
in this study. Cons~stent with our findings, 
maninulation of 5-HT has been shown to 
affect fear (or anxiety) (20) and aggression 
(21 ) in animals and humans (22, 23). 

The distinct behavioral and ~leuronal 
deficits in the hcterozvgote suggest that , L. . .. . 
only those brain regions that have intrin- 
sicallv low levela of the a-CaMKII gene 
exmeision would be most affected bv the  
lower gene dosage. These regions ma'y in- 
clude the serotonergic nuclei. In contrast, 
the behavioral abnormalities of the ho- 
mozygote (in which both copies of the 
gene are absent) becorne widespread ( Ta- 
ble 1). Such gene dosage effects Inay exist 
in human psychiatric diseases, in particu- 
lar, those involving personal~ty traits asso- 
ciated with increased aggression and de- 

~ ,, , 

creased fear (consistent with increased 
risk-tak~ng behaviors). 
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Thalamic Abnormalities in Schizophrenia 
Visualized Through Magnetic Resonance 

Image Averaging 
Nancy C. Andreasen,* Stephan Arndt, Victor Swayze II, 

Ted Cizadlo, Michael Flaum, Daniel O'Leary, James C. Ehrhardt, 
William T. C. Yuh 

Schizophrenia is a complex illness characterized by multiple types of symptoms involving 
many aspects of cognition and emotion. Most efforts to identify its underlying neural 
substrates have focused on a strategy that relates a single symptom to a single brain 
region. An alternative hypothesis, that the variety of symptoms could be explained by a 
lesion in midline neural circuits mediating attention and information processing, is ex- 
plored. Magnetic resonance images from patients and controls were transformed with a 
"bounding box" to produce an "average schizophrenic brain" and an "average normal 
brain." After image subtraction of the two averages, the areas of difference were displayed 
as an effect size map. Specific regional abnormalities were observed in the thalamus and 
adjacent white matter. An abnormality in the thalamus and related circuitry explains the 
diverse symptoms of schizophrenia parsimoniously because they could all result from a 
defect in filtering or gating sensory input, which is one of the primary functions of the 
thalamus in the human brain. 

Schizophrenia is a disorder characterized tients. Patients have a mixture of cognitive 
by a multiplicity of signs and symptoms, no and emotional disturbances in a variety of 
single one of which is present in all pa- functional systetns such as perception, lan- 

guage, inferential thinking: and-etnotional 
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ture: the fragmenting or splitting apart of 
the cognitive and emotional functions of 
the mind (1). Although not all patients 
given this diagnosis have delusions, hallu- 
cinations, or disorganized speech, all share a 
fragmentation of the mind: a catastrophic 
experience involving the loss of control 
over thoughts and emotions, the capacity to 
integrate experience and expression, and 
the sense of personal autonomy. 

In the search for the neural substrates of 
the symptoms of schizophrenia, links have 
been noted between hallucinations and tem- 
poral lobe abnormalities, thought disorder 
and hippocampal abnormalities, and nega- 
tive symptoms and prefrontal abnormalities 
(2). A central problem with this work has 
been the use of small samples, owing to the 

labor-intensiveness of the methods used, and 
a related difficulty in finding abnormalities 
consistent across studies. 

We propose a parsimonious explanation 
for the multiplicity of signs and symptoms: 
abnormalities in midline structures that me- 
diate attention and information processing, 
particularly the thalamus and related mid- 
line circuitry. To support this explanation, 
we provide evidence from magnetic reso- 
nance (MR) imaging. Fully automated tech- 
niques for image analysis of MR scans were 
used to generate an "average brain" from a 
sample of normal individuals and a sample 
of patients suffering from schizophrenia (3). 
The "average brain" is used to compare the 
two groups and to identify regions where 
they differ. This strategy provides an effi- 

Fig. 1. Three orthogonal views of the "average brains" from (A) 47 healthy male volunteers and (B) 39 
male patients suffering from schizophrenia. Green cross hairs display the coordinates of the location 
three-dimensionally. T, thalamus; V, ventricles. 

cient alternative to current methods for 
analysis of MR imaging data, which involve 
manually tracing structures on prespecified 
areas of each individual scan. 

MR data were collected with a 1.5-T GE 
Signa Scanner. The three-dimensional 
SPGR seauence was used with the follow- 
ing scanning parameters: 1.5-mm coronal 
slices, flip angle 40°, repetition time 24 ms, 
echo time 5 ms, two excitations, field of 
view 26 cm, matrix 256 x 192. Postacqui- 
sition processing was done with locally de- 
veloped software (4). 

The imaged brains were then linearly 
transformed with a "bounding box" tech- 
niaue that included six ~oints:  the most 
anterior and posterior, the most right and 
left lateral. and the most su~erior and infe- 
rior (5). ~ a c h  imaged brain ;as stretched or 
compressed in three dimensions, creating 
three scaling factors: S,, S,, and S,. After 
each brain was transformed to the same 
three-dimensional mace. brains were subse- 

L ,  

quently averaged on a pixel by pixel basis. 
Before averaging, signal intensity was nor- 
malized with a histogram equalization pro- 
cess (6). Signal intensity values were then 
averaged separately for each of the two 
groups, normal controls and schizophrenic 
patients, by calculation of the mean and 
standard deviation for each equivalent pixel 
within the bounding box. Thus, an "aver- 
age brain" was generated for the schizo- 
phrenic group and for the normal group. 
This average brain can be visualized and 
resampled three-dimensionally in the same 
manner as an individual MR data set. It has 
the advantage, however, of providing a con- 
cise numeric and visual summary of the 
group as a whole. 

In order to submit the averaee brains to u 

statistical analysis, we used the strategy of 
comparing groups by examining differences 
between the schizophrenic and normals as 
displayed in subtracted images. This ap- 
proach to determining whether the two 
groups differ anatomically and to identify- 
ing the specific regions where they differ is 
analogous to methods used for many years 
for the analysis of positron emission tomog- 
raphy (PET) data (7). A variety of tech- 
niaues are currentlv in use for the analvsis 
of differences in PET images; most rely on 
some type of "t statistic" (8). In this case, 
we chose instead to display the differences 
as an effect size (ES) map, considering it a 
better indicator of the extent to which the - ~ ~ ~ 

two groups actually differ in a biologically 
significant way. An image-based ES shows 
the extent of difference between images in 
terms of the average intersubiect variabilitv. " 
Thus, the image presents a descriptive pic- 
ture of the size of group differences (9). The 
statistical image was built from the ES for 
group differences voxel by voxel. 

Before the image subtraction analyses, 
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the total volume of tissue and cerebrospinal 
fluid (CSF) was compared for the schizo- 
phrenic patients and normal control sub- 
jects. The patients had a mean brain tissue 
volume of 1263 + 91 cm3, as compared to 
1327 + 114 cm3 in controls (t = 2.90, P < 
0.006); CSF volume in patients was 131 + 
32 cm3, as compared to 108 + 29 cm3 in 
controls (t = 3.48, P < 0.001). Thus, pa- 
tients have more CSF and less brain tissue: 

Patients vrrws controls 

results remained the same after covarying 
height. These results confirm earlier reports 
indicating reduced brain size and increased 
ventricular size in schizophrenia (10). A 
fundamental question raised by these stud- 
ies is whether the reduced brain size and 
increased area of CSF-filled mace results 

P Coronal 

from a diffuse abnormality or whether it is a 
consequence of specific regional abnormal- 
ities. There appears to be a subtle but visu- 
ally detectable difference in ventricular size, 
seen especially on the transaxial view (Fig. 
1). The most noticeable regional difference 
is in the thalamus, which appears to be 
smaller, especially as visualized on the mid- 
sagittal view. 

Sagittal 

Patients versus controls - 
The major abnormalities identified 

when the images are subtracted and por- 
trayed as ES maps are in two areas: the 
thalamus, and white matter tracts adjacent 
to it (Fig. 2, A and B). These abnormalities 
are primarily in the right hemisphere and 
are seen on all three orthogonal planes. 
Differences in signal intensity occur primar- 
ily in lateral thalamic regions, but may also 
be seen in medial areas. Differences are also 
present in white matter regions in the fron- 
tal lobe and to a lesser extent in the parietal 
and temporal lobes. An area of difference is 
also seen in the posterior (occipital) re- 
gions; this reflects the differences in brain 
size, which produces an aliasing ("nose 
wrap") artifact in the controls because of 
their lareer amount of brain tissue. Thus. 

Transaxial - 
this type of image analysis appears to be 
sensitive to group differences and may offer 
an efficient and empirical method for anal- 
ysis of MR data. 

As a check on the possibility that these 
results could be due to some unknown arti- 
fact, the 48 normal males in this study were 
subtracted from a sample of 44 normal fe- 
males, collected in an ongoing study of 
gender differences in the normal brain (Fig. 
3)  (1 1). In contrast to the control-~atient 

Fig. 2. Three orthogonal views showing an ES map on subtracted images. The average brains from 
patients have been subtracted from controls. In these images effect size is color-coded with a red-green- 
blue visualization scale, with an ES map varying from 0.75 SD (blue) to 1 SD (red) or greater. (A) shows a 
midline view, whereas (B) shows the location of differences in a more lateral view 

schizophrenia have been previously report- 
ed in the neuropathological literature; five 
~revious studies have shown either de- 

prefrontal cortex, whereas lateral nuclei 
project to parietal and temporal association 
regions (14). Other studies have also report- 
ed abnormalities in midline attentional cir- 
cuits either downstream or upstream of the 
thalamus, such as the cingulate gyrus or the 
pontine reticular activating system (15). 

These findings are consistent with the 
role that the thalamus plays in modulating 
overall brain function and its possible rela- 
tion to schizophrenia. The thalamus serves 
as the major way station that receives input 
from the reticular activating system, struc- 
tures involved in emotion and memory such 

. .  . 
images, no major differences are seen, apart 
from the rim of color in the skull and scalp, 
which reflects larger male head size. No 
differences are seen in brain parenchyma, 
apart from the posterior region, which re- 
flects an aliasing artifact in the males be- 
cause of their lareer heads. 

creased size or neuronal loss (13). The tha- 
lamic abnormalities noted in this studv can- 
not be localized specifically, owing to the 
inherent limits of resolution of the MR 
sequences used. While they may involve 
the medial dorsal regions of thalamus 
(which have been most frequently studied 
in neuropathological literature), the abnor- 
malities seen in the lateral thalamus are 

- 
Decreased thalamic size has been our 

most consistently replicated finding in ear- 
lier studies, in addition to increased ventric- 
ular size (12). Thalamic abnormalities in 

more prominent. The medial dorsal nucleus 
is of interest because it projects to the 
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Maks versus females 

Fig. 3. Three orthogonal views showing an ES map on subtracted images from the 47 healthy n 
volunteers and 44 healthy female volunteers. 

as the amygdala, and cortical association 
areas. Thus, it plays a significant role in 
filtering, gating, processing, and relaying 
information. An abnormalitv in this struc- 
ture could explain most of the psychopa- 
thology in schizophrenia, which can be 
readily understood as the result of abnor- 
malities in filtering stimuli, focusing atten- 
tion, or sensory gating (1 6). A person with 
a defective thalamus is likely to be flooded 
with information and overwhelmed with 
stimuli. That person may consequently ex- 
perience the striking misperceptions that 
we refer to as delusions or hallucinations or 
may withdraw and retreat and display neg- 
ative symptoms such as avolition. 

The thalamic abnormalities are coupled 
with an area of difference in the white 
matter that may implicate tracts connecting 
the thalamus with the prefrontal cortex, a 
finding consistent with a large literature 
documenting frontal abnormalities in schiz- 
ophrenia (1 7). An abnormality in temporal 
and parietal projections may also be 
present. The abnormalities occur primarily 
in the right hemisphere. A right-sided ab- 
normality appears to run counter to the 
substantial literature suggesting deficits in 
left hemisphere brain regions, particularly 
those dedicated to language functions. Nev- 
ertheless, an abnormality in the right thal- 
amus, and particularly in the lateral nuclei 
that project to temporoparietal association 
areas, is also consistent with both the clin- 
ical picture of the illness and with some 
existing literature. Several studies have in- 
dicated linked circuitry between frontal and 
right parietal regions, particularly when 

higher level cognitive tasks are performed 
(1 8). Right temporoparietal regions are also 
crucial for spatial orientation. An individ- 
ual who cannot correctly link multimodal 
information in a spatial context is likely to 
feel confused, overwhelmed, and almost lit- 
erally "lost in space." 
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mTECHNICAL COMMENTS 

Identifying Species of Origin from 
Prehistoric Blood Residues 

I n  the archaeological world, some excite- 
ment (1 ) and controversy (2, 3) has been 
generated by reports (4-6) that hemoglo- 
bin from blood residues could survive intact 
for tens of thousands of years on stone tools 
and that the species of origin could be 
identified. One proposal (4) suggested that 
hemoglobin recovered from blood residues 
on artifacts could be crystallized by a simple 
procedure and the species of origin deter- 
mined by microscopic examination of the 
crystals. Such a technique would be of great 
interest in establishing ancient hunting pat- 
terns, animal migratory movements and in 
analysis of human blood residues (1-6). 

The basis for the proposed procedure 
appears to be an  exhaustive study conduct- 
ed by Reichert and Brown at the turn of the 
century (7), which established that hemo- 
globin from the blood of many vertebrates 
can be crystallized. These authors showed 
that when hemoglobin from a single species 
was crystallized, often several different crys- 
tal forms could be obtained, but within each 
crystal form the crystals were isomorphous 
(that is, each example had the same sym- 
metry and unit cell dimensions). Further, it 
was shown that crystals from two different 
species were often easy to distinguish from 
one another, while those from similar spe- 
cies were often similar, sometimes differing 
only slightly in unit-cell dimensions (7,  pp. 
325-327). These results suggest that animal 
species might be identified by examination 
of crystals of their hemoglobin. 

The proposed procedure (4), however, as 
applied to material obtained from prehistor- 
ic artifacts, has been challenged on two 
major fronts (2 ,  3): First, does microscopic 
examination of crystals permit unambigu- 
ous identification of the species of origin? 
Second, does protein survive in the intact, 
correctly folded native state in quantities 
sufficient to provide well-formed crystals 

that would be large enough to analyze? 
The first problem arises from a consider- 

ation of allowed crystal morphologies. 
There are 32 point groups (the symmetry of 
polyhedra), but protein crystals have only 
the symmetry of the 11 proper ones, that is, 
only those lacking operations of inversion 
and reflection. Likewise. of the 230 crvstal- 
lographic space groups,' only 65 are avail- 
able for urotein crvstals. These limitations 
are severe in the face of the number of 
extant and extinct species having hemoglo- 
bin, and in many instances it may be im- 
possible to distinguish crystals from differ- 
ent species by optical methods. For exam- 
ple, upon examination of the family Cani- 
dae, crystals of hemoglobin obtained from 
the blood of 10 distinct species of dogs, 
wolves, and foxes were studied by Reichert 
and Brown, who reported (7,  p. 265) that 
"[all1 members of the family furnished oxy- 
hemoglobin crystals which closely resem- 
bled each other. so that the differences 
between species were not readily made out." 

In order to identify the species of origin 
of a hemoglobin crystal unambiguously by 
the proposed technique (4), the minimum 
requirement is a complete and accurate 
analysis of the interaxial angles, and the 
axial length ratios of the unit cell. X-rav 
diffractio; is the method of choice and c a i  
vield accurate information about suace 
group and cell dimensions from a single 
well-formed crvstal (9). A ~ossible  draw- . , 

back is that the minimum protein crystal 
size for x-ray analysis is about 100 x 100 x 
100 pm (9), which contains about 0.5 kg of 
protein. Optical analysis is much more 
painstaking, but may be possible with small- 
er crystals. This requires the use of an opti- 
cal goniometer, with which one must mea- 
sure the angles between crystal faces to an  
accuracv of about 10 arc minutes. One must 
also determine the relationship of optical 
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axes to crystal faces and edges (7,  pp. 146- 
148). From this information, one can often 
deduce the crystal system and determine 
the relative unit cell lengths. Usually, this 
would require several well-formed single 
crystals and, of course, they must all be of 
the same material. 

Optical examination of crystals cannot, 
however, identify the space group. A t  best 
it can only provide crystal system (and per- 
haps point group), axial length ratios, inter- 
axial angles, optical axes, and birefringence 
sign. This compounds the problem raised by 
the limited number of ways in which pro- 
teins can crystallize. 

Armed with data obtained bv either x- 
ray or optical analysis, one can then consult 
a compendium (7) of crystal forms obtained 
from the hemoglobin of known species and 
attempt to identify the species of origin. For 
several proteins [citrate synthase, for exam- 
ple ( lo ) ]  crystals from species as divergent 
as chickens and pigs are isomorphous, and 
rigorous optical analysis would not distin- 
guish between the two species of origin. 
The required measurements of crystal sys- 
tem, unit cell axial length ratios, and inter- - 
axial angles have not been reported (4-6), 
nor has it been demonstrated that the crys- 
tals obtained from putative blood residues 
on stone tools actually contained hemoglo- 
bin. One cannot be confident of the cor- 
rectness of the species identification in 
these instances. 

The other major problem arises from the 
amount of material reauired for crvstalliza- 
tion and the fact that drysta1lizatio;l of pro- 
teins generally requires intact, correctly 
folded protein. While dry protein samples 
can retain biological activitv for vears, a 
large percentage i f  hemoglobin wili be de- 
graded in samples taken from ancient arti- 
facts (6). In controlled experiments simu- 
lating burial conditions (3), blood protein 
was usually not detectable by sensitive 
chemical analysis after several weeks of 
contact with damp soil. 

While the actual degree of protein deg- 
radation varies from sample to sample, it is 
possible to estimate the minimum amount 
of intact, native protein required for crys- 
tallization. Most protein crystals are about 
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