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Women Have Greater Density of Neurons in Posterior Temporal

Cortex
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Cytoarchitectonic area TA, (von Economo) in the cortex of
the planum temporale within the Sylvian fissure, which is
auditory association cortex and documented to be part of
the neural substrate of language functions, was studied
quantitatively in the brain specimens of five women and
four men (mean age of 50 year). All cases were document-
ed to be medically and cognitively normal, and consistently
right-handed. We investigated the possibility that the dif-
ference in brain size between men and women is reflected
in differences in the numerical density of neurons in area
TA,, an area associated with morphologic and psycholog-
ical sex differences. Neuron counts were made directly
through cell differentiation under the microscope from
Nissl-stained sections. Cortical depth, the number of neu-
rons through the depth of cortex under 1 mm? of cortical
surface (N}, and the number of neurons per unit volume
(N,) were obtained for the total cortex and for each of the
six layers in each hemisphere. For total cortex in both
hemispheres, depth and N, were similar, but N, was greater
by 11% in women, with no overlap of scores between the
sexes. The sex difference in N, was attributable to layers Il
and IV; in contrast, N, did not differ between the sexes in
layers Ill, V, and VI. This is the first report of such a sex
difference in human cortex. The results suggest that the
cortical functional unit has a different ratio of input and
output components in men and women which could have
implications for the sex differences in cognition and be-
havior. Due to the small sample size and the homogeneity
of the cases studied, generalizability of the resuits requires
replication by other studies.

In addition, cytoarchitectonic mapping indicated that
area TA, also occurs in the vertical posterior wall of the
Sylvian fissure, providing evidence that anatomical defini-
tion of the planum temporale should include the posterior
vertical wall of the superior temporal gyrus.
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It is well established that brain size is approximately 10% larger
in men than women (e.g., Dekaban and Sadowsky, 1978), but
the significance of this disparity is not known. The difference in
brain size is likely manifested in a difference in cortical volume,
which in turn must be reflected in some sex difference in cellular
characteristics, to date undelineated. The total number of cortical
neurons depends on the number produced during proliferation
and which ultimately survive early cell death (Rakic, 1988). This
number might be the same in men and women, which could
result in greater numerical density of neurons in women than
men and therefore in different neuropil characteristics. Alterna-
tively, factors in sexual differentiation of the brain (McEwen,
1983) could influence neuronal proliferation and survival such
that numerical density is similar between the sexes, but the total
number of neurons would be less in women than men. The mi-
croscopic differences in either scenario could have functional
implications. Both models are likely too simplistic. Different
laminar and columnar structures of the cortex may be affected
by multiple factors operating differently in the sexes.

Sex differences have been documented in specific parts of the
brain, such’ as size of the interhemispheric commissures. Area
of the midsagittal section of the posterior region of the body of
the corpus callosum (the isthmus) (e.g., Witeison, 1989; Habib
et al., 1991; Steinmetz et al., 1992), and of the anterior com-
missure (Allen and Gorski, 1991; Witelson and Kigar, 1993) was
found to be absolutely as well as relatively larger in women than
men. In contrast, size of the total corpus callosum, the genu, and
the splenium tends to be smaller in women (Witelson, 1989;
Allen et al., 1991). In the primate brain, the interhemispheric
axons that cross through the isthmus arise from and terminate
in neurons in posterior temporal and parietal regions surrounding
the posterior part of the Sylvian fissure (Pandya and Seltzer,
1986). These cortical regions also show sex differences in gross
morphology in the human brain. The length of the horizontal
segment of the posterior Sylvian fissure and the area of sur-
rounding gyri such as the planum temporale (the superior surface
of the posterior part of the superior temporal gyrus within the
Sylvian fossa) are greater in both cerebral hemispheres in men
than women, although length of other segments of the Sylvian
fissure shows no sex difterence (Witelson and Kigar, 1991, 1992;
Aboitiz et al.,, 1992).



Sex differences have also been found in the behavioral cor-
relates of parietotemporal regions. Hand preference was found
to be associated with size of the isthmus in men, but not in
women (Denenberg et al., 1991; Habib et al., 1991; Witelson
and Goldsmith, 1991), and with morphology of the posterior
Sylvian fissure regions (Witelson and Kigar, 1992). Aphasia may
follow left-sided lesions in this region less frequently in women
than in men (Kimura, 1987). These results suggest that the func-
tions mediated by parietotemporal regions may not be identical
in men and women. Sex differences exist in cognitive functions
such as verbal fluency and visuospatial perception (Halpern,
1992) which are mediated by these cortical regions (Hécaen and
Albert, 1978). Such findings would be compatible with sex dif-
ferences in the microscopic structure of parietotemporal cortex.
However, little attention has been paid to the sex of the person
in studies of the microscopic structure of human cortex. In an
influential article, Rockel et al. (1980) concluded that basic uni-
formity exists in cortex in that the number of neurons in a col-
umn through the depth of the cortex is constant across mam-
malian species, within a species, and even among different
cytoarchitectonic areas within the human brain except for striate
cortex. However, they studied only two human brains, both
male.

This study investigated whether there are differences between
men and women in quantitative aspects of the microscopic struc-
ture of posterior temporal cortex. We focused our analysis on
cytoarchitectonic area TA, (von Economo and Koskinas, 1925)
which covers the largest surface area of the posterior region of
the superior temporal gyrus including the planum temporale, and
which has a high degree of individual variability in its expanse
(von Economo and Horn, 1930; Galaburda et al., 1978).

The specific aim of the study was to assess cortical depth and
the numerical density of neurons for the full depth of the cortex
and for each lamina in this cytoarchitectonic region in male ver-
sus female brain specimens. Additionally, since the posterior
boundary of area TA, and of the planum temporale are not well
documented, this study provided the opportunity to map the cy-
toarchitecture of parts of the superior temporal gyrus not studied
previously.

Materials and Methods

Brain specimen source

The specimens were selected from a brain collection started in 1977,
designed for study of the relationship between structure and function in
cognitively normal adults. The brains were obtained through autopsy
from people with metastatic cancer who were essentially free of adverse
signs of the disease when recruited as research subjects and who agreed
to participate in a study involving both neuropsychological testing and,
in the event of death, an autopsy to allow study of their brain. All
subjects were documented to be within the limits of normal variation
in cognitive function at the time of testing on the basis of detailed
medical and social histories, medical consultations, and neuropsycho-
logical test results. Details of the recruitment procedure, neuropsycho-
logical testing, and characteristics of the brain collection are described
elsewhere (Witelson and McCulloch, 1991).

The entire brain including the medulla was removed by the pathol-
ogist during autopsy following a standard procedure. Details are given
elsewhere (Witelson and Kigar, 1992). Autopsies were done quickly,
frequently within 2-3 hr after death. After removal, the brain was sus-
pended by the basilar artery and fixed in a 10% buffered formalin phos-
phate solution. Brain weight was measured at autopsy and again 3
weeks after fixation with a Sartorius balance (model U 3600).

Selection of brain specimen sample

Histologic analysis was done on a sample of nine brains (five women
and four men), selected from a total of the 71 brain specimens available
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at the start of this study. Initially, 10 brains were selected, but one male
brain had to be excluded because the required sections in one hemi-
sphere proved to be oblique to the pial surface. Mean time interval
between death and brain fixation at autopsy was 7.2 hr for the women
and 3.5 hr for the men. All subjects were Caucasian. Aside from sex,
an attempt was made to have as homogeneous a sample of brain spec-
imens as possible, and cases were chosen to have the following criteria.

(1) All specimens were chosen from people who remained free of
neurologic complications or any neuropsychiatric disorders until death.

(2) There was no gross or microscopic pathology observed on clinical
neuropathologic examination.

(3) Ali specimens had a fixed brain weight that was no more than 1
SD below the mean value typical for that sex and chronologic age based
on large groups (Dekaban and Sadowsky, 1978).

(4) All specimens were chosen from people who demonstrated on
testing consistent-right-hand (CRH) preference, defined as only right-
hand preference on a series of 12 items taken from the Annett (1967)
handedness questionnaire. Subjects who showed any left-hand prefer-
ence, even if they used their right hand for writing [classified as not
consistent-right-handed (nonCRH)] were not included in this sample.
The factor of hand preference was controlled because previous findings
showed that the gross morphology of parietotemporal structures was
different between CRH and nonCRH men (e.g., Witelson, 1989; Witel-
son and Kigar, 1992).

(5) Specimens were selected to have the more prevalent morphologic
pattern of greater expanse of the planum temporale (PT) in the left than
right hemisphere (e.g., Geschwind and Levitsky, 1968; Witelson and
Kigar, 1988). Details of the definition of PT boundaries are given in the
next section.

(6) Cases were selected from those who had extensive neuropsycho-
logical testing to enable future study of the relationships between mi-
croscopic structure and cognitive functions.

(7) Among the cases meeting the previous criteria, age at death was
selected to make the two groups as comparable as possible.

Table | gives descriptive data for age, brain weight, and intelligence
test scores for each sex group. The stringent criteria we used to select
a sample for study has advantages and disadvantages. Although sample
size ts small, it was anticipated that the homogeneity among the cases
might provide sufficient statistical power to detect even small differ-
ences that might exist. However, the specificity of the group in anatom-
ical and psychological characteristics limits the generalizability of the
results to the general population without additional studies.

Location of cytoarchitectonic area TA,; definition of planum
temporale (PT)

The tissue blocks for histologic study included cytoarchitectonic area
TA, (von Economo and Koskinas, 1925), also referred to as area 22
(Brodmann, 1909; Blinkov, 1949) and area Tpt (Galaburda and Sanides,
1980). This area is found on the lateral surface of the posterior region
of the superior temporal gyrus according to the schematic maps in these
works and also on the posteriormost region of the superior surface of
the supratemporal plane based on series of cytoarchitectonic maps of
individual brain specimens (von Economo and Horn, 1930; Blinkov,
1949; Galaburda et al., 1978). The available maps clearly show that no
sulcal boundaries exist to demarcate the limits of area TA, in a particular
brain a priori. Figure 1 presents a schematic map of the location of
area TA,. This representation is a composite of previous maps with a
modification based on our data (see Results), showing an extension of
area TA, onto the vertical wall of the posterior Sylvian fissure.

Area TA, was studied in the superior surface of the posterior part of
the superior temporal gyrus, that is, in the planum temporale (PT). The
posterior boundary of PT has not been definitively established and is
particularly ambiguous in some hemispheres. The Sylvian fissure bifur-
cates in most hemispheres (Witelson and Kigar, 1992) at point B into
the posterior ascending and posterior descending rami. On the basis of
previous work (Witelson, 1987; Witelson and Kigar, 1992), the posterior
border of PT was defined as point S, the end of the ascending ramus.
The bifurcation divides PT into horizontal (HPT) and vertical (VPT)
components (see Fig. 1). PT has been variously defined: ending at point
B (e.g., von Economo and Horn, 1930; Geschwind and Levitsky, 1968),
at point D, the end of the descending ramus (Witelson and Pallie, 1973;
Steinmetz et al., 1991) or at point S as in this study (also Aboitiz et al.,
1992). In hemispheres in which the posterior upward swing of SF is
very sharp and anterior in origin (see Witelson and Kigar, 1992, their
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Table 1. Descriptive data for the male and female groups of brain specimens

Men (n = 4) Women (r = 5)

X (SD) Min-Max X (SD) Min-Max
Age (years) 48.8¢ (16.5) 25-63 53.6 (5.8) 44-59
Brain weight” 1425.1¢ (47.6) 1384-1494 1246.0 45.7) 1200-1292
FS 1Q¥ 112.3 (14.4) 100-128 110.6 Q.7 108-115
VvV IQ¢ 110.0 (12.3) 97-121 111.2 (7.5) 103-123
P IQ¥¢ 114.0 (17.0) 97-135 108.6 (11.0) 93-122

« Comparison of sex groups: t = 0.65, p = 0.54.

" Whole brain weight at 3 week fixation in formalin. These values are similar to those for groups of comparable age
in other studies (e.g., 1410 gm for men and 1280 gm for women; Dekaban and Sadowsky, 1978).

< Comparison of sex groups: t = 5.74, p < 0.001.

< Full Scale, verbal, and performance IQ scores based on the Wechsler Adult Intelligence Scale (Wechsler, 1955)
(comparison of sex groups: p > 0.50 in each case).

Fig. 6C), PT has often been considered to be absent (e.g., Wada et al.,
1975, their Fig. 1).

Brain dissection and block removal

In each hemisphere, the full extent of the Sylvian fossa was exposed
by removing the frontal lobe en bloc and then cutting from S, the end
of the SF (see Fig. 1), through the parietal and occipital lobes to remove
the postcentral part of the parietal lobe including the parietal operculum.
This dissection exposed Heschl’s transverse gyrus and the full PT in
the supratemporal plane and in the upward curve of SE In this sample
of nine brains, 56% of hemispheres had both HPT and VPT compo-
nents. Three hemispheres (two male, one female) had only a VPT seg-
ment (no HPT) because point B, the point of bifurcation of SE was

Figure 1. Schematic representation of the gross morphologic features
of the planum temporale (PT) and its surround and of the location of
cytoarchitectonic area TA, based on von Economo and Koskinas (1925)
and on our modification. A left hemisphere with typical morphology is
shown, with the upper and lower walls of the Sylvian fossa pulled apart
(heavy lines represent the lateral edges), exposing the superior surface
of the superior temporal gyrus. The Sylvian fissure (SF) bifurcates at
point B, into the posterior descending ramus (PDR) ending at D, and
the posterior ascending ramus (PAR) ending at S. The floor of the Syl-
vian fossa exposes Heschl’s gyrus (HG) and the two components of the
full PT (divided by the dashed line). The horizontal segment (HPT) is
in the supratemporal plane, typically considered to be PT, and the ver-
tical segment of the planum temporale (VPT) is on the inner (posterior)
wall of the upward curve of PAR. C, Dorsal end of the central sulcus;
H,, end of Heschl’s transverse sulcus on the lateral aspect of the brain;
Ins, insula; PO, parietal operculum; S7G, superior temporal gyrus; STS,
superior temporal sulcus. The localization of area TA, is represented by
the stippled area. Our modification is the inclusion of TA, in the cortical
wall in VPT.

congruent with Heschl’s sulcus, an anatomic variant described else-
where (Witelson and Kigar, 1992, their Fig. 6C).

A large block of the superior temporal gyrus was removed from each
hemisphere. The block included the full superior surface of Heschl’s
gyrus and the full PT extending all the way to S, thus including both
HPT and VPT (Heschl/PT block). The block was bounded inferiorly by
the superior temporal sulcus (see Fig. 2). If SF curved sharply at point
B, it was sometimes necessary to cut the Heschl/PT block into two
parts at point B and section them separately. The sample of area TA,
used for quantitative measurement was taken in most cases from HPT
since it tended to have a greater expanse of area TA, with a flat surface
suitable for cell counts in sections cut perpendicular to the pia.

Photographs of the Heschl/PT block were taken to measure surface
areas for use in obtaining estimates of the surface area of TA, and
subsequently estimates of cortical volume and the total number of neu-
rons in area TA,. For each hemisphere, three photographs were taken,
of HPT, VPT, and the lateral aspect of the block. HPT and VPT were
photographed separately since the planes of the two segments are almost
always different. The lateral area of TA, was defined as the region
between the extensions of Heschl’s sulcus and of point B to the superior
temporal sulcus (see Fig. 1). All photographs were made at 1X mag-
nification based on two orthogonal rulers in the photograph. Area mea-
surements were made using the Bioquant II Digitizing Morphometry
Program AS5-TIA2.

The sum of these three areas was used as the surface area of TA,.
Since the boundaries of area TA, do not necessarily coincide with sulci,
this definition of the extent of TA, is a very rough approximation. The
estimate necessarily includes part of cytoarchitectonic area TB in HPT;
the estimate does not capture the undulations of the surface of PT, nor
the cortical surface within small sulci, such as the posterior descending
sulcus (see Figs. 1, 2), and the lateral measure uses gross anatomical
features to define an unknown extent of the cytoarchitectonic area.

Histological sectioning and staining

Since morphology varies among hemispheres, the plane of cut for each
block was chosen individually in an attempt to have sections made
through a flat posterior PT region and angled perpendicularly to the pia
in that region. Generally, the Heschl/PT block was sectioned in a plane
perpendicular to the longitudinal axis of Heschl’s transverse sulcus (see
Fig. 2).

The whole block was frozen with dry ice and cut on a sliding mi-
crotome (American Optical) at a constant setting to yield final stained
sections with a mean thickness of 25 wm. Pilot work had revealed that
sections this thick were needed for recognition of cytoarchitectonic pat-
terns. Every consecutive tenth section was saved and mounted. The
orientation of each section in respect to its position in the brain was
recorded. The sections were Nissl-stained with 0.1% cresyl violet so-
lution. These sections were used to identify area TA, and for quantita-
tive analysis. Mean linear shrinkage of the sections through the depth
of the cortex was 8.1%, based on assessment of seven tissue blocks
from four brains.



Figure 2. Photographs of the lateral view of a right hemisphere (A)
and the superior view (B) of the Heschl/planum temporale (HPT) block
removed from that hemisphere. In this hemisphere, the horizontal and
vertical components of PT could be removed in the same block. This
photograph is in the plane of HPT; VPT is foreshortened. The brain
was cut through PAR to reveal VPT. Point B indicates where PDR
meets the lateral edge. It can be seen that PDR does not extend as far
medially as does PAR. The dashed lines connect anterior and posterior
points in the H/PT block to their position in the hemisphere. The lateral
aspect of the whole block is indicated by harched lines in A. The plane
of cut of the Nissl-stained sections (heavy dashed line) is indicated. The
general location of cytoarchitectonic area TA, in PT is indicated by the
stippled region. Abbreviations are as in Figure 1. Scale bars, 1 cm.

Cytoarchitectonic analysis

To ensure our ability to distinguish among the different cytoarchitec-
tonic areas in the region of PT, and specifically to identify area TA, as
described by von Economo and Koskinas (1925), we studied all the
serial sections of Heschl/PT blocks, including the HPT and VPT com-
ponents, prepared as described in previous sections, for three brains (six
hemispheres). This included approximately 80—100 sections per hemi-
sphere and cytoarchitectonic mapping was done for the full extent of
each slide.

We were able to distinguish four main cytoarchitectonic regions com-
parable to von Economo’s areas TC, TBC, TB, and TA,. They occurred
always in the same topographic progression in a general anterior to
posterior direction over the Heschl and PT gyri. Figure 3 presents a
photograph of a typical section of a Heschl/PT block showing the lo-
cation of the four major cytoarchitectonic areas. We found, as shown
in von Economo and Horn's (1930) detailed maps, that area TC, pri-
mary koniocortex, which occurs in islands of tissue, and area TBC, a
transitional form, are typically located within Heschl’s gyrus; area TB
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covers the anterior portion of HPT; and area TA, is located posterior to
area TB in HPT and also in VPT when present.

Differentiation of these areas was based on visual qualitative cytoar-
chitectonic characteristics such as laminar distribution of cells, cell size,
packing density, columnar arrangement, and relative thickness of dif-
ferent layers. Using these criteria, area TA, was identified in sections
from each hemisphere of the nine brains studied. Identification was done
for each brain independently by three raters. In each case, there was
100% agreement as to which cortical region was area TA,.

Quantitative analyses

The quantitative analyses used in this study were based on a computer-
assisted manual method involving cell differentiation in Nissl-stained
sections under the microscope, marking neurons having nucleoli with
the aid of a camera lucida, and defining laminar depths using photo-
micrography. The strict criterion of counting only neurons with nucleoli
and the use of thick sections in which most neurons could be seen in
three dimensions to aid differentiation of small neurons versus glial cells
help obtain accurate estimates of neuron counts. This direct method.
although time consuming, was chosen rather than automatic methods
based on computer detection of items according to size (e.g., Terry et
al., 1987) because the latter methods likely have more measurement
error which could obscure the size of the individual differences that
might exist and were being investigated.

The cortical sites of area TA, used for measurement were selected so
that each site was not at the crest or valley of a gyrus, the pial surface
was flat, the cell columns were perpendicular to the cortical surface,
and the least amount of technical artifacts and blood vessels were pres-
ent. Six slides per hemisphere were selected for measurement. In each
slide, area TA, was identified by three raters, and two adjacent traverses,
each 125 pm wide, were analyzed. The sample size of 12 traverses per
hemisphere was selected because pilot work had indicated that the vari-
ation in cell counts within a hemisphere was not reduced with a number
of traverses greater than twelve.

Cortical and laminar depth. Low power photomicrographs of the
sites chosen for measurement for each slide were used to delineate the
six- cortical layers. The common cytoarchitectonic features such as pack-
ing density of the cells and their size and arrangement in cytoarchitec-
tonic columns were used for defining the boundaries between the cor-
tical layers. The boundary between the cortex and subcortical white
matter was defined by the presence of no more than three neurons in
the last counting field. For each photomicrograph, there was a paired
photograph of the stage micrometer taken at the same magnification,
which was used as a ruler to measure the depth of each layer. Using
the magnification factor, laminar divisions were indicated on the camera
lucida drawings to calculate the number of neurons in each lamina.

Neuronal counts. Neurons were counted in two adjacent traverses
from the pia to the edge of the white matter. Neurons were differentiated
from glia under high magnification (630X), using typical features such
as general size of the cell, size and structure of the nucleus, and distri-
bution of the nuclear chromatin. Those neurons having nucleoli were
counted by marking them via a camera lucida onto sheets, each sheet
representing one microscopic field. Errors in counting (double counting
or omission) were kept in check with the aid of an eyepiece grid (10
mm by 10 mm) that was used to outline consecutive microscopic fields
through the depth of the cortex. The frame of the grid defined the
microscopic field of 125 by 125 pm on the slide as seen at the mag-
nification used. The neurons within the grid and those which crossed
the top and right-side borders of the frame were counted. The region
of cell counting could be found again by marks made directly on the
slide and by tracings of artifacts made on the camera lucida drawings.
This allowed ambiguous cells to be checked with a second investigator.
The number of neurons was counted for each layer from the tracings
with the aid of a computer. All cell counts were corrected using an
Abercrombie correction to adjust for the varying thickness among sec-
tions. Intrajudge reliability revealed counts within 1-2% for the same
traverse done on different days. Interjudge reliability was checked in a
few cases and was found to be within 2-5%.

Section thickness. Numerical densities were calculated from the raw
count numbers for each slide by using the measured section thickness
for that slide. Although the frozen tissue was cut at a constant setting,
section thickness varied among the slides. Thickness was measured at
six different sites through the depth of cortex for each slide. This was
done under oil immersion by focusing from the top to bottom of the
section and reading the values from the fine focus knob of the micro-
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Figure 3.

Photograph ot a Nissl-stained section through a Heschl/planum temporale (HPT) block showing the location of the four major cytoar-

chitectonic regions, labeled as in von Economo and Koskinas (1925). The section is from the H/PT block shown in Figure 2. TC is primary auditory
koniocortex and occurs in islands: TBC is a transitional form, both found mainly in Heschl's gyrus (HG); THB is association cortex which covers
the anterior region of the PT posterior to Heschl’s sulcus (H)): TA, is association cortex found in the posterior regions of PT (in HPT and VPT).
See Results for a description of the cytoarchitectonic characteristics of area TA,. Abbreviations are as in Figure 1. Scale bar, 2 mm.

scope. Section thickness was calculated based on the focus knob reading
and the refractive index of oil (1.515). For each slide, the mean value
of the six measures was obtained. Mean section thickness for all slides
was 24.9 pm (min/max = 17.0/34.6).

Histologic variables. The following measures were obtained for each
slide.

(1) Cortical depth, depth throughout the cortex (total depth) and depth
of each cortical lamina (micrometers): this variable was obtained by
direct measurement and for each slide is the mean value for the two
traverses.

(2) N.. number of neurons under 1 mm?® of cortical surface through
the total depth of the cortex, and through the depth of each layer: this
is columnar neuronal number, that is, an estimate of the number of cells
in a column perpendicular to the pial surface with volume equal to |
mm* ¥ d mm, where d is either total cortical depth or laminar depth.

This variable was calculated for each slide according to the equation
N = nllw=t), where N is the number of neurons under 1 mm® of
cortical surface, n is the mean number of neurons from two traverses,
w is the width of the traverse (in mm), and ¢ is the mean section thick-
ness (in mmj).

(3) N, number of neurons per unit volume (1 mm?) for total cortical
depth and per unit volume for each layer (often called cell packing
density): for total cortical depth, N, is the value for the total column,
not the mean of the six laminar values for N,.

This variable was calculated for each slide according to the equation
N, = nl(dsw=t), where N, is the number of neurons per 1 mm* of
cortical tissue, n is the mean number of neurons from two traverses, d
is the mean cortical or laminar depth of the two traverses (in mm), w
15 the width of the traverse (in mm)., and r 1s the mean section thickness
(in mm). Abercrombie corrections were applied here,

For each slide, the depth and numerical density values, in combina-
tion with the estimates of TA, surface area, were used to calculate es-
timates of the cortical volume of area TA, and the total number of
neurons in TA, and in each layer of TA,. For each hemisphere, the

value for each variable was the mean of the scores from the six shides.
The final score used in the statistical analyses was the mean of the two
hemisphere scores (see next section).

The mean value for N, obtained for the sample of four male brains
in this study is almost identical to that reported by Rockel et al. (1980)
for two brains using a similar method (see Witelson et al., 1992). The
mean values obtained for N, were well within the range of N, values
reported for various cortical regions in recent studies using the optical
dissector method (Braendgaard et al., 1990; Pakkenberg, 1993). [A few
older studies using manual methods reported N, values, but often only
on single cases, with sex unspecified, or extent of tissue shrinkage not
indicated (see Blinkov and Glezer, 1968).] These comparisons provide
some external validation for the methods and representativeness of the
sample in the present study.

Statistical procedures

Descriptive statistics were obtained for all variables. Two-way analyses
of variance (ANOVA) were done for each variable with Sex and Hemi-
sphere as between factors. There was no interaction between factors; in
other words, the sex differences were the same for each hemisphere.
This report addresses the factor of Sex. Accordingly. all scores represent
the mean of the scores for the two hemispheres of each brain. The factor
of Hemisphere itself will be the subject of a subsequent report. All
percent difference scores were calculated using the mean of the two
scores for the denominator ([(F — MY[(F + M)Y2]] *x 100), where F
= female and M = male. Independent two-tailed Student’s ¢ tests and
Pearson product-moment correlations were used with significance level
set at @ = 0.05. Differences of at least 10% were considered biologi-
cally important and were reported as a tendency even if they were not
statistically significant with the present small sample size.



Results

Cytoarchitectonic analysis

Area TA, was found in the posterior region of PT in each hemi-
sphere and corresponded to the pictorial and verbal description
of other authors (e.g., von Economo and Koskinas, 1925). As
reported in previous studies (von Economo and Horn, 1930; Gal-
aburda et al., 1978), there was much individual variation in the
location and extent of area TA,. Cortical tissue was analyzed in
the horizontal supratemporal surface (HPT) and in the surface
of the posterior wall of the Sylvian fossa when it curves upwards
within the posterior ascending branch of SF (VPT) (see Fig. ).
It was found, as documented previously, that area TA, is located
in the posteriormost region of HPT. TA, cortex was found also
in VPT (see Fig. 1). Of particular relevance for cytoarchitectonic
mapping, TA, tissue was evident in VPT cortex in each of the
three hemispheres in which there was no HPT.

Area TA, can be recognized by the following characteristic
cytoarchitectonic features. Radial striation is well expressed and
in most cases radiation extends from the upper part of layer 111
into layer VI. However, these cytoarchitectonic columns are less
regular than in area TB, and the radial striation in layers V and
VI is less evident than in area TB. The border between layers
II and III is much less distinct than in area TB. Layer III is
composed of wide columns (about 3—4 cells across) of pyramidal
cells of a progressively larger size (50 wm or more) until the
border at which there is intermingling with granular cells of
layer IV. The cells in layer V are larger than in layer VI, but
their density is less than in layer VI and than in layer V of area
TB. Figure 4 presents photomicrographs of a sample of area TA,
from one female and one male brain. No sex differences were
evident by qualitative observation.

Table 2 presents means, SDs, and statistical test results for
the three variables (depth, N, N,) for the total cortex and for
each layer for each sex group.

Cortical depth

As shown in Table 2, cortical depth did not differ between the
sexes for either total cortex or for any layer. Figure 54 shows
the percent difference between the sexes for cortical depth.
There was a tendency for layer III to be greater in men than
women by 11%, and a suggestion of a similar tendency for lay-
ers I, V, and VI In contrast, layers I and IV showed virtually
no difference between the sexes.

N., number of neurons under 1 mm? of surface through the
depth of cortex (columnar neuronal number)

As shown in Table 2, N, did not differ statistically between men
and women for total cortex or for any layer. Figure 5B shows
the percent difference between the sexes. N, tended to be greater
in women by approximately 12% in layer II and by 17% in layer
IV. N, for the other layers was very similar in both sexes.

N,, number of neurons per unit volume (cell packing density)

As shown in Table 2, N, was greater in women than men for
the total cortex (p = 0.008) and for layer IV (p = 0.02). There
was a tendency for layer II to be greater in women (p = 0.08).
Figure 5C shows the percent difference between the sexes for
each layer. N, was greater in women by 11% for the total cortex,
by 13% in layer II and by 20% for layer IV.

The quantitative analyses revealed a similarity in values for
N, between layers II and IV, and between layers III and V (see
Table 2). This was so in each sex. N, for the total cortex did not
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show an association with chronological age in our samples (r =
—0.15 for women, r = —0.05 for men).

Figure 6 presents the plots of the values of N, for each brain
for the total cortex, for layer II and for layer IV. There was no
overlap between the sexes in N, for total cortex (Fig. 6A). In the
case of layers Il and 1V, only one male brain had a value within
the interval observed for the female brains (Fig. 6B,C). One man
was considerably younger (25 years) than all other cases. He
was one of the middle data points in the male group in Figure
6, A and B, and the highest value in Figure 6C.

Granular versus nongranular layers

The sex differences in N, occurred in layers II and IV (referred
to as the granular system), and not in layers II1, V, and VI (re-
ferred to as the nongranular system). Based on this general pat-
tern, we investigated the relationship between these two parts of
the cortical plate (layer I was excluded from this analysis). The
mean value of N, for layers II and IV was plotted against the
mean value of N, for layers III, V, and VI for each brain (Fig.
7). There was a discrete separation between the sexes, as high-
lighted by the stippled region within the scatterplot. The graph
shows the lack of overlap between the sexes for granular system
N, represented on the y-axis, in contrast to the almost complete
overlap of male and female scores for nongranular system N,
represented on the x-axis. The straight-line relationship between
the granular and nongranular values for N, for men was r =
—0.78 (p = 0.22), and for women was r = —0.29 (p = 0.64).
The stippled region within the scatterplot highlights the possi-
bility of curvilinear relationships.

Estimated total number of neurons in area TA,

The total number of neurons in area TA, was estimated by the
formula N, = axd+N,, where N, is the total number of neurons
in area TA,, a is the estimated total surface area of area TA,,
defined as the sum of areas of the two components of PT (HPT,
VPT) and of the lateral expanse of the posterior part of the
superior temporal gyrus (as defined in Materials and Methods),
d is the total cortical depth, and N, is the numerical density of
neurons per unit volume (as defined in Materials and Methods).
The mean estimated surface area of TA, was 1086 mm? and 916
mm? in men and women, respectively (17% difference, r = 0.76;

= 0.47). The mean estimated cortical volume of TA, was 3146
mm?® and 2513 mm® for men and women, respectively (22%
difference, + = 1.02; p = 0.34).

Table 3 presents N, for the total cortex and for each layer for
each sex. Percent sex differences are also given. No differences
reached statistical significance, but N, in each of the nongranular
layers (III, V, and VI) tended to be greater in men than women
by about 12% or more. In each granular layer, N, was very
similar between men and women. Table 3 also gives N, per layer
as a percent of N; for the total area TA, cortex.

Discussion

Sex differences in cell packing density

Cell packing density through the full depth of the cortex in cy-
toarchitectonic area TA, in both hemispheres was found to be
11% greater in the brains of five women compared to four men,
all documented to be cognitively normal and consistently right-
handed. There was no overlap in N, between the sexes (see Fig.
6A, Results). To our knowledge this is the first report of a sexual
dimorphism in a quantitative microscopic feature of human cor-
tex. These results provide a first step to delineating a cellular
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Photomicrographs of Nissl-stained sections showing cytoarchitectonic area TA, (described in Results) in the posterior region of the

planum temporale in the superior temporal gyrus in one female (F) and one male (M) brain. Each micrograph represents a section through the full
depth of the cortex cut perpendicular to the pia and the six cortical layers are indicated. The width of the transverse for counting was 250 pm. No

sex differences were evident by qualitative observation. Scale bar, 200 pm.

basis that might underlie the sex difference in overall brain size,
a difference which is well documented but whose significance
is not known. The sex difference in N, may reflect differences
in connectivity and synaptology which could have physiological
and behavioral consequences.

Neither total cortical depth nor the number of neurons in a
column of cortex under 1 mm? of cortical surface (N,) was dif-
ferent between men and women. The similarity in N, is consis-
tent with the hypothesis of uniformity of cortex for N, (Rockel
et al., 1980).

The results in this study appear clear, but they are based on

a small sample and need replication in other samples to gain
greater confidence. Additionally, because the sample studied was
selected to be homogeneous in several specific characteristics,
such as hand preference, caution must be taken about general-
izing the results to the entire population before broader samples
are investigated. In this regard, our preliminary results with a
sample of six left-handers are relevant as they also indicate
greater N, in women than men. It also remains to be determined
whether the observed sex difference extends to cortex in other
regions of the brain.

Some considerations support confidence in these findings. The
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Table 2. Means® and SDs for cortical depth, N, and N, for the samples of five women and four

men

Cortical depth (um) N, (in thousands) N, (in thousands)

Women Men Women Men Women Men
Layers X (SD) X (SD) X (SD) X (§D) X (SD) X (SD)
1 276 (26) 293 (51 4 (1) 4(2) 13 4) 13 (3)
11 275 (30) 277 (19) 25 (3) 22 (4) 91 (2) 81 (12)*
111 810 (117) 902 (104) 38 (5) 39 (8) 47 (4) 44 (6)
v 320 (41) 316 (25) 27 (4) 23 (5) 83 (7) 68 (9)**
\" 433 (76) 469 (142) 19 3) 20 (7) 45 (2) 42 (3)
VI 622 (70) 666 (79) 18 (2) 18 (2) 27 (4) 25 (4)
Total 2735 (156) 2923 (341) 130 (7) 125 (16) 48 (2) 43 (1)x**

N_is the number of neurons under | mm? of cortical surface; N, is the number of neurons per mm* of tissue.

“ Scores are the means of the right and left hemisphere values.
*p =008

** p=0.02

#ek = 0.008, for independent ¢ tests, df = 7.

variation of N, scores within each sex was small, as evidenced
by the low SDs (2-4% of the mean scores), suggesting that the
mean scores may be good estimates of the true numerical den-
sities for each sex. The fact that the N, difference occurred only
in one type (granular) of layer suggests that the finding is not
due to a methodological artefact. The mean N, values we ob-
tained of 48,000 and 43,000 (see Table 2) for women and men,
respectively, are quite comparable to N, values obtained with

v

larger samples in studies using the optical dissector method. Bra-
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Figure 5. Bar graphs depicting the percent difference between female
(F) and male (M) brains for cortical depth (A), N. (B), and N, (C) for
total cortex and for each layer for area TA,. Scores are means of right
and left hemispheres. The percent difference is [(F — MY/[(F + M)/2]]
X 100. N, is the number of neurons under 1 mm? of cortical surface.
N, is the number of neurons per 1 mm?* of tissue. The dorted lines
highlight differences of at least 10%.

endgaard et al. (1990) calculated a mean value for N, for tem-
poral cortex (cytoarchitectonic region not specified) of approx-
imately 46,000 in a sample of five 80 year old male brains (min/
max = 38,000/53,000). Pakkenberg (1993) reported a mean
value of N, = 40,400 for temporal cortex for a group of 16 men
having a mean age of 60 years. In a preliminary study involving
18 men and 8 women, Pakkenberg et al. (1989) reported only
one mean value (N, = 45,000) for the overall cortex, including
occipital cortex. They stated no variation was observed with age
or sex but no values were reported.

While the results reported here must be verified in other stud-
ies before they can be generally accepted, the following com-
ments are offered. The magnitude of 11% for the sex difference
in N, for the total cortex corresponds closely to the 10% sex
difference in brain size (Dekaban and Sadowsky, 1978). Such a
result raises the hypothesis that one possible cause of the greater
N, in women is a simple mechanical compression or geometric
consequence of a smaller brain. The sex difference in brain size
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Figure 6. Plot of values for N, in area TA, for each of the five female
(F) (open circles) and four male (M) (solid circles) brains studied.
Scores are means of right and left hemispheres. A, Total cortex; B, layer
II; C, layer IV. N, is the number of neurons per | mm?* of tissue (in
thousands).
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Figure 7. Scatterplot of N, for granular versus nongranular systems
for each female (open circles) and each male (solid circles) brain. The
granular values are the means of layers II and IV, the nongranular values
are the means of layers III, V, and VI. Scores are means of values for
the right and left hemispheres. The stippled area highlights the sepa-
ration between the sexes. There is no overlap between the sexes for the
granular system, in contrast to the almost complete overlap for the non-
granular system. N, is the number of neurons per 1 mm? of tissue (in
thousands).

has generally been argued to have little biological significance
on the basis of no sex differences in general cognitive abilities
such as overall intelligence or memory (Halpern, 1992) and sim-
ilar ratios of brain size to measures of body size in men and
women (Gould, 1981). However, the assumption of an allometric
relationship is undermined by the very low correlations between
brain and body size variables within male and female groups
(Peters, 1991), and also by the different pattern of sex differ-
ences observed for different cortical layers (discussed in a sub-
sequent section). Cortical metabolic rate (expressed per unit vol-
ume) has been found to be greater in women than men in some
PET studies (e.g., Hatazawa et al., 1987). Our results suggest
that the greater N, in female cortex may contribute to this met-
abolic difference.

Granular versus nongranular systems

The laminar analyses revealed a disparity in the pattern of sim-
ilarities and differences between the sexes for layers II and IV
(the granular system) and layers III, V, and VI (the nongranular
system). Our small sample size likely provided insufficient pow-
er to detect all the laminar differences that may exist. Differ-
ences of at least 10% which did not reach statistical significance
but which might be of biological importance are discussed as
tendencies. Figure 8 presents a summary of the sex differences
in the two systems. This set of findings requires a multifactorial
model of the origin of sex differences in cortical microscopic
structure. In the granular system, N, was greater in women (by
17%), resulting from similar cortical depth and a tendency (15%)
for greater N, compared to men. The disparity in N, between
women and men suggests different connectivity in granular lay-
ers. The combination of the tendency for area TA, to be greater
in men (17%) and their lower N, resulted in a similar estimated
total number of neurons in layers IT and IV in men and women.
The pattern of sex differences in the granular system fits with
the compression model.

In the nongranular system, there was no evidence of reliable
sex differences in cortical depth, N, or N,. The larger area TA,
in men combined with a similar N, to women resulted in a ten-

Table 3. Means® and SDs for total number of neurons (V) in the
estimated cortical volume of area TA, for total cortex and for
each layer for each sex

Each layer as % of

N; (in millions)” total N,

lfemale Male F-M% lfemale Male
Layers X (SD) X (SD) Differencec X X
I 3 4 (2) —29.6 2.5 3.0
11 23 (8) 25 (13) —8.3 19.2 18.5
111 36 (16) 44 (16) —-20.0 30.0 32.6
v 24 (7) 23 (9) 4.3 20.0 17.0
A% 18 (8) 21 (8) —-154 15.0 15.6
VI 16 (7) 18 (6) —-11.8 13.3 13.3
Total 120 (44) 135 (46) —-10.9 100.0 100.0

«Scores are the means of the right and left hemisphere values.

" For all comparisons, sample size was five women and four men; for each ¢
test, df = 7 and p > 0.35.

<[(F — MYI(F + M)/21} X 100.

dency for the estimated total number of neurons to be greater in
men (17%). This pattern suggests that factors other than those
operative in the granular system are in effect here. The differ-
ence in the cytoarchitectonic characteristics of area TA, between
men and women is highlighted by the different correlations be-
tween granular N, and nongranular N, in men (r = —0.78) and
in women (r = —0.29) (see Fig. 7, Results).

Interestingly, in a study of sex differences in cell packing
density in the rat, Reid and Juraska (1992) showed that the total
number of neurons was greater in the male than female brain in
binocular primary visual cortex in all layers except layer IV.
Although the authors emphasized the sex differences that were
found, of particular relevance to the present result is that only
in layer IV, the rat’s granular layer, was depth not greater in
males and did N, tend to be larger in females, resulting in similar
total neuron number. The general point is that although these
studies deal with very different species and cytoarchitectonic
areas, sex differences in neuronal density may be specific to
granular layers across mammalian species.
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Figure 8 Summary chart showing percent difference between male
(M) and female (F) brains in cortical depth (D), N, N,, estimated total
surface area of region TA, and estimated total number of neurons (N;)
in the cortical volume of area TA, for the granular (layers Il and IV)
and nongranular systems (layers III, V, and VI). Scores are means of
right and left hemispheres. The percent difference score is [(F — M)/
[(F + M)/2]] X 100. The dotted lines highlight differences of at least
10%.



Differential sexual differentiation of the cortical layers

The presence of sex differences in the microscopic structure of
TA, cortex suggests that some sex-related genetic or epigenetic
factors play a role in their development. For TA, cortex, as in
the case of other organs which undergo sexual differentiation,
female cortex may be prototypic (i.e., determined predominantly
by genetic factors) whereas male cortex would be a derivative
resulting from the operation of additional biologic factors, such
as sex steroids. The presence of different patterns of sex differ-
ences and similarities in the laminar systems (granular vs non-
granular) suggests that sexual differentiation of the cortex must
be different in some respect for the different layers. In any hy-
pothetical model, some factor may result in the greater total
number of nongranular cells (by greater proliferation or less cell
death) in men than women which, in combination with the great-
er area of the cytoarchitectonic region in the male brain, results
in similar N, values. In the granular system the process must
work differently, resulting, possibly by default, in similar total
numbers of cells which, when packed into the smaller region in
the female brain, leads to the greater N, in women.

Tracing and immunocytochemical studies indicate that layers
IT and IV compared to layers III, V, and VI have neuronal pop-
ulations which have different functions in terms of input and
output and which synthesize different transmitters (Naegele and
Barnstable, 1989). The granular system is predominantly an in-
put component of the cortical column and contains mostly GA-
BAergic neurons. The nongranular system is mainly an output
system with most neurons being glutamate positive. Our results
suggest that the cortical functional unit is constituted differently
in each sex and that at least for auditory association cortex, men
and women who are right-handed differ in the histologic nature
of the input layers and in the proportional amounts of the input
versus output systems or of the GABAergic versus glutamate
systems. This suggests greater thalamocortical flow in women
than men. It is not difficult to imagine that such differences
could influence receptive fields and have consequences for spe-
cific psychologic skills such as aspects of stimulus discrimina-
tion or perceptual integration. Delineation of the neuroanatomic
substrate of cognition may be furthered by studies which ex-
amine the possible cognitive correlates of histologic variables
which show individual differences.

Expanded cytoarchitectonic map of area TA,

Cytoarchitectonic area TA, was reliably identified in each hemi-
sphere, in either the horizontal, vertical, or both walls of the
posterior region of the superior temporal gyrus in the Sylvian
fissure (see Fig. 1). Our finding that the same cytoarchitectonic
region is present in the vertical as in the horizontal surface of
the posterior Sylvian fissure supports the conclusion based on
gross anatomy that the planum temporale includes the vertical
segment in the posterior ascending ramus of the Sylvian fissure
(e.g., Rubens, 1976; Witelson and Kigar, 1992). This vertically
oriented cortex has not been mapped cytoarchitectonically be-
fore. Von Economo and Horn (1930) analyzed only the hori-
zontal supratemporal cortex. Blinkov (1949) and Galaburda et
al. (1978) used coronal sections which often are oblique or even
parallel to the vertical wall. In the latter report, study of the
coronal sketches suggests that TA, type tissue (referred to as Tpt
tissue) was sometimes present in cortex on the lateral aspect of
the brain adjacent to the vertical upswing of the Sylvian fissure,
which buttresses our finding. Definition of the planum temporale
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including both horizontal and vertical components revealed
right-left symmetry in overall size of this region (Witelson and
Kigar, 1991, 1992; Loftus et al., 1993), in contrast to the nu-
merous observations of a greater planum temporale on the left
side when only the horizontal plane was considered. Clarifica-
tion and definition of the gross anatomy of this region is im-
portant, since currently various definitions of the gross anatomy
of this gyral surface are being used in the increasing number of
brain imaging studies relating anatomical and psychological
measures in normal (e.g., Steinmetz et al.,, 1991) and clinical
groups (e.g., Leonard et al., 1993).
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