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Objective: It has been suggested that the
primary focus of the pathological process
in schizophrenia is on the limbic system,
and there have been several postmortem
reports of changes in the histological struc-
ture or volume of the hippocampus, as
well as a larger number of MRI reports of
volume reductions. There are conflicting
findings, however, with both techniques.

Method: The authors conducted a study
of the gross and subfield structure and
cellular composition of the hippocampus
in postmortem brains from 30 patients
with DSM-IV-diagnosed schizophrenia (13
women, 17 men) and 29 comparison sub-
jects with no psychopathology (14 women,
15 men). Stereological sampling proce-
dures were applied to 25-um-thick coronal
paraffin sections taken at 5-mm intervals
throughout the formalin-fixed hippo-
campus. Subfields were defined as the
dentate fascia, the hilus (CA4), an amal-
gamation of the CA2 and CA3 subfields,

the CA1 subfield, and the subiculum. Vol-
umes, cell densities, and cell numbers of
the subfields were assessed microscopi-
cally, and the volume of the hippocampus
was estimated from both photographs
and histological slides of the coronal slices.

Results: As assessed from histologically
stained slides, the volumes of the hippo-
campus and its subfields did not differ be-
tween patients and comparison subjects.
Left-sided reduction in hippocampal vol-
umes estimated from photographs, which
may have included parahippocampal tis-
sue, was not confirmed on histological ex-
amination. No significant differences were
observed between patients and compari-
son subjects in the cellular composition of
the hippocampus.

Conclusions: These findings do not sup-
port a primary alteration of the hippo-
campus in schizophrenia.

(Am J Psychiatry 2002; 159:821-828)

r]?he hippocampal formation and adjacent brain regions
have been the focus of much neuropathological and neu-
roimaging research in schizophrenia. However, there is, as
yet, no clear consensus on whether changes in these brain
regions occur in schizophrenia and whether, if they do,
they are unilateral or bilateral. For example, on the basis of
a review of MRI studies, Nelson et al. (1) concluded that
“schizophrenia is associated with a bilateral volumetric re-
duction of the hippocampus and probably of the amygdala
as well,” whereas, from a review of postmortem studies,
Dwork (2) concluded that existing studies “provide little
conclusive evidence for the neural substrate of schizophre-
nia.” However, the generally larger sample size in neuroim-
aging studies might give them greater power to detect a
small effect (approximately 4% according to Nelson et al.
[1]). If, indeed, the hippocampus is reduced in volume in
schizophrenia, then it must be asked whether this reduc-
tion is more than a reflection of the global volume reduc-
tion seen in the brains of patients with schizophrenia (3, 4).

The literature is consistent in finding no evidence of
hippocampal enlargement in schizophrenia. Where a re-
duction is found to be lateralized, it has been on the left
(5-8). Only neuropathological studies have been able to
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assess whether there are changes in volume of the hippo-
campal subfields, but the findings are inconsistent (2).

Against this background we have undertaken a study of
hippocampal neuropathology in which we have estimated
volumes and neuron numbers and densities of the hippo-
campus and its subfields on both sides in the brains of 30
patients with schizophrenia and 29 comparison subjects
with no psychopathology. We have adhered to stereologi-
cal principles (9-11) in this study.

Method

Postmortem brains were collected from patients and compari-
son subjects for whom the next of kin had provided consent to
use of tissues in medical research in conformity with existing hos-
pital and coroner’s (medical examiner’s) procedures. Clinical
notes were assessed by a psychiatrist (T.J.C. or Dr. Stephen J.
Cooper from Queen’s University, Belfast) to ensure that the com-
parison brains were free of psychopathology and that there was
clear evidence that the patients met DSM-1V criteria for schizo-
phrenia or schizoaffective disorder.

Brains were fixed by suspension from the basilar artery in 10%
formalin for a minimum of 4 weeks in three different centers
around the United Kingdom. All brains were examined by a neu-
ropathologist (B.M.) who was blind to diagnosis and gender, who
confirmed that they were free of substantial neuropathology (in-
cluding Alzheimer’s disease [12], Parkinson’s disease, or stroke).
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TABLE 1. Characteristics of 30 Autopsied Patients With Schizophrenia and 29 Autopsied Comparison Subjects With No

Psychopathology

Patients With Schizophrenia

Comparison Subjects

Characteristic Women (N=13) Men (N=17) Women (N=14) Men (N=15)
Mean SD Mean SD Mean SD Mean SD
Age at death (years)? 74.70 15.10 61.70 14.80 73.50 13.40 67.20 14.50
Time from death to postmortem (hours)? 39.70 32.90 44.60 32.60 43.40 25.80 42.60 28.50
Time in formalin (years)© 5.77 1.79 3.82 2.04 2.36 1.45 213 1.30
N N N N

Hospital of origin

Belfast 10 6 0 0

Oxford 1 6 11 13

Runwell 2 5 3 2
Use of neuroleptics

Less than average 2 0

Average 7 7

More than average 4 10

4 Women were significantly older than men (F=6.49, df=1, 55, p=0.01).

b No significant diagnosis or gender effects or interactions (all F<0.2, df=1, 53, all p>0.7).
¢ Significantly longer for women than men (F=6.07, df=1, 55, p=0.02) and for patients than comparison subjects (F=33.58, df=1, 55, p<0.0005).
Possible but not significant gender-by-diagnosis interaction (F=3.82, df=1, 55, p=0.06). This issue is addressed in the section of text titled

Influence of Other Factors.

It proved impossible to obtain brains from men and women of
comparable ages because the female patients were older at death
(Table 1). To avoid this confound, age was entered into all analy-
ses as a covariate.

The brains were carefully stripped of the leptomeninges and
coded so that measurements were performed blind. The tempo-
ral lobes were dissected away from the rest of the brain and sliced
into 5-mm-thick coronal slices throughout their entire length;
thus, the entirety of the hippocampus was available for histology.
The posterior aspect of these slices was photographed with a ruler
in the field of view to allow an enlargement factor to be calcu-
lated. Each slice was embedded in paraffin wax, and a 25-pm-
thick section was cut from the anterior face, mounted onto
coated slides, stained with cresyl violet and Luxol fast blue, and
coverslipped.

We then delineated the outlines of the hippocampus and five cy-
toarchitecturally defined hippocampal subfields using a Wild stere-
omicroscope (Wild, Heidelberg, Germany) in the manner described
by West and Gundersen (11): 1) the dentate fascia, 2) the hilus
(CA4), 3) an amalgamation of the CA2 and CA3 subfields (hereafter
CA2/3), 4) the CA1 subfield, and 5) the subiculum. The structure of
the hippocampus and its components is illustrated in Figure 1.

Measurement of the Hippocampal
Subfield Volumes

For the cell-containing regions of each hippocampal subfield,
with the exception of the dentate, the cross-sectional area was
measured on each slide on which it appeared by randomly posi-
tioning over it an acetate film printed with a 1-mm-square grid of
test points. This was examined under the stereomicroscope, and
the number of points falling over each cell-containing region was
counted. For each region, the counts for all the slides from each
temporal lobe were summed and multiplied by the thickness of
each slice (5 mm) and a factor to correct for shrinkage during histo-
logical preparation (1.31). This was repeated, and the mean of the
two measures was calculated.

Point-counting with the 1-mm grid was found to be an ineffi-
cient method of measurement of volume for the dentate fascia
because of its long, thin profile (a similar conclusion was reached
by West et al. [13]). Therefore, the dentate fascia volume was mea-
sured with an Olympus BX50 microscope (Olympus Optical Co.,
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Southall, Middlesex, U.K.) with a related technique. Using the
Vernier gauges fitted to the microscope stage, we examined the
slide in a search pattern that corresponded to a 0.5 x 0.5-mm-
square grid. At each position, the slide was examined at high
power (x60 objective), and if the center of the field of view fell over
the dentate fascia, this point was counted. This was repeated for
all slides, and the total number of counts was summed for each
hippocampus. The total volume of the dentate fascia was calcu-
lated by multiplying the count by the interval between the slides
(5 mm), 0.25 (the area, in square millimeters, that each count cor-
responded to), and a factor to account for shrinkage during histo-
logical processing (1.31).

Measurement of Hippocampal
Cell Density and Number

The cell density in the subfields was measured by using optical
dissectors (9, 10). Each subfield was examined at specific, dis-
crete points in a raster search pattern with an Olympus BX50 mi-
croscope using a x60 objective. At each such point the micro-
scope was focused at a plane within the section near its upper
surface, and the image was viewed real-time on a computer
monitor through a JVC TK-1070E video camera (JVC UK, Lon-
don) mounted on the microscope. A stereological counting
frame was superimposed over the video image. The plane of fo-
cus was then pushed down a depth of 12 um through the tissue
section, and the cell nucleoli that came into focus were counted
according to unbiased stereological counting rules (9, 10). Nucle-
oli were not counted if they were already in focus before the focal
plane was pushed through the section. The mean number of cells
counted per unit volume was calculated, giving an estimate of
the mean cell density within each subfield on each side for each
case. For the dentate fascia cell, nuclei were counted rather than
nucleoli. The size of the counting frame was 90 um x 69 um for
the hilus, CA2/3, CAl, and subiculum and 50 pm x 39 um for the
dentate.

The search pattern was 0.5 mm x 0.5 mm for the dentate fas-
cia; 1 mm x 1 mm for the hilus, CA2/3, and subiculum; and 1 mm
x 2 mm for the CA1 subfield. Only pyramidal cells were counted in
the hilus, CA2/3, CAl, and subiculum. Only granule cells were
counted in the dentate fascia. Oligodendrocytes and astrocytes
were not counted.
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FIGURE 1. Transverse Section of the Body of the Hippocampus Showing Divisions Between CA4 and CA3, CA2 and CA1, and

CA1 and the Subiculum?

Y

aThe purple bar marks the division between CA4 and CA3. The blue arrow marks the division between CA2 and CA1, and the red arrow marks
the division between CA1 and the subiculum. The margin of the subiculum is at the left-hand margin of the figure.

Measurement of the Whole Hippocampal
Volume and Cell Number

The cross-sectional area of the hippocampus as a whole was
measured in both hemispheres from both the photographs of the
coronal slabs and the stained microscope slides.

The photographs of the temporal lobe sections were projected
at an approximate magnification of x2.3 onto a randomly posi-
tioned test grid of points in a 1-cm-square array. For each slice,
the number of points falling on the hippocampus was counted.
These counts were then summed for the entire lobe and multi-
plied by the enlargement factor and thickness of each slice (5
mm) to give an estimate of volume. For these measures the
hippocampus was defined as suggested by Duvernoy (14): the an-
terior margin was defined as the boundary at which the head was
invaginated by the posterior portion of the amygdala. The poste-
rior slice was at the transformation of hippocampal body into tail
at the level of the splenium. Medially, the junction between the
hippocampal formation and the parahippocampal gyrus was at
the most medial point of the uncal sulcus, coinciding with the
apex of the parahippocampal gyrus.

Acetate printed with the 1-mm-square test grid was used to
measure the whole hippocampal volume from the stained micro-
scope slides in an identical manner to that described for the sub-
fields. The total number of cells in the hippocampus was assessed
by summing the total cell number for all five subfields.

Statistical Analyses

The first statistical analyses examined the efficacy of the mea-
surement protocol. The observed coefficient of error for the indi-
vidual estimates of subfield volume, cell density, and cell number
as described by Gundersen and Jensen (15) and West and Gun-
dersen (11) was calculated for each case. The observed coefficient
of error is an index of the covariability of measures made from a
particular hippocampus across the slices and thus is a measure of
both accuracy and reliability. Mean values were calculated for
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each measurement for each subject group (female comparison,
male comparison, female schizophrenia, male schizophrenia).
From the values of the observed coefficient of error, the percent-
age of observed relative variance of each measure accounted for
by true interindividual variance (as opposed to noise) was esti-
mated (11, 16).

In addition, the group coefficient of error (SEM/mean) was cal-
culated. The group coefficient of error gives an estimate of the ac-
curacy of the estimate of the mean calculated for each subject
group. The lower the value of this ratio, the more accurate is the
measure of the mean.

The statistical analyses of the effect of schizophrenia on the
hippocampus proceeded in two stages and was performed by us-
ing the Proc MIXED procedure of SAS for Macintosh, version 6.12
(SAS, Cary, N.C.). The first stage investigated the subfields. The
second stage investigated the measurements of total volume and
cell number of the hippocampus as a whole.

The data for the five subregions were analyzed with a series of
three repeated measures analyses of variance (ANOVAs): one
each for subfield volume, cell density, and cell number. Side and
subfield were within-subjects factors, diagnosis and gender were
between-subjects factors, and age was a covariate. We tested for
only main effects of gender and effects involving diagnosis. Given
the large number of effects tested for, we decided to accept as sig-
nificant only those results which yielded p<0.01. Box’s M tests
were performed before analysis to ensure that the data from the
different subject groups were of homogeneous variance.

The data for the hippocampus as a whole (total volume and
number of cells) were analyzed in a series of three repeated mea-
sures ANOVAs, one each for photographically defined hippocam-
pal volume, histologically defined hippocampal volume, and total
hippocampal cell number. Side was the within-subjects factor,
gender and diagnosis were between-subjects factors, and age was
a covariate.
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TABLE 2. Mean Volumes of the Hippocampal Subfields of 30 Autopsied Patients With Schizophrenia and 29 Autopsied
Comparison Subjects With No Psychopathology

Patients With Schizophrenia Comparison Subjects

Women (N=13) Men (N=17) Women (N=14) Men (N=15)
Volume (mm3) Volume (mm?3) Volume (mm?3) Volume (mm3)

Subfield Mean SD GCE? Mean SD GCE? Mean SD GCE? Mean SD GCE?
Dentate gyrus

Left 70.28 22.53 0.09 63.07 18.69 0.07 63.04 16.29 0.07 66.57 27.52 0.11

Right 67.39 17.57 0.07 61.05 19.12 0.08 61.52 10.53 0.05 61.02 23.19 0.10
Hilus

Left 174.64 35.17 0.06 153.72 60.58 0.10 171.46 37.98 0.06 158.97 34.17 0.06

Right 164.38 34.35 0.06 155.96 49.47 0.08 157.85 38.98 0.07 172.94 59.79 0.09
CA2/3

Left 134.58 37.96 0.08 122.90 37.23 0.07 132.45 36.91 0.07 151.77 49.73 0.09

Right 143.37 63.74 0.12 134.11 46.23 0.08 135.40 48.87 0.10 145.42 42.16 0.08
CA1

Left 580.57 134.97 0.06 613.75 157.53 0.06 714.87 166.60 0.06 659.80 156.98 0.06

Right 598.16 139.96 0.07 657.26 209.93 0.08 682.44 207.95 0.08 629.96 211.79 0.09
Subiculum

Left 356.60 100.13  0.08 395.22 71.68  0.04 42638 13399  0.08 453.41 112.09  0.06

Right 412.04 140.25 0.09 372.68 92.57 0.06 398.94 146.88 0.10 412.56 108.76 0.07

a Group coefficient of error.

TABLE 3. Mean Cell Densities of the Hippocampal Subfields of 30 Autopsied Patients With Schizophrenia and 29 Autopsied
Comparison Subjects With No Psychopathology

Patients With Schizophrenia Comparison Subjects

Women (N=13) Men (N=17) Women (N=14) Men (N=15)
Cell Density (cells/mm?3) Cell Density (cells/mm?3) Cell Density (cells/mm?3) Cell Density (cells/mm?3)

Subfield Mean SD GCE? Mean SD GCE? Mean SD GCE? Mean SD GCE?
Dentate gyrus

Left 200889.00 35953.00 0.05 199417.00 35797.00 0.04 202567.00 32379.00 0.04 205299.00 37398.00 0.05

Right 215080.00 27648.00 0.04 199697.00 26157.00 0.03 221502.00 42779.00 0.05 208517.00 29282.00 0.04
Hilus

Left 10510.11 2677.56 0.07 10570.07 2097.07 0.05 9358.02 1885.28 0.05 9965.08 2906.86 0.08

Right 8523.07 2297.80 0.08 10344.78 2070.55 0.05 10922.35 288545 0.07 10267.08 2026.80 0.05
CA2/3

Left 18734.78 4688.21 0.07 18800.27 342488 0.04 18476.45 4338.43 0.06 18864.75 3642.23 0.05

Right 17081.42 3001.44 0.05 19344.66 4607.22 0.06 18390.78 3963.36 0.06 18569.75 3695.77 0.05
CA1

Left 15648.97 2280.79 0.04 16919.47 3312.60 0.05 17512.47 1946.88 0.03 14971.80 322394 0.06

Right 15711.55 3102.51 0.06 17744.25 3420.94 0.05 17075.82 4331.57 0.07 16528.26 3333.51 0.05
Subiculum

Left 13481.98 2176.10 0.05 13664.29 2047.11 0.04 14039.67 2717.85 0.05 13383.23 3081.28 0.06

Right 12668.63 2138.97 0.05 13604.07 2431.63 0.04 14457.96 2435.70 0.05 12533.38 3620.36 0.08

2 Group coefficient of error.

Results

Subfield Volumes, Cell Densities,
and Cell Numbers

The mean subfield volumes, cell densities, and number
of cells are given in Table 2, Table 3, and Table 4, respec-
tively. In addition, the group coefficients of error are cited.

Accuracy

For the subfield volumes, the mean values of the
observed coefficient of error for the comparison group
ranged from 0.10 to 0.21 (data not shown). The observed
coefficient of error assesses accuracy and reliability: the
lower the value, the better (see Statistical Analyses in the
Method section). True interindividual variation accounted
for between 48.1% and 91.1% of the observed variance,
with the exception of the right dentate for the female com-
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parison subjects, for which there was low variation. Inter-
individual variation for this group accounted for only 8.9%
of the observed relative variance. However, the group co-
efficient of error was sufficiently small (0.05) to suggest
that an accurate estimate of the group mean had been
attained.

For the subfield cell densities, the values of the observed
coefficient of error ranged from 0.04 to 0.10 (data not
shown). True interindividual variation accounted for be-
tween 67.6% and 94.8% of the observed variance. For the
subfield total number of cells, the values of the observed
coefficient of error ranged from 0.11 to 0.22 (data not
shown). True interindividual variation accounted for be-
tween 56.3% and 92.0% of the variance, with the exception
of the right hilus for the female comparison subjects, for
which there was low variation. Interindividual variation
for this group accounted for only 33.3% of the observed
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TABLE 4. Mean Number of Cells Within the Hippocampal Subfields of 30 Autopsied Patients With Schizophrenia and 29

Autopsied Comparison Subjects With No Psychopathology

Patients With Schizophrenia

Comparison Subjects

Women (N=13) Men (N=17) Women (N=14) Men (N=15)
Number of Cells Number of Cells Number of Cells Number of Cells
(millions) (millions) (millions) (millions)

Subfield Mean SD GCE? Mean SD GCE? Mean SD GCE? Mean SD GCE?
Dentate gyrus

Left 14.09 4.94 0.10 12.48 4.23 0.08 12.83 3.95 0.08 13.47 5.86 0.11

Right 14.23 3.03 0.06 12.30 4.48 0.09 13.67 3.85 0.08 12.62 5.10 0.10
Hilus

Left 1.78 0.49 0.08 1.67 0.88 0.13 1.60 0.44 0.07 1.59 0.61 0.10

Right 1.44 0.60 0.12 1.65 0.72 0.11 1.66 0.39 0.06 1.76 0.62 0.09
CA2/3

Left 2.48 0.77 0.09 2.31 0.79 0.08 2.43 0.80 0.09 2.80 0.92 0.08

Right 2.52 1.49 0.16 2.63 1.12 0.10 2.50 1.17 0.13 2.68 0.80 0.08
CA1

Left 9.14 2.61 0.08 10.39 3.34 0.08 12.51 3.19 0.07 9.94 3.24 0.08

Right 9.44 3.14 0.09 11.68 4.40 0.09 11.36 3.47 0.08 10.41 4.23 0.11
Subiculum

Left 4.74 1.22 0.07 5.39 1.21 0.05 6.02 2.32 0.10 6.11 2.25 0.10

Right 5.12 1.56 0.09 5.11 1.61 0.08 5.62 1.64 0.08 5.31 2.48 0.12

2 Group coefficient of error.

TABLE 5. Measures in the Whole Hippocampus of 30 Autopsied Patients With Schizophrenia and 29 Autopsied Comparison

Subjects With No Psychopathology

Patients With Schizophrenia

Comparison Subjects

Women (N=13)

Men (N=17)

Women (N=14) Men (N=15)

Volume (cm3) or
Number of Cells

Volume (cm?3) or
Number of Cells

Volume (cm?3) or Volume (cm?3) or
Number of Cells Number of Cells

(millions) (millions) (millions) (millions)

Hippocampal Measure and Side  Mean SD GCE? Mean SD GCE? Mean SD GCE? Mean SD GCE?
Volume defined by histology

Left 2.88 0.52 0.05 2.95 0.52 0.04 2.99 0.42 0.04 3.12 0.49 0.04

Right 3.02 0.64 0.06 3.09 0.53 0.04 2.94 0.37 0.03 3.1 0.49 0.04
Volume defined by photography

Left 2.95 0.77 0.07 3.43 0.82 0.06 3.38 0.63 0.05 3.76 0.59 0.04

Right 3.25 0.85 0.07 3.67 0.73 0.05 3.12 0.60 0.05 3.64 0.48 0.04
Number of cells

Left 32.25 6.82 0.06 32.24 7.92 0.06 35.39 7.03 0.05 33.92 8.04 0.06

Right 32.75 7.05 0.06 33.36 9.11 0.07 34.81 5.32 0.04 32.77 8.00 0.06

a Group coefficient of error.

relative variance. However, the group coefficient of error
was sufficiently small (0.06) to suggest that an accurate es-
timate of the group mean had been attained.

Effect of Gender, Diagnosis, and Side

The subfield volume data were subjected to a natural
logarithm transformation before analysis to eradicate an
inhomogeneity of variance as demonstrated by Box’s M
test (M=303.09, F=1.20, df=165, 6108, p=0.04). There was no
effect of diagnosis or gender and no diagnosis-by-gender,
diagnosis-by-side, or diagnosis-by-gender-by-side interac-
tions (all F<2.44, df=1, 54, p>0.12). There were no diagno-
sis-by-subfield, diagnosis-by-gender-by-subfield, diagno-
sis-by-side-by-subfield, or diagnosis-by-gender-by-side-
by-subfield interactions (all F<1.45, df=4, 54, p>0.23).

For the cell density, there was no effect of diagnosis or
gender and no diagnosis-by-gender, diagnosis-by-side, or
diagnosis-by-gender-by-side interactions (all F<1.49, df=
1, 54, p=0.23). There were no diagnosis-by-subfield, diag-
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nosis-by-gender-by-subfield, diagnosis-by-side-by-sub-
field, or diagnosis-by-gender-by-side-by-subfield interac-
tions (all F<1.35, df=4, 54, p>0.26).

The cell number data were subjected to a square root
transformation before analysis to eradicate inhomogene-
ities of variance demonstrated by a Box’s M test (M=307.14,
F=1.22, df=165, 6108, p=0.03). There were no effects of di-
agnosis or gender and no diagnosis-by-gender, diagnosis-
by-side, or diagnosis-by-gender-by-side interactions (all
F<1.90, df=1, 54, p>0.17). There were no interactions of di-
agnosis-by-subfield, diagnosis-by-gender-by-subfield, di-
agnosis-by-side-by-subfield, or diagnosis-by-gender-by-
side-by-subfield (all F<2.26, df=4, 54, p>0.07).

Volumes and Neuron Number
in the Whole Hippocampus

The means and group coefficients of error of the whole
hippocampal volumes (as measured from both the histo-
logical slides and the photographic images) and the total
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FIGURE 2. Volume of the Hippocampus as Measured From
Photographic Images of 30 Autopsied Patients With
Schizophrenia and 29 Autopsied Comparison Subjects
With No Psychopathology
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number of cells in the hippocampus are shown in Table 5.
The mean values of the volume measures from the photo-
graphs and histologically prepared sections are shown in
bar charts in Figure 2 and Figure 3.

The values of the observed coefficient of error for the
histologically defined hippocampal volumes ranged from
0.07 to 0.10 (data not shown). For the photographically de-
fined hippocampal volumes, the values of the observed
coefficient of error ranged from 0.08 to 0.09 (data not
shown). True interindividual variation accounted for more
than 60% of the observed relative variance for all measures
of hippocampal volume.

The data for the measures of the whole volume of the
hippocampus were analyzed by repeated measures ANOVA,
with gender and diagnosis as across-subjects factors, age
as a covariate, and side as a within-subjects factor.

For the histologically defined whole hippocampal vol-
ume, there were no main effects of diagnosis or gender
and no diagnosis-by-gender interactions (all F<0.84, df=1,
54, p>0.36). There were no diagnosis-by-side or diagnosis-
by-gender-by-side interactions (both F=2.04, df=1, 55,
p>0.16).

For the photographically defined whole hippocampal
volume, there were no main effects of diagnosis or gender
and no diagnosis-by-gender interactions (all F<3.01, df=1,
52, p>0.09). There was no diagnosis-by-gender-by-side in-
teraction (F=0.93, df=1, 53, p>0.34). There was, however, a
significant diagnosis-by-side interaction (F=4.68, df=1, 53,
p<0.04). This corresponded to the fact that comparison
subjects had greater left than right hippocampal volume; a
left-sided reduction in volume reversed this difference in
schizophrenia. Examination of Figure 3 reveals that this
pattern is also evident when the hippocampi were histo-
logically defined, although to a lesser extent that did not
attain statistical significance.
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FIGURE 3. Volume of the Hippocampus as Measured From
Histological Stained Microscope Slides for 30 Autopsied
Patients With Schizophrenia and 29 Autopsied Comparison
Subjects With No Psychopathology
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There were no significant effects of the number of cells
within the hippocampus as a whole (all F<1.64, df=1, 54 or
1, 55, p>0.21).

Power

The negative results obtained raise questions regarding
the power of the study. The first point to observe is that
even if a level of alpha=0.05 had been used, the study
outcome would not have altered. An analysis using the
G Power program (17) was performed to determine the
power of the current study to detect 10% smaller mean
values of all measures in schizophrenia (before any trans-
formation) with alpha set at 0.05. For the subfield mea-
sures, adequate power was demonstrated for both volume
(1-beta=0.71), and neuron density (1-beta=0.87). The
power was poor, however, for measures of neuron number
(1-beta=0.57). There was good power for histologically de-
fined whole hippocampal volume (1-beta=0.77). The
power was poor for photographically defined volume (1-
beta=0.63) and total neuron number (1-beta=0.51).

Influence of Other Factors

To investigate the potential effects of leucotomy and the
intergroup differences in the duration spent in fixative, the
analyses of covariance (ANCOVAs) for the effects of diag-
nosis, gender, and side were repeated with the four brains
that had undergone leucotomy removed from the analysis
and with fixation duration as a covariate. This did not af-
fect the outcome of any of the statistical analyses. Further-
more, the regression analysis of the effect of duration in
fixative revealed no significant effect of this variable (all
F<1.06, df=1, 49, p>0.31).

The potential effect of neuroleptic medication was also
assessed. The effect of this factor on the whole hippocam-
pal volume and total hippocampal cell number was as-
sessed in a series by repeated measures ANCOVAs on the
data from the brains of patients with schizophrenia. In
these analyses, side was a within-subjects factor, gender
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and medication level (average or more than average) were
between-subjects factors, and age was a covariate. There
were no significant effects for the histologically defined
hippocampal volume or the total hippocampal cell num-
ber. For the subfields, three repeated measures ANOVAs
were performed (one for each data set). These revealed no
significant effect of neuroleptic and no interaction of neu-
roleptic with any combination of gender, side, or subfield.
There was a significant neuroleptic-by-side interaction
(F=5.65, df=3, 25, p=0.004) in the volume of the photo-
graphically defined hippocampus: the left-sided (but not
right-sided) volume in patients who had been given more
than the average levels of medication was greater than the
left-sided volume in those who had been given average
levels of medication.

Discussion

To our knowledge, this is the second study in which both
left and right hippocampi from relatively large groups of
comparison subjects without psychopathology and sub-
jects with schizophrenia have been measured using stere-
ological principles. The first was that of Heckers et al. (18).
Our main finding is that the hippocampus of patients with
schizophrenia does not differ from that of comparison
subjects with no psychopathology in its volume or cell
number as a whole, nor in the volume, neuron density, or
number of neurons of its subfields. The exception to the
similarity between the normal and schizophrenic hippo-
campus was that the left whole hippocampus volume esti-
mated from photographs of the brain slices was smaller in
the brains of patients with schizophrenia than in the
brains of comparison subjects. A possible interpretation of
this difference is that the cytoarchitectural definition of
the hippocampus is more accurate than a definition based
on photographs, which may include some parahippocam-
pal tissue. We note that studies of the parahippocampal
gyrus (19-22) have found a reduction in schizophrenia
that is generally more marked on the left relatively consis-
tently. It is also noteworthy that the only other stereologi-
cal volumetric study using histological delineation (18)
also found no significant differences between the hippo-
campi of normal subjects and those with schizophrenia.

Our finding of no effect of schizophrenia raises the
question of statistical power. However, even if a less con-
servative criterion for declaring statistical significance
(i.e., p<0.05) had been used throughout the study, there
would have been no difference in outcome. In addition,
the study was found to have good power to detect dif-
ferences corresponding to 10% lower mean values for
subfield volume, cell density, and whole volume of the
hippocampus in schizophrenia as delineated cytoarchi-
tecturally. Power was less good for estimates of neuron
number. However, since any alteration in hippocampal
number implies an alteration in volume or cell density,
both of which were assessed with good power, the neuron
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number was satisfactorily addressed. Power was poor for
the measurement of hippocampal volume from the pho-
tographic material, possibly reflecting the greater diffi-
culty in accurate delineation of the structure with this
method.

The finding of a normal hippocampus in schizophrenia
agrees with the findings of earlier neuropathological stud-
ies by Heckers et al. (18, 23), Altshuler et al. (21) and Bru-
ton et al. (24) but conflicts with those of Bogerts et al. (19),
Falkai and Bogerts (25), and Jeste and Lohr (26). However,
as noted by Dwork (2), when abnormalities are reported
they are inconsistent between studies. Given the size of
our study group, the power of the study, and the relative
objectivity of the stereological techniques we have
adopted, we believe that the burden of the literature, in-
cluding our own findings, is consistent with the null hy-
pothesis that hippocampal structure is unaffected in
schizophrenia.

This study has been performed on a series of the brains
of comparison subjects and patients on which reports
have already been published regarding cortical surface
asymmetry (27), temporal lobe length (28), sulcogyral pat-
tern (28), superior temporal volume (29), fusiform and
parahippocampal gyrus volume (22), and corpus callosum
and anterior commissure size, fiber density, and fiber
number (30, 31). In these analyses, significant disease-
specific differences were found that are absent in the
present study, indicating that the hippocampus is less af-
fected than these structures in schizophrenia. It has been
suggested (e.g., by Torrey and Peterson [32]) that the pri-
mary focus of the pathology in schizophrenia is on the
limbic system and that this could account for the pleo-
morphic nature of the symptoms. The normality of the
hippocampus and the fornix, its output pathway (33), in
the present study argues against this conclusion.
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