional WM volumes. Differences in
fractional tissue volumes were not significant between DS and NDS
patients, hence patient data are pooled.
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FIG.7.

Fractional GM (circles), CSF (squares), and WM (triangles) volumes in NV, DS, and NDS. Data are % of total intracranial volume,

age corrected to the mean age of all subjects. In schizophrenic patients, fGM is significantly lower and fCSF significantly higher than in
normal subjects. No significant difference was found between deficit and nondeficit schizophrenic patients.

An advantage of this type of approach to regional
definition consists in its modularity. Once the brain
has been divided into boxes, they can be assembled to
measure different structures depending on what spe-
cific anatomic structure is being studied or even assem-
bled according to the patterns of their modifications, as
proposed by others (Wright, 1999).

Regional volumetry through the subdivision in boxes
of the brain operated by the Talairach 3D grid allows
only an identification of major divisions of the brain,
where the resolution limit is given by the size of the
subdivisions operated by the grid, hence not allowing
one to measure the size of small brain structures (e.g.,
basal ganglia or amygdala).

To overcome these limitations, a voxel-wise approach
to comparison of local concentration of gray matter
between groups of subjects has been recently published
(Ashburner, 2000). The procedure involves spatial reg-
istration into the stereotactic space of the MRI vol-
umes; subsequent segmentation into GM, WM, and
CSF; smoothing of GM volumes; and finally voxel-wise
parametric statistical testing to compare GM distribu-
tion. Corrections for multiple comparisons, of major
impact in voxel-based comparisons, are made accord-
ing to the Worsley approach to Gaussian random fields.

A critical problem with the voxel-wise approach,
however, appears to be the registration step, because
registration errors result in apparent strong interstudy

TABLE 4

Fractional Volumes of All Structures in the Three Groups

Ventricle Cerebellum Frontal Temporal Occipital Parietal
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Right

NV 0.4%*" 0.2% 3.0% 0.6% 10.4%>"* 0.7% 6.9%*"° 0.4% 1.9% 0.3% 4.0% 0.4%

DS 0.5%" 0.2% 3.0% 0.7% 10.1% 0.7% 6.7% 0.5% 1.9% 0.2% 4.0% 0.4%

NDS 0.8% 0.3% 2.7% 0.5% 9.8% 0.6% 6.3% 0.5% 1.6% 0.3% 3.9% 0.4%
Left

NV 0.5%2" 0.2% 3.3% 0.7% 9.7%2"* 0.6% 7.1%2"¢ 0.4% 2.0% 0.3% 4.0% 0.4%

DS 0.5% 0.2% 3.2% 0.7% 9.5% 0.7% 6.8% 0.5% 2.0% 0.3% 3.9% 0.5%

NDS 0.9% 0.4% 2.9% 0.5% 9.1% 0.7% 6.5% 0.4% 1.8% 0.3% 4.0% 0.4%

Note. Values are means and standard deviations (SD) of age-corrected GM (for brain lobes and cerebellar hemispheres) and CSF fractions
of ICV. The decrease in GM, with corresponding increase in CSF, appears mainly localized at the level of frontal and temporal lobes
bilaterally in both groups of patients. Right lateral ventricle is significantly increased in size in NDS compared to both the NV and the DS
groups. Left lateral ventricle shows the same trend, but the difference between the two patient groups only approaches significance.

# NV and pooled schizophrenic patients significantly different.

® NV and NDS patients significantly different.

° NV and DS patients significantly different.

4 DS and NDS schizophrenic patients significantly different.
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differences in GM distribution. This is decreased only
to a limited extent by smoothing, leaving residual ef-
fects in areas of strong image gradients, which also
make this approach unfeasible when 3D data sets, with
fine brain sampling, are not available. At the present
stage voxel-based methods, although apparently in-
creasing the detail of the differences that can be appre-
ciated, provide data that must be critically examined,
as they are prone to false positive results that can be
avoided only when large regions are averaged.

Also when morphometry is not a focus, the vast
majority of clinical trials on SC include MRI in the
protocol, which is indeed a necessary tool in the
workup of SC.

The presented method is independent of original
data set type and segmentation method. In the present
implementation it has been applied to 30 4-mm-thick
contiguous slices, but in theory it can be applied to
even smaller data sets, further undersampling the
brain, as long as voxel dimensions remain below the
order of magnitude of the grid boxes and the whole
brain is covered. The method is thus suitable to ana-
lyze virtually any standard MRI data set following
segmentation, providing a tool to obtain regional volume
data that otherwise would not be taken advantage of.

Regarding possible application of the automated
method in the study of other types of pathologic condi-
tions, it must be stressed that, due to the underlying
assumption of proportionality and symmetry of the
brain structures, the use of a stereotactic approach
does not apply in all cases. It is not suitable, for exam-
ple, when normal anatomy is altered for the presence of
mass lesions.

Application of the method to MR images obtained
from conventional SE allowed an assessment of re-
gional volumetric changes in SC, which confirmed pre-
vious literature data regarding frontotemporal involve-
ment in this pathology and disclosed a differential
involvement of lateral ventricle in NDS and DS. We
found indeed larger lateral ventricles in NDS com-
pared to both NV and DS. Unlike others (Buchanan,
1993), we have not found a significant difference be-
tween DS and NDS concerning volumetry of frontal
regions: in both patient subgroups fGM in these re-
gions was significantly smaller compared to NV. This
can be explained by the fact that we have measured the
frontal lobes without assessing any specific structure,
whose reduction may be diluted when considering the
whole lobe.

The two patient groups did not differ in mean age at
illness onset, duration of illness, severity of psychotic
symptoms, or disorganization; DS had more severe
avolition and worse social functioning than NDS. The
finding of greater structural brain abnormalities in
NDS adds to the evidence that deficit schizophrenia
does not represent just the more severe end of the
schizophrenia continuum and suggests different phys-
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iopathological mechanisms in the two schizophrenia
subtypes.

Further work is needed to enlarge the data base to
confirm these initial findings and to clarify the mean-
ing of these differences, especially in relationship to
patients’ history and clinical picture.
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