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Abstract
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Heschl’s gyrus (HG) is reported to have a normal left>right hemispheric volume asymmetry, and
reduced asymmetry in schizophrenia. Primary auditory cortex (A1) occupies the caudal-medial
surface of HG, but it is unclear if A1 has normal asymmetry, or whether its asymmetry is altered
in schizophrenia. To address these issues, we compared bilateral gray matter volumes of HG and
A1, and neuron density and number in A1, in autopsy brains from male subjects with or without
schizophrenia. Comparison of diagnostic groups did not reveal altered gray matter volumes,
neuron density, neuron number or hemispheric asymmetries in schizophrenia. With respect to
hemispheric differences, HG displayed a clear left>right asymmetry of gray matter volume. Area
A1 occupied nearly half of HG, but had less consistent volume asymmetry, that was clearly
present only in a subgroup of archival brains from elderly subjects. Neuron counts, in layers IIIb-c
and V-VI, showed that the A1 volume asymmetry reflected differences in neuron number, and was
not caused simply by changes in neuron density. Our findings confirm previous reports of striking
hemispheric asymmetry of HG, and additionally show evidence that A1 has a corresponding
asymmetry, although less consistent than that of HG.
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In humans, primary auditory cortex (A1) is located on a well-developed Hechl’s gyrus (HG),
located in the lateral sulcus. Like the adjacent planum temporale, volume measurements of
HG have often found a left>right asymmetry, which may correspond to the human
hemispheric specialization of language. In many studies, the left HG was in the range of 10–
30% larger than the right [e.g., (Penhune et al., 1996; Chance et al., 2006; Dorsaint-Pierre et
al., 2006; Golestani et al., 2007)]. However, the shape of HG can vary, and the extent of
asymmetry depends on the criteria used to define this structure (Smiley, 2009).
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The asymmetry of HG could be due to expansion of the cytoarchitectonic areas in the left
hemisphere, and/or inclusion of more areas. Several cytoarchitectonic maps of HG have
been produced (von Economo and Horn, 1930; Galaburda and Sanides, 1980; Hackett et al.,
2001; Rademacher et al., 2001b; Wallace et al., 2002; Sweet et al., 2005; Fullerton and
Pandya, 2007; Hackett, 2008). There are some inconsistencies in these maps, reflecting the
limitations of cytoarchitectonic methods. Nevertheless, they consistently identify a highly
granular, presumed primary sensory cortex, on the part of HG nearer to the depth of the
lateral sulcus, ringed by presumed association areas that also occupy much of the rostrallateral part of HG. This general organization is confirmed by functional mappings, made
using surgical depth electrodes (Liegeois-Chauvel et al., 1991; Pantev et al., 1995; Howard
et al., 2000) or functional MRI (Formisano et al., 2003; Bendor and Wang, 2006; Langers
and van Dijk, 2012). Anatomical findings have suggested hemispheric differences in the
cytoarchitectonic areas on HG, but most studies used small numbers of brains (von
Economo and Horn, 1930; Galaburda and Sanides, 1980; Rademacher et al., 1993). One
exception is a study of 27 brains that used an automated image processing method to
identify auditory cortex on HG (Rademacher et al., 2001b). That study did not find
consistent A1 asymmetry, although there was evidence of a gender difference, with more
left>right asymmetry in males than females (Rademacher et al., 2001a).
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Schizophrenia is associated with reduced volume and width of the cerebral cortex. In
auditory cortex, the magnitude of decreased volume varies between studies. Some in vivo
studies found reductions of as much as 15% in both HG and the adjacent superior temporal
gyrus [e.g., (Kasai et al., 2003; Salisbury et al., 2007)] but others found smaller changes
[reviewed in (Shenton et al., 2001; Smiley, 2009)]. In the superior temporal gyrus, reduced
volume was nearly always greater in the left than right hemisphere. While fewer studies are
available in HG, these also showed evidence of larger reductions in the left. We previously
reported a modest cortical thinning, with unchanged neuron density, in the left planum
temporale, caudal and lateral to Heschl’s gyrus (Smiley et al., 2009). In the present study we
used the same postmortem brains to examine the bilateral volumes of HG and A1, and
additionally measured neuron density and number in A1, to define further the normal
asymmetry of these features as well as their potential changes in schizophrenia.

2. Methods
2.1. Diagnostic and exclusionary criteria
Tissue samples from 19 schizophrenia and 18 nonpsychiatric males was obtained at autopsy
either at the Institute for Forensic Medicine in Skopje Macedonia (matched schizophrenia
and nonpsychiatric cases), or from New York State psychiatric hospitals (schizophrenia
cases) matched with Columbia-Presbyterian Medical Center (nonpsychiatric cases). Most
subjects had dominant right hand use (Tables 1 and 2). Brains were included only if the
entire HG and planum temporale, was available from both hemispheres. DSM-IV clinical
diagnoses were established for all of the New York cases as previously described (Keilp et
al., 1995), or by psychological autopsy interview (Kelly and Mann, 1996). Brains were
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excluded if there was a history of abuse or dependence of any substance except tobacco
(Dwork et al., 1998), except for one schizophrenia and one control subjects with a history of
alcohol abuse. Brains were also excluded if they had clinical or pathological diagnoses of
neurological disease. Presence of Alzheimer’s disease was determined by Khachaturian
criteria in samples of paraffin embedded cortex from each cortical lobe. Cases were omitted
that had a density of neocortical plaques, immunostained with Alz50 (Ksiezak-Reding et al.
1988) or AT8 (Biernat et al. 1992) antibodies to hyperphosphorylated tau protein, that
exceeded the age-dependent densities suggested by Khachaturian (1985). The study
procedures were approved by the Institutional Review Boards of the New York State
Psychiatric Institute, the Nathan Kline Institute, and the School of Medicine, University “Ss.
Cyril & Methodius.”
A subset of schizophrenia brains had long times in formalin and other confounding variables
that could not be matched with similar controls. Therefore, we separated our brains into 2
samples. Sample A (Table 1) included 11 schizophrenia and 10 nonpsychiatric subjects who
were matched as closely as possible for source (New York or Macedonia), time in formalin,
age, postmortem interval and race. Sample B (Table 2) included 8 schizophrenia and 8
nonpsychiatric brains from older schizophrenia and comparison subjects who could not be
matched for time in formalin and postmortem interval. Therefore, diagnostic group
comparisons in these brains were limited to the magnitude of hemispheric asymmetries.
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2.2. Tissue dissection and processing
For each brain, tissue from the left and right hemispheres was simultaneously dehydrated
and plastic-embedded in the same container, and otherwise processed as identically as
possible. The complete HG and planum temporale from each hemisphere was processed as
previously described (Smiley et al., 2009). Briefly, tissue was embedded in celloidin
(nitrocellulose) plastic, sectioned at 80 micron thickness on a sliding microtome, and Nisslstained with cresylecht violet. During sectioning, video images of the cutting surface were
made to record the appearance of every section. These images were used to make 3dimensional reconstructions, so that all microscopic observations could be precisely located
within the original tissue (Fig. 1).
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As in previous studies of this tissue (Smiley et al., 2009; Smiley et al., 2011), we did not
correct our measurements for tissue shrinkage. Total volume shrinkage of 50 +/− 8.4%
(mean +/− S.D.) was estimated in 4 brains from sample A by comparison of images of the
block faces before dehydration with images of the on-slide Nissl-stained sections. This is
similar to previous estimates of 40–50% volume shrinkage during celloidin embedding
(Bush and Allman, 2004; Fullerton and Pandya, 2007). Our shrinkage estimate does not
include the effect of formalin fixation, because we did not have access to the brains before
fixation.
2.3. Measurement of HG and A1 gray matter volumes
The Cavalieri method was used to measure cortical volumes from Nissl-stained sections, as
previously described (Smiley et al., 2009). Briefly, a randomly selected series of every 12th
80um thick section through the length of HG and the planum temporale was Nissl-stained,
the slide-mounted sections were photographed on a light box with a Nikon Coolpix digital
camera, and Object-Image software (http://simon.bio.uva.nl/object-image) was used to
superimpose a point grid, and to count the points overlying the region of interest. On
average, 23 +/− 6 (S.D.) sections were measured per HG, and 14 +/− 3 sections per A1, with
435 +/−183 grid points counted per measured volume (range 136 to 1,212). The coefficient
of error (CE) was < 0.04 for all A1 and HG volume measurements, using an empirically
determined shape factor of 5.5 from A1, and the m = 1 smoothness factor (Gundersen et al.,
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1999; Slomianka and West, 2005). The average section thickness for each hemisphere was
determined by measuring every Nissl-stained section through HG with a 50X oil immersion
objective and a Heidenhain stage-mounted micrometer. The measured thickness of 75.9 +/
4.1 microns (mean +/S.D., N = 74 hemispheres) indicated a slight on-slide shrinkage after
cutting at 80 microns on a calibrated microtome. Final volumes were calculated using the
measured section thickness.
For delineation of HG boundaries, we used a modified version of the method of Penhune et
al. (Penhune et al., 1996); see Figure 1 for details. To identify A1, we used a modifications
of the definitions of Fullerton and Pandya (2007; see also Galaburda and Sanides (1980));
see Figures 2 and 3 for details. Our A1 includes the sub-areas of A1 that they named
Km1,Km2,Km3, and Kl. However, unlike their description we did not encounter any case in
which A1 extended laterally across Heschl’s sulcus. Additionally, we excluded the
distinctive area located on the lateral border of A1, typically at the fundus of Heschl’s sulcus
(Figure 3). Thus, it is possible that we excluded some lateral cortex that they included in
their sub-area Kl.
2.4. Neuron density and number in A1
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The optical disector method was used to sample neuron density in A1, with separate
estimates in layers IIIb-c and V–VI in each hemisphere (Figure 4). Layer IIIb-c was defined
as the geometric lower half of the area between layers I and IV, which corresponded closely
to layers IIIb-c in well-oriented sections. These layers were selected because their borders
were easily identified, even in tangentially cut sections, and because previous authors
reported that changes in schizophrenia may be greater in lower layer III (Selemon et al.,
1995; Sweet et al., 2004; Kolluri et al., 2005). In every section through A1, each laminar
border was traced on a high resolution (146 pixels/mm) photomontage of the section. Using
Object-Image software a grid pattern of sampling sites was made for each layer, and the
pixel coordinates of the photomontages were aligned to the X–Y coordinates of a motorized
microscope stage. At each site a Z-stack of 3 um spaced video images was captured, using a
100X 1.3 N.A. objective, with a Pulnix TM-72EX video camera attached to a Scion LG3
imaging board. A counting box was superimposed on each Z-stack with dimensions
X=30um, Y= 30um and Z=24um, and the upper guard zone was 9 um. Cells were counted if
the nucleolus came into focus while focusing through the counting frame. Counts were done
at the microscope, so that ambiguous neurons could be identified by live viewing. Neurons
were identified by the presence of well-stained cytoplasm, a thinner nuclear membrane, and
a nucleolus, whereas glia typically had poorly stained cytoplasm, thicker nuclear membranes
and inhomogeneous chromatin.
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In each hemisphere, 308+/97 (mean +/− S.D.) cells were counted in layer IIIb-c, and 158+/
43 in layer V–VI. Neuron density CEs (Dorph-Petersen, 2009) were 0.06+/− 0.01 (layer III)
0.08+/− 0.02 (layer V–VI). To estimate neuron number, the volume fraction of layers IIIb-c
and V–VI were the ratio of the area of the traced layer divided by the area of the total A1 in
all sections through A1. Neuron numbers were calculated as = neuron density × volume
fraction × whole A1 volume. Neuron number CEs, calculated as in Dorph-Petersen (2009)
were 0.06+/− 0.02 (layer IIIb-c) and 0.09+/− 0.02 (layer V/VI).
2.5. Statistical analysis
All statistical analyses were done with PASW statistics, release 18. Brains in Sample A were
selected to match the schizophrenia and non-psychiatric brains as closely as possible for age,
postmortem interval and time in formalin (Table 1). T-tests for independent samples showed
that these variables were not significantly different between groups. However, brain weight
was unexpectedly 6% larger in the schizophrenia sample, at trend-level significance (p =
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0.07, two-tailed t-test). Therefore diagnostic comparisons used brain weight as a covariate in
a mixed-model analysis of covariance (ANCOVA) in which between subject comparisons
included diagnosis, and within-subject comparisons included the two hemispheres, and the
two layers in the case of neuron density. All ANCOVA and t-test comparisons met
Kolomograv-Smirnov criteria for normal distribution, with the exception of HG volumes.
The latter were evaluated with the semi-parametric Generalized Estimating Equation (GEE),
using brain weight as a covariate, and their group differences in hemispheric asymmetry
were evaluated by comparing asymmetry indices as described below for sample B.
Differences between left and right hemispheres independent of diagnosis were done using
paired t-tests.
In sample B, the schizophrenia and nonpsychiatric brains had significantly different
postmortem intervals, and times in formalin (Table 2). Therefore, diagnostic comparisons in
sample B evaluated only hemispheric asymmetries. Asymmetry was expressed as an
asymmetry index defined as = (left−right)/(0.5×(left+right)), and asymmetry indices were
compared between diagnostic groups by independent samples t-tests. Percent differences
were similarly calculated as = 100 × (A−B)/(0.5×(A+B)), where A and B are the values
being compared, with the exception of diagnostic group comparisons that were expressed as
= 100 × (schizophrenia − control)/control.
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3. Results
Two separate comparison samples were used for anatomical measurements. Sample A was
from younger (age = 51 +/− 17 years) schizophrenia and nonpyschiatric subjects that were
closely matched for histological and demographic variables (Table 1). In sample B the
subjects were older (age = 74 +/− 12 years), and the diagnostic groups were not closely
matched for postmortem interval and time in formalin (Table 2). Therefore, diagnostic
comparisons in sample B were limited to comparisons of hemispheric asymmetry.
3.1. HG volumes
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In every hemisphere, the borders of HG were identified by viewing digital images of the
0.96mm spaced coronal sections, as well as 3-dimensional reconstructions and photographs
of the original tissue samples (Figure 1). To assess the reliability of the HG volume
measurements, they were made by 2 different raters (J.S. and C.B.). This revealed
occasional discrepancies in the placement of the HG borders, usually due to ambiguity in
differentiating Heschl’s sulcus from a sulcus intermedius, or with localization of the anterior
border of HG in cases where it had a gradual transition to the rostral superior temporal
plane. However, in most cases the identification of HG was unambiguous, and the single
measure inter-rater correlation coefficient (ICC) revealed good measurement reproducibility
in both the left (ICC = 0.92; N = 37) and right (ICC = 0.93) hemispheres.
HG volumes and asymmetries did not differ between schizophrenia and nonpsychiatric
samples (Table 3). In brain sample A, the GEE analysis did not show diagnostic differences
(p = 0.83), and the asymmetry index was not significantly different (p = 0.21) between
schizophrenia (asymmetry index = 0.10 +/− 0.13) and non-psychiatric (asymmetry index =
0.14 +/− 0.28) samples. In sample B, the asymmetry index was not significantly different (p
= .63) between the schizophrenia (asymmetry index = 0.37 +/−0 .22) and non-psychiatric
samples (asymmetry index = 0.30 +/− 0.33).
HG volumes displayed significant left>right asymmetry in both samples A (p = 0.02, paired
t-test) and sample B (p<0.0001; Table 3). Like the volumes of A1 (described below), the
asymmetry index of HG in sample B (0.34 +/− 0.27) was unexpectedly greater than that of
sample A (0.12 +/− 0.21; p < 0.05, independent samples t-test).
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The boundaries of A1 were identified by cytoarchitectonic features in 0.96mm spaced Nisslstained sections (see Methods, and Figures 2–3). Ambiguities were sometimes encountered
at all borders, and most commonly at the rostral border (i.e., at the border nearest to the
rostro-lateral tip of HG), which in some cases was seen as a gradual transition that extended
across several millimeters. To assess measurement reproducibility, a single rater (J.S.)
marked the borders of A1 and then, after a delay of more than 6 months, repeated the
process in 31 of the 37 brains. The final 6 brains were measured only in the second session.
The single-measure intra-rater correlation coefficient was 0.68 (N = 31) in the left
hemisphere, and 0.79 in the right. Stated differently, the average difference between
measurements was 16+/−13 % (mean +/− S.D.), and in about one-fourth of the hemispheres
(15 of 62), the difference was greater than 25%. The overall measurement reproducibility
was similar in the brains from sample A (17 +/− 13%) and sample B (15 +/− 13%). In the
brains that were measured twice, the final analyses of A1 volumes used the average of the
first and second measurements.
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In both samples A and B, A1 volumes and asymmetries were very similar in the
schizophrenia and non-psychiatric brains (Table 3). In sample A, two-way ANCOVA did
not show group differences (F(1,18) = 0.07, P = .80) or group × hemisphere interactions
(F(1,18) = 0.62, P = .44). In sample B, the asymmetry index was very similar (p = 0.78) in
schizophrenia (asymmetry index = 0.25 +/−0 .38) and nonpsychiatric brains (asymmetry
index = 0.20 +/− 0.35).
A1 volumes displayed significant left>right asymmetry in samples B (p = 0.02, paired t-test)
but not sample A (p<0.83; Table 3). The A1 asymmetry index in sample B (0.22 +/− 0.35)
differed significantly from that of sample A (−0.03 +/− 0.34; p < 0.05).
3.3. Neuron density and number in A1
Neuron density and number were measured separately in layers 3b-c and in layers V–VI
(Figure 4, Table 3). In sample A, neuron density was not significantly different between
diagnostic groups (F(1,18) = 0.32, P = .58; group × layer × hemisphere ANCOVA), and
there were no significant interactions with diagnosis. Hemispheric comparisons showed a
trend-level right > left asymmetry in layers V–VI (p < 0.06, paired t-test) that was similar in
nonpsychiatric and schizophrenia brains (asymmetry indices = 0.05 and 0.08, respectively).
In sample B, neuron density did not show significant asymmetry in either layer (Table 3),
and the asymmetry index was not different between schizophrenia and nonpsychiatric
subjects (p = 0.44 in IIIb-c; p = 0.46 in layers V–VI).
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Neuron number in sample A did not show differences between schizophrenia and nonpsychiatric brains (F(1,18) = 0.01, P = .92), nor was there significant hemispheric
asymmetry (Table 3). In sample B, there was a significant left>right asymmetry of neuron
number, consistent with the asymmetry of A1 volumes (Table 3), and the asymmetry index
was very similar in schizophrenia and nonpsychiatric subjects (p = 0.43 in IIIb-c; p = 0.49 in
layers V–VI).
We did not directly estimate neuron number of total A1, but it is useful to report an
approximation, derived by multiplying A1 volumes by layers IIIb-c neuron densities (Table
3). At least in parietal cortex, neuron density in lower layer III provides a good
approximation of total neuron density (Smiley et al., 2012). This calculation suggests that
human primary auditory cortex in each hemisphere has about 20–30 ×106 neurons.
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In addition to greater asymmetry, sample B had decreased volumes and increased neuron
density compared to sample A. Previous studies found that increased neuron density is not
caused by advanced age in human cerebral cortex (Pakkenberg et al., 2003). An alternative
explanation is that lengthy formalin fixation caused shrinkage of the brains in sample B.
However, it is not expected that lengthy fixation would cause greater hemispheric
asymmetry in sample B. Indeed, our estimates of neuron density and number indicate that
the asymmetry in sample B was not due to differential tissue shrinkage. Another possible
explanation is that the greater asymmetry in sample B is caused by age-associated cell loss.
Correlation analyses, that compared asymmetry indices (of HG and A1 volumes, neuron
density or number) with histological and demographic variables (age, brain weight,
postmortem interval and time in formalin) showed a trend-level positive correlation of HG
asymmetry with age, but also with time in formalin (p-values < 0.1, N = 37). We were
unable to further separate these effects, because age and time in formalin were highly
correlated in our sample (p < 0.01).

4. Discussion
4.1. Main findings
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Comparisons of schizophrenia and non-psychiatric brains did not show differences in
volumes of HG or A1, or neuron density or number in A1. These findings are consistent
with previous measurements in these brains, that showed only subtle cortical thinning in the
caudal left planum temporale in schizophrenia (Smiley et al., 2009; Smiley et al., 2011).
With respect to hemispheric asymmetry, HG was larger in the left than right hemisphere,
similar to the asymmetry of the planum temporale (Smiley et al., 2009). A1 volume
asymmetry was found in only in our brain sample B, which also had comparatively greater
HG asymmetry. The reason for the difference between samples is unclear, but may be
related to the advanced age of subjects in sample B. Overall, the findings suggest that A1
asymmetry contributes to HG asymmetry, but may be smaller and less consistent than that of
HG.
4.2. Heschl’s gyrus: Normal asymmetry, and comparison to A1
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Our finding that the left HG is larger than the right is consistent with a number of previous
studies that showed left > right differences, often in the range of 10–30%, using postmortem
tissue (Chance et al., 2008) or in vivo MRI (Penhune et al., 1996; McCarley et al., 2002;
Sumich et al., 2002; Dorsaint-Pierre et al., 2006; Takahashi et al., 2006; Golestani et al.,
2007; Salisbury et al., 2007). Other studies, including some with large sample sizes, did not
report hemispheric asymmetry of HG [e.g.. (Kulynych et al., 1995; Frangou et al., 1997;
Schneider et al., 2002; Knaus et al., 2006)]. It is likely that this discrepancy can be
attributed, at least partially, to the various methods used to define the borders of HG. For
example, some studies that did not find HG asymmetry used the method of Steinmetz et al.
(Steinmetz et al., 1989). This method always extends the rostral-lateral end of HG to the
crest of the lateral suclus, and includes tissue on both sides of a sulcus intermedius when it is
near the rostral end of HG. We used a modified version of the method of Penhune (1996).
This method in some cases terminates the end of HG when it becomes indistinguishable
from the rostral temporal plane, and excludes cortex lateral to the intermediate sulcus if the
latter extends to the crest of the lateral sulcus. A previous study that also compared HG and
A1 volumes used the method of Steinmetz described above, and this may explain the
approximately 2-fold greater HG volumes compared to our (shrinkage corrected) HG
volumes (Rademacher et al., 2001b). It should be emphasized that neither definition of HG
is known to correspond precisely to functional areas. We selected our method because
previous studies that used similar definitions were more likely to report normal hemispheric
Psychiatry Res. Author manuscript; available in PMC 2014 December 30.

Smiley et al.

Page 8

NIH-PA Author Manuscript

asymmetry of HG (Penhune et al., 1996; Dorsaint-Pierre et al., 2006; Golestani et al., 2007)
and altered volumes in schizophrenia (McCarley et al., 2002; Sumich et al., 2002; Takahashi
et al., 2006; Salisbury et al., 2007).
The left > right HG volume could be due to an expansion of existing cytoarchitectonic areas
in the left, or inclusion of more areas. HG asymmetry is probably not explained by higher
neuron density in the right hemisphere. Our neuron density measurements confined to A1
showed very similar values in the two hemispheres. Although we only measured selected
layers, our previous experience suggests that the hemispheric asymmetry of neuron density
is unlikely to deviate substantially between layers (Smiley et al., 2011; Smiley et al., 2012).
We are aware of two previous studies that compared left and right neuron densities of HG.
Morosan et al. (Morosan et al., 2001) used an automated image processing method, and
Cotter et al. (Cotter et al., 2004) used 3-dimensional cell counting methods, with left and
right hemispheres obtained from different individuals. Neither study found hemispheric
differences of neuron density.
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The asymmetry of HG volumes is not due to thicker cortex in the left hemisphere, as shown
by previous measurements in these same brains (Smiley et al., 2009). Another study also did
not find hemispheric asymmetry of cortical thickness in HG (Morosan et al., 2001). This
conclusion is further supported by the observation that the asymmetry of HG surface area
was proportional to its volume asymmetry (Chance et al., 2008): together, these
measurements predict similar cortical thickness in the two hemispheres.
In the present study we queried whether the volume asymmetry of A1 contributes to HG
asymmetry. Unexpectedly, we obtained different results in our 2 brain samples. Sample A
lacked A1 asymmetry, but in sample B it was striking (21% left>right). Sample A also had
less HG asymmetry (13%) than sample B (33%), and in a previous study had less planum
temporale asymmetry (6%) compared to sample B [12%; (Smiley et al., 2009)]. We were
unable to definitively identify an explanation for the greater asymmetry in sample B. One
possibility is that the advanced age of brain donors in sample B (mean age 74 years,
compared to 55 in sample A) caused gray matter loss preferentially in the right hemisphere.
In whole cortex, neuron loss between these ages could be 10% or more, at least in male
brains that were the subject of our study (Pelvig et al., 2008). There is precedence for a
hemispheric selectivity of gray matter loss with aging (Raz et al., 2004), but we are unaware
of studies that evaluated auditory areas in individuals over 70. In summary, while our
measurements of A1 show a large (21%) hemispheric difference in sample B, the lack of a
similar asymmetry in sample A suggests that A1 asymmetry is less consistent than HG
asymmetry, and may be conditionally dependent on age.
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A previous study systematically compared the volumes of A1 and HG in 27 postmortem
brains, and concluded that neither structure was consistently asymmetric (Rademacher et al.,
2001b). That study differed from ours in several respects. In contrast to our sample of male
brains, their sample was about half female, and they showed that A1 volumes were more
asymmetric in their male brains (Rademacher et al., 2001a). Additionally, their definition of
HG differed from ours (as discussed above), and their definition of the primary auditory
cortex (their Te1), identified by an automated image processing method, included a volume
(average = 1600 mm3) that was about twice that of our A1 (average shrinkage corrected
volume = 774 mm3). Our A1 corresponds more closely to the koniocortex mapped by
Fullerton and Pandya (Fullerton and Pandya, 2007), who also reviewed the findings of
Rademacher (Rademacher et al., 2001b) and concluded that the central subdivision of Te1
(Te1.0) may corresponds most closely to koniocortex, whereas the rostral and caudal parts
(Te1.1 and Te1.2) may partially include association areas. While our methods differ from
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Besides the different definitions of A1 used by different researchers, measurements of A1
volumes are complicated by inter-individual variability in its cytoarchitectonic appearance.
In their classic descriptions, von Economo et al. noted that the appearance of A1 (their area
TC) can be quite variable, and in at least some cases TC does not form a completely closed
area, but has bands and islands of the surrounding area TB that reach over its boundaries
(von Economo and Koskinas, 1925; von Economo and Horn, 1930). More recently,
Fullerton and Pandya (Fullerton and Pandya, 2007) divided A1 into 4 sub-areas, oriented
roughly into parallel stripes extending along the length of HG. In preliminary mappings, we
were able to confirm the features of these sub-area in at least some brains. However, like
von Economo et al., we also encountered some brains in which A1 appeared to have a
patchy distribution, with islands of non-koniocortex, or cortex with intermediate appearance
(referred to as “TBC”, by von Economo et al.). This variability contributed to the poor
replication of our A1 volumes, which was pronounced in about one-fourth of the
hemispheres. Other authors have employed additional histochemical labels to identify A1,
for example including parvalbumin immunolabeling, acetylcholinesterase, and myelin
staining [e.g., (Rivier and Clarke, 1997; Hackett et al., 2001; Wallace et al., 2002; Sweet et
al., 2005)]. While these labels often confirm the borders identified in Nissl-stain, our
experience with these labels is that Nissl staining provides the best resolution for identifying
A1 boundaries.
4.3. HG and A1 volume changes in schizophrenia

NIH-PA Author Manuscript

Several in vivo MRI studies reported decreased volume of HG in schizophrenia (Rojas et al.,
1997; Dickey et al., 1999; Hirayasu et al., 2000; McCarley et al., 2002; Sumich et al., 2002;
Kasai et al., 2003; Crespo-Facorro et al., 2004; Takahashi et al., 2006; Salisbury et al.,
2007). Positive findings included bilateral decreases, but on average the left HG reductions
(~16%) were greater than those on the right (~11%) [reviewed in (Smiley, 2009)]. Other
MRI studies found unchanged HG volumes in schizophrenia, even though some included
large sample sizes (Barta et al., 1997; Frangou et al., 1997; Kwon et al., 1999; Yamasue et
al., 2004). We are aware of only one previous postmortem study of HG volumes in
schizophrenia, which reported non-significant decreases of about 10% in the left HG, with
unchanged volumes in the right HG (Chance et al., 2008). Thus, the more common
published finding is reduced HG volume in schizophrenia. It is possible that our finding of
unchanged HG reflects a sampling bias, due to high normal variance in HG volumes, and
perhaps due to inconsistent volume loss in subtypes of schizophrenia. Alternatively, it is
possible that the reduced cortical volume measured in vivo does not fully persist in
postmortem preparations.
Our finding of unchanged A1 volume in schizophrenia is consistent with a recent study that
measured A1 volumes in the left hemisphere (Dorph-Petersen et al., 2009). Those authors
identified A1 using a combination of Nissl staining, parvalbumin immmunolabeling, and
acetylcholinesterase histochemistry (Sweet et al., 2005). From their descriptions, it is
possible that their study used a more exclusive definition of A1, possibly corresponding
more closely to the most granular sub-area Km1 of by Fullerton and Pandya (2007).
Nevertheless, like our results, they concluded that the volume of A1 was not significantly
altered in schizophrenia.
Consistent with unaltered A1 volumes, neuron density and number in layers IIIb-c and V–VI
also were not different in schizophrenia. This is similar to our previous finding of unchanged
neuron density in schizophrenia in the planum temporale in these brains (Smiley et al.,
2011), and in HG by Cotter et al (Cotter et al., 2004). Another study found increased density
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of pyramidal-shaped neurons in layer III of A1, and we cannot exclude the possibility that
our measurement of all neurons overlooked changes in this neuron subpopulation (DorphPetersen et al., 2009).
4.4. Conclusions
In schizophrenia, our measurements did not reveal altered volumes of HG or A1 in either
hemisphere, or altered neuron density in A1. With respect to hemispheric asymmetry,
measurements of HG demonstrated left > right asymmetry, consistent with previous studies.
Parallel measurements of A1 volumes showed asymmetry only in one of two brain samples.
When present, the asymmetry of A1 was not explained by differences in neuron density or
cortical width, and did correspond to greater neuron number in the left hemisphere. Thus, it
is likely that the HG asymmetry partially reflects asymmetry of A1, which occupies nearly
half of its cortical volume. Additional studies are needed to define more precisely how age
and gender influence the asymmetry of the auditory areas on HG.
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Examples of the location of Hesch’s gyrus (HG) and the primary auditory cortex (A1) on the
superior temporal plane. A–C. Each figure shows both the original tissue and the 3dimensional reconstruction of the left and right hemispheres. The major borders of HG are
indicated by white arrowheads, and the location of A1 is highlighted in white on the 3dimensional reconstructions. In the reconstructions, the overlying parietal tissue was
removed to view fully HG and the adjacent superior temporal plane. The 3-dimensional
reconstructions were made from the same series of 0.96mm spaced sections that were used
for Nissl staining and cytoarchitectonic delineation of the A1. The location of A1 was
determined by microscopic viewing of the Nissl-stained sections.
For delineation of HG boundaries, we used a modified version of the method described by
Penhune et al. (Penhune et al., 1996). The identification of HG was confirmed by the
presence of cytoarchitectonically identified A1 on its caudal-medial part, and was
consistently the first prominent transverse gyrus that originated at the caudal end of the
insula, as previously described (Steinmetz et al., 1990). Its border rostral-medially was the
fundus of the first transverse sulcus (“HS1” of Fullerton and Pandya (Fullerton and Pandya,
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2007)), and caudal-laterally was the fundus of Heschl’s sulcus (“HS2” of Fullerton and
Pandya). Delineation of HG was uncomplicated when it was a continuous gyrus that
extended across the superior temporal plane. If a sulcus intermedius was found on the
surface of HG, then cortex on either side of it was included as HG, unless the sulcus
intermedius clearly extended to the medial fundus of the lateral sulcus, or to the rostrallateral end of HG, in which case the cortex lateral to it was excluded from HG, and
considered part of the planum temporale (e.g., Figure 1C, right hemisphere). If HG extended
completely across the superior temporal plane, its termination was the crest of the lateral
sulcus. In some cases, HG did not fully extend across the sulcus, and its rostal end was
usually clearly visible as a ridge, where its surface stepped down to join the rostral temporal
plane [(Penhune et al., 1996); e.g. Figure 1B, right hemisphere]. In a few cases the rostral
end of HG did not have a clear ridge, and its rostral end was placed at the rostral tip of
Heschl’s sulcus. Scale: section spacing = 0.96mm.
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This micrograph, at the medial border of A1, shows the main cytoarchitectonic criteria used
to identify its borders. In A1, there was a comparatively high density of small neurons in
layers III and IV. At most A1 borders, the layer III–IV border was strikingly less distinct
than in the adjacent areas, because of the higher density of small neurons in layers III–IV in
A1, and the reduced number of large pyramidal cells at the lower edge of layer III.
Additionally, at most borders, A1 is distinguished by its comparatively wide and pale layer
V. At its medial border, A1 is usually easily identified because it borders on areas (ProK,
PaI, and Reit of (Fullerton and Pandya, 2007)) that have distinctly more large cells in layer
V, distinctly less neuron density and more large pyramidal cells in III, and a clearer
separation of layers III and IV than in A1. The caudal, and caudal-medial, borders of A1
abut an area on the caudal end of HG that has more pronounced minicolumns due to larger
cells in layers III and IV, and better separation of layers III and IV compared to A1.
Compared to most other areas surrounding A1, this area maintains a thick and cell dense
layer IV. This area corresponds to the retroinsular area (Reit) of Fullerton et al. (Fullerton
and Pandya, 2007). Caudal-laterally, A1 borders on area PaAc. The rostral border of A1
abuts area PaAr (Galaburda and Sanides, 1980; Fullerton and Pandya, 2007) that differs
from A1 by the separation between layers III and IV, with lower neuron density and larger
pyramidal cells in layers III. Scale bar = 1 mm.
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Figure 3.
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The lateral border of A1, typically near the depth of Heschl’s suclus, bordered on a
distinctive area (between arrow-heads). This area is characterized by a highly columnar
arrangement of neurons in layers III–IV, with stacks of medium size pyramidal neurons in
layer III. It lacks the separation of layers III–IV seen at other areas bordering on A1. This
area did not define the entire lateral border of A1. Typically, at the rostral and caudal ends of
A1, more conventional association cortex (areas PaAr and PaAc, respectively (Fullerton and
Pandya, 2007)) abutted A1 laterally. Previous authors showed that this area is characterized
by dense parvalbumin and acetylcholinesterase staining, and have suggested that it may be a
distinct type of primary cortex [area LP (Wallace et al., 2002)], an auditory association area
[lateral belt (Sweet et al., 2005)], or alternatively that it may be continuous with the larger
primary auditory cortex (Galaburda and Sanides, 1980; Rademacher et al., 1993; Morosan et
al., 2001). In the present study we excluded this area from our analysis, because it was
clearly anatomically distinct from the larger area A1.
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Figure 4.

Micrographs illustrating the methods used to measure neuron density in primary auditory
cortex. A. Outlines were made of two laminar divisions of primary auditory cortex. This
included the lower half of the total area of layers II-and II, which aligned very well with
layers IIIb-c, and combined layer V and VI. The black squares indicate the location of
optical disectors, which were distributed in the selected layers in a grid pattern. B. Neuron
density was measured with the optical disector method. The disector dimensions (black box)
were X=30um, Y= 30um and Z=24um. C. The sampled layers of cortex are shown at higher
magnification. Scale bars in A and C = 1mm. Box width in B = 30um.
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D13

D54

D52

D16

D14

D38+

Contr

17

53

42

80

44

39

80

42

31

60

60

50

Age (years)

12.6

19.6

24

48

24

13

9

24

4

20

23

7

PMI (h)

52.9

43.8

129

120

111

8

16

7

15

7

17

8

Form. (months)

102

1355

1360

n.a.

1240

1230

1400

1405

1540

1436

1277

1306

Weight (g)

R

R

R

R

R

R

R

R

R

R

Dom. hand

NY

NY

NY

RM

RM

RM

RM

RM

RM

RM

Tissue source

Cause of death: 1=pneumonia, 2=aspiration, 3=accidental electrocution, 4=hypothermia, 5=suicide, pesticide poisining, 6=sucide hanging, 7=suicide jumping, 8=cariorespiratory arrest, 9 =traffic accident, shock traumatic shock, 10=homicide, 11=cerebral contusion,
12=gastrointestinal bleeding, 13=myocarditis, 14=lung cancer and hemmorage, 15=renal failure

Diagnosis: DS = disorganized schizophrenia; PS = paranoid schizophrenia; RS = residual schizophrenia; SA = schizoaffective disorder; US = undifferentiated schizophrenia;

1

12

8

9

11

13

10

11

9

3

Cause of death

Abbreviations: Diag. = diagnosis; dom. hand = dominant hand; Form. = formaldehyde; LNE = lifetime neuroleptic exposure; M = mixed handed; n.a.= not available;NY = New York; PMI = postmortem interval; R = right handed; RM = Republic of Macedonia;

71.5

57.1

180

180

96

111

6

7

4

15

7

16

6

Form (months)

+ alcohol abuse; ++ mild mental retardation.

Age (years)

D37+

NIH-PA Author Manuscript

Schiz
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Brain sample A, demographic and descriptive data.
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68

87

67

80

86

89

75

65

77

10

D24

D25

D26

D27

D28

D40

D42

Ave

S.D.

55

86

168

168

82

48

21

63

91

50

PMI (h)

Abbreviations as in Table 1.

Age (yr)

D22

97

180

96

84

240

228

312

288

96

96

Form. (months)

138

1305

1400

1400

1250

1250

1100

1200

1300

1540

Weight (g)

R

n.a.

R

n.a.

R

R

R

R

dom. hand

NY

NY

NY

NY

NY

NY

NY

NY

Tissue source

>10

>10

>10

>10

>10

>10

>10

>10

LNE yr

US

US

US

US

US

US

PS

US

Diag.

NIH-PA Author Manuscript

Schiz

14

8

1

1

1

1

8

1

Cause of death

S.D.

Ave

D48

D46

D45

D36

D32

D31

D30

D29

Contr

14

72

88

74

77

51

87

52

71

74

Age (yr)

18

33

48

24

24

72

24

24

24

24

PMI (h)

7

127

136

120

120

120

132

120

132

132

Form. (months)

NIH-PA Author Manuscript

Brain sample B, demographic and descriptive data.

166

1335

1450

1300

1150

1600

1260

1250

1510

1160

Weight (gr)

R

R

R

R

n.a.

R

M

R

Dom. hand

NY

NY

NY

NY

NY

NY

NY

NY

Tissue source

8

8

1

15

n.a.

8

8

8

Cause of death
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812(24%)

376 (22%)

Brain Sample B

66,725 (16%)

Sample B, LV-VI

−1

371 (33%)

5.54 (42%)
6.01 (25%)
5.50 (25%)

Sample A, LV-VI

Sample B, LIIIb-c

Sample B, LV-VI

63,377 (9%)

5.45 (30%)

5.50 (25%)

4.98 (36%)

4.99 (37%)

65,186 (17%)

72,224 (11%)

53,106 (11%)

23.6 (37%)
29.0 (24%)

Brain Sample A

Brain Sample B

2
−10

23.2 (33%)

22.8 (29%)

4.23 (34%)

4.66 (32%)

5.50 (28%)

4.77 (29%)

65,289 (9%)

74,403 (17%)

58,396 (13%)

59,663 (11%)

315 (32%)

387 (32%)

610 (30%)

849 (17%)

Mean (%CV)

Cntr

20.4 (35%)

23.8 (29%)

4.49 (35%)

4.37 (37%)

5.56 (32%)

4.94 (29%)

67,261 (9%)

72,096 (15%)

55,574 (14%)

60,114 (11%)

290 (38%)

396 (29%)

510 (23%)

986 (24%)

Mean (%CV)

SZ

Right Hemisphere

% diff. = Percent difference between diagnostic groups. Negative values indicate lower value in schizophrenia.

−12

4

6

−6

−1

4

3

−3

−5

1

−8

2

−16

16

% diff.

0.25

0.01

0.24

0.25

−0.07

0.00

−0.01

0.03

−0.06

0.03

0.22

−0.03

0.34

0.12

Asymmetry Index

0.01

0.78

0.02

0.02

0.78

0.53

0.72

0.41

0.06

0.29

0.02

0.83

<0.0001

0.02

p-value

Hemispheric comparisons***

Neuron number approximated by extrapolating LIIIb-c neuron density to whole cortex.

****

Hemispheric comparisons include brains from both diagnostic groups. Asymmetry index = (left−right)/(0.5×(left+right)). Positive values indicate left>right asymmetry. P-values are left right
comparison using paired t-tests. See text for diagnostic comparison p-values.

***

**

26.1 (24%)

24.0 (28%)

−1

−9

−10

3

−2

−7

−2

5

−3

−8

8

% diff. **

379 (36%)

747 (22%)

1,085 (23%)

Approximated total A1 Neuron number, cells × 106 [28%]****

4.87 (35%)

Sample A, LIIIb-c

[32%]

77,590 (16%)

Sample B, LIIIb-c

A1 Neuron number, cells

53,951 (19%)

Sample A, LV-VI

×106

60,497 (12%)

Sample A, LIIIb-c

SZ
Mean (%CV)

A1 Neuron density, cells per cubic millimeter [13%]

392 (32%)

Brain Sample A

A1 volumes, mm3 [32%]

1,006 (30%)

Brain Sample B

%CV = 100* Standard Deviation/Mean.

*

Cntr
Mean (%CV)

Brain Sample A

HG volumes, mm3 [24%]

Variable [Mean %CV*]

Left Hemisphere
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Summary of anatomical measurements.
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