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Abstract

Using high resolution MRI scans and automated tissue segmentation, gray and white matter (GM, WM) volumes of the frontal, temporal,
parietal, and occipital lobes, cingulate gyrus, and insula were calculated. Subjects included 23 male and 23 female healthy, right-handec
subjects. For all structures, male volumes were greater than female, but the gray/white (G/W) ratio was consistently higher across structure
in women than men. Sexual dimorphism was greater for WM than GM: most of the G/W ratio sex differences can be attributed to variation
in WM volume. The corpus callosum, although larger in men, is less sexually dimorphic than the WM as a whole. Several regions
demonstrate pair-wise asymmetries in G/W ratio and WM volume. Both the cingulate gyrus and insula exhibit strong asymmetries. The left
cingulate gyrus is significantly larger than the right, and the G/W ratio of the left insula is significantly greater than that of the right. Although
statistically significant sex differences and asymmetries are present at this level of analysis, we argue that researchers should be wary ¢
ascribing cognitive functional significance to these patterns at this time. This is not to say, however, that these patterns are not importan
for understanding the natural history of the human brain, and its evolution and development.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction volume; thus the GM—WM ratio increases slightly with
advanced age (Miller et al., 1980; Jernigan et al., 2001).
Across mammal species, the relative composition of gray Abnormal changes in GM and WM composition have been
and white matter (GM and WM) in the (neo)cortex is reported in several diseases, such as schizophrenia (Gur et
remarkably uniform (Zhang and Sejnowski, 2000). Humans a|., 2000; Mathalon et al., 2001) and bipolar illness (Bram-
conform to the general mammalian trend. However, volu- pjja et al., 2001). In Alzheimer’s disease, prefrontal GM
metric magnetic resonance imaging (MRI) studies indicate gnq WM decline at a similar rate, while in normal aging,

that GM and WM composition varies with sex, age, and \w\ reduction is typically more pronounced than GM re-
health status. In children, GM growth outpaces WM growth §,,ction (Salat et al., 1999).

during the first 2 years of life (approximately), but thereaf- Sex differences have been reported for the GM—WM
::(ac:ﬁt\i/r\:l';isgirr?;lc\),tg dpc)arleeicc):anr:r(;ge(scgﬂEc]ﬁggr:]eGe'lﬂa?rogg)tgoéll\j%t composition of the cerebrum. Earlier studies with rela-
suzawa et al., 2001: Paus et al., 2001). After the age of 50 tively small numbers of subjects indicated that sexual

. : 'dimorphism is greater for WM than GM, because signif-
WM volume typically decreases more quickly than GM icant differences in WM but not GM volumes were found

(Filipek et al., 1994; Passe et al., 1997). This has been
* Corresponding author. Fax: 1-319-356-4505. confirmed by larger studies, which have shown that while
E-mail address: jsallen38@aol.com (J.S. Allen). both GM and WM volumes are smaller in women than
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men, the WM difference is more pronounced, with the
result that women have a higher overall proportion of
GM than men (Peters et al., 1998; Gur et a., 1999).
Sexual dimorphism in the GM composition of some an-
atomical subregions (dorsolaeral prefronal cortex and
superior temporal gyrus; Schlaepfer et al., 1995) and for
several gyri (Goldstein et al., 2001) has also been re-
ported. In terms of sex differences in the overal
GM-WM composition of the human cerebrum, a basic
issue emerges: should the fact that women have a higher
percentage of GM than men be interpreted as women
having “more” GM or “less’” WM? Gur and colleagues
(1999) argue that the higher relative GM composition of
women'’s brains may compensate for smaller cranial ca-
pacity, by devoting more of that space to “computation”
rather than “information transfer.”

To date, MRI-based studies of normal variation in
GM-WM composition have focused on large sectors of
the brain (hemisphere or whole) (Gur et al., 1999; Blatter
et al., 1995), have been based on brains resized in the
process of automated parcellation (Nopoulos et al.,
2000), or have used arbitrary criteria to define regions of
the brain (Pfefferbaum et al., 1994) or slice-wise sam-
pling strategies (Raz et al., 1997). In this paper, we
address sexual dimorphism and lateral asymmetry in the
GM-WM volumes of the major lobes and selected gyri of
the human cerebrum (frontal, parietal, temporal, and oc-
cipital lobes, and the cingulate gyrus, and insula), in a
sample of 46 healthy, right-handed adults. Parcellation of
the brain was based on strict neuroanatomical criteria,
and regions of interest were manually traced on each slice
of high resolution MRI-scans. Our results provide an
anatomically robust account of sexual dimorphism and
asymmetry in GM and WM composition in the major
anatomical subregions of the cerebrum.

Materials and methods
Subjects

Subjects were 23 men (mean age = 32.1 years, SD =
8.8, range 22—-49) and 23 women (mean age = 32.6
years, SD = 7.5, range 23-47) of European descent. All
were right-handed (scores on the Oldfield-Geschwind
Handedness Inventory: men, mean = +92, SD = 12.9;
women, mean = +94, SD = 6.6) with no left-handedness
in first-degree relatives, healthy, and with no history of
neurological or psychiatric illness. All gave informed
consent in accordance with institutional and federal rules.
Subjects (sex and age matched) for this study were drawn
from a pool of more than 240 normal volunteers for
functional imaging projects. MRI scans were obtained for
all these subjects as part of several unrelated PET studies.

Image acquisition

Thin cut MR images were obtained in a GE Signa scan-
ner operating at 1.5 Tesla, using the following protocol:
SPGR/50, TR 24, TE 7, NEX 1 matrix 256 X 192, FOV 24
cm. We obtained 124 contiguous coronal dlices, 1.5 or 1.6
mm thick and interpixel distance 0.94 mm. The dlice thick-
ness was adjusted to the size of the brain so asto sample the
entire brain, while avoiding wrap artifacts. Three individual
INEX SPGR datasets were obtained for each brain during
each imaging session. These were coregistered and aver-
aged post hoc using Automated Image Registration (AIR
3.03, UCLA, Woods et a., 1992), to produce a single data
set, of enhanced quality with pixel dimensions of 0.7 mmin
plane and interslice spacing of 1.5-1.6 mm between planes
(Holmes et al., 1998).

All brains were reconstructed in three dimensions using
Brainvox (Frank et a., 1997), an interactive family of pro-
grams designed to reconstruct, segment, and measure brains
from MR acquired images. An automated program, exten-
sively validated against human experts (Grabowski et al.,
2000), was used to segment the images into the three pri-
mary tissue types (white, gray, CSF) (Fig. 1). Beforetracing
regions of interest (ROIs), brains were realigned (but not
resized) along a plane running through the anterior and
posterior commissures (i.e., the AC—PC line); this ensured
that coronal dices in al subjects were perpendicular to a
uniformly and anatomically defined axis of the brain.

Regions of interest

Regions of interest were traced by hand on contiguous
coronal dices of the brain. Anatomical landmarks were
identified and marked on the surface of 3D reconstructions
(see Fig. 2). The parcellation of the brain was based on a
scheme modified from Rademacher et a. (1992), with ad-
ditional consultation of several anatomical texts (including
Ono et a., 1990; Damasio, 1995; Duvernoy, 1991); see
Allen et al. (2002) for a very detailed description of the
parcellation method and tracing conventions. In brief, the
ROIs used in this study were traced as follows (see Fig. 3
for a sample of tracing on a single coronal dlice).

Basal ganglia and hemispheres

The basal ganglia, claustrum, and thalamus were identi-
fied on coronal dices and traced in a single ROI; the value
of its GM was subtracted from the frontal or parietal lobe
volumes as appropriate. The cerebellum, hypothalamus, and
brain stem were excluded from all tracings. The hemisphere
volume is the sum of al other volumes of one side of the
cerebrum (excluding the basal ganglia/thalamus/claustrum
ROI).

Frontal lobe
The major sulcal boundaries of the frontal Iobe are the
Sylvian fissure, the central sulcus, and the cingulate sulcus
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Parietal

Occipital cut

The occipital cut forms the anterior boundary of the
occipital lobe and the posterior boundaries of the parietal
and tempora lobes (Fig. 2). It is a plane defined by the
following three points: the superior end of the parietooc-
cipital sulcus (point 1) and the junction of the parietooc-
cipital and calcarine sulci (point 2), on the mesial surface,
and the preoccipital notch on the lateral surface (point 3).
This plane is automatically rendered as a slice by the Bra-
invox image analysis program. On this dlice, the appropriate
hemisphere is outlined, generating the limiting line on the
surface of the brain that corresponds to the “cut.” In coronal

U P

) :j‘ lﬂ cs }.1 x}
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Fig. 1. Gray matter (top) and white matter (bottom) segmentation in asingle
corond dice. Pogition of the coronal diceisindicated by the black line on the
hemisphere (middie). See Grabowski et a. (2000) for more details.

(Fig. 2). The superoposterior boundary on the mesial sur-
face is formed by the ascending branch of the cingulate
sulcus and the mesial extension of the central sulcus. Be-
cause these sulci do not join, an arbitrary line linking the
two is drawn aong the surface of the brain in the parasag-
ittal cut in which the end of the central sulcusis seen. The
cingulate gyrus and insula are excluded from the frontal
lobe.
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Fig. 2. Parcellation of the left hemisphere. The frontal lobe is bordered by
the Sylvian fissure (SF), central sulcus (CS), cingulate sulcus (CingS), and
the ascending branch of the cingulate sulcus (AscCingS). The occipital
lobe is separated from the rest of the hemisphere by a plane that includes
three points: 1, the superolateral extent of the parieto-occipital sulcus
(PariOccS); 2, the junction of the PariOccS and the calcarine sulcus
(Cdlcs); and 3, the occipital notch. The temporal lobe is bordered by the SF
and a line drawn from the end of the SF to a point one-fourth the distance
along the surface of the brain between points 3 and 1. The cingulate gyrus
is limited by the CingS and an arbitrary connection starting at the junction
of the CingS and AscCingS, going to the junction of the CalcS and
PariOccS, and then on to the most inferior point of the splenium. The
parietal lobe is defined by the CS, SF, occipital cut, and posterior limits of
the temporal lobe and cingulate gyrus. See Allen et al. (2002) for more
details.
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Fig. 3. Coronal dlice (indicated by the black line in Fig. 2) illustrating parcellation of the left hemisphere. The ROI labeled “Thalamus and basal ganglia’
isincluded in the frontal lobe ROI, but the gray matter of the thalamus and basal ganglia is subtracted from the total gray matter of the frontal l1obe ROI.
Fig. 5. MR image illustrating asymmetry in the insula. The dlice is in axia orientation cut through a line (in red) connecting the anterior and poster
commissures (AC, PC). Note that the right insulais more gyrified than the left. The insulais limited laterally by the circular sulcus (white line) and mesially

by the claustrum (thin, gray matter structure labeled cl).

slices, this line appears as two points on the surface of the
brain.

Temporal lobe

The tempora lobe is bounded by the Sylvian fissure
superiorly and the parahippocampal fissure mesially. On the
mesial surface, the posterior boundaries are formed by the
occipital cut and an arbitrary line drawn from the junction of

the parietooccipital and calcarine sulci to the most inferior
point of the splenium of the corpus callosum. On the lateral
surface, the boundary between the temporal and occipital
lobes is formed by the occipital cut. An additional limiting
line is drawn from the end of the Sylvian fissure to a point
along the lateral portion of the occipital cut. This point is
one-quarter of the distance from the preoccipital notch
(point 3) to the parietooccipital sulcus (point 1), as mea-
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sured aong the surface of the brain in the corona dlice
containing the occipital cut. This line forms the boundary
between the tempora and parietal lobes.

Occipital lobe

The occipital lobe is bounded by the occipital cut, with
the exception of the superomesial boundary, where instead
the parietooccipital sulcus is used to separate the occipital
from the parietal lobe (Fig. 2).

Parietal lobe

The boundaries are the central sulcus, Sylvian fissure,
ascending branch of the cingulate sulcus, occipital cut, and
the arbitrary line separating it from the tempora lobe as
described above (Fig. 2). The parietal lobeis separated from
the posterior cingulate by aline drawn from the origin of the
ascending branch of the cingulate sulcus to the junction of
the parietooccipital and calcarine sulci.

Cingulate gyrus

The cingulate gyrus is bounded by the cingulate sulcus
and the callosal sulcus (Fig. 2). The inferior boundary of the
anterior cingulate gyrusis formed by aline drawn from the
anteroinferior end of the sulcus to the posterior point of the
rostrum of the corpus callosum (this corresponds to the
anteroinferior end of the callosal sulcus). The posterior
cingulate is separated from the parietal and temporal lobes
by the two arbitrary lines described above. In cases of
double cingulate sulci, the “outside” sulcus was chosen as
the boundary for the gyrus.

Insula

Theinsulais defined by the circular sulcus, which can be
clearly seen in coronal cuts (Fig. 3). Anteriorly, the insula
may appear as a small amount of gray matter embedded in
the surrounding tissue of the frontal lobe. The insula is
separated from the rest of the hemisphere by a line linking
the deepest extent of both ends of the circular sulcus. When
the claustrum becomes visible, the line is edited to ex-
cludeiit.

Corpus callosum

The corpus callosum was defined in coronal cuts as the
white matter bounded superiorly by the callosal sulcus and
inferiorly by the lateral ventricles or the third ventricle. The
lateral boundaries of the callosum were formed by dropping
lines straight down (perpendicular to the AC—PC line) from
the depth of the callosal sulci to the ventricles (Fig. 3). The
corpus callosum is included in the volumes of the frontal
and parietal lobes (actualy, half in each hemisphere). Sur-
face area on the mesial surface hastraditionally been used to
quantify callosal size. In a previous study (Allen et al.,
2002), we found that our measure of callosum volume is
highly correlated (r ~ 0.9) with midline surface area mea-
sures of that structure. Our volumetric parcellation of the
corpus callosum is more conservative than that of Meyer et

al. (1999), who extend the lateral boundaries of the callo-
sum to the approximate depth of the cingulate sulcus rather
than the callosal sulcus.

Reliability

The vast majority of ROIs were traced by one of the
authors (JSA), with review and consultation with one of the
other authors (HD). A reliability study was undertaken com-
paring the tracing of JSA with that of an expert tracer who
was not otherwise involved in the project. The left frontal
and occipital lobes (chosen as the least and most arbitrary of
the major lobes) and the insula (the smallest and most
variable structure) were traced in a random sample of 10 of
the study subjects, starting with the identification of the
surface landmarks (for the frontal and occipital 1obes). The
nonstudy tracer was allowed to consult with HD, who did no
tracing herself. Parametric correlations (Pearson’s) between
the volumes obtained by the two tracers werer = 0.997 for
frontal WM and r = 0.980 for frontal GM, r = 0.980 for
occipital WM and r = 0.969 for occipital GM, and r =
0.991 for insula WM and 0.985 for insula GM. All of these
values are highly significant (P < .001).

Satistical analysis

Statistical analyses were performed using SPSS for Win-
dows (version 9.0.0) and SAS (version 8.0). Independent
samplest tests were used to compare means and correlation
coefficients (Pearson’s) and principa components analysis
were used to look at the interactions among variables.
Hemispheric asymmetries were examined with pair-wise t
tests and a conventional asymmetry index ([L-R]/[L +
R/2]). Analysis of covariance (ANCOVA) and multifactor
covariance analysis (MANCOVA) were used to assess the
interactions among GM, WM, and total volumes and sex
differencesin gray—white ratio by lobe (MANCOVA results
confirmed the results of the ANCOVA, so they are not
presented here). Effect sizes (absolute difference of means/
pooled standard deviation) and 95% confidence intervals
were used to calculate the magnitude of volume differences
between sexes (Welkowitz et al. 1982). Effect sizes of 0.20
are considered “small,” 0.50, “medium,” and greater than
0.80 as “large.” Volume determinations from ROIs were
made using image analysis programs developed in our lab-
oratory (Frank et a., 1997).

Results

The GM and WM volume measures of the hemispheres,
and frontal, temporal, parietal, and occipital lobes, and the
cingulate gyrus and insula, for all subjects, are presented in
Appendices 1-4.

Table 1 presents the GM and WM volumes and
GM-WM ratio (G/W ratio) by sex and hemisphere for al
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Table 1
Volumes (cm®) of major brain sectors, gray—white ratios, and male-female differences (effects sizes and t test P value)
Sector Tissue Male mean (SD) Female mean (SD) Mean difference (95% Cl) Effect size t test P vaue
Left hemi Gray 303.1(27.1) 274.3(26.5) 28.8 (12.4 to 45.2) 0.95 .001
White 239.4 (27.7) 204.2 (21.0) 35.2 (14.7 to 45.7) 1.17 .000
Total 542.6 (50.8) 478.4 (44.6) 64.2 (43.6 to 84.8) 112 .000
G/W 1.27 (0.10) 1.35 (0.09) 0.08 (0.02 to 0.14) 0.78 .013
Right hemi Gray 302.7 (29.6) 277.2(27.2) 255(8.1 to 42.9) 0.83 .004
White 243.1(28.6) 206.7 (21.4) 36.4 (21.0 to 51.8) 117 .000
Total 545.7 (53.8) 483.9 (45.8) 61.8 (314 to 92.2) 1.04 .000
G/IW 1.25(0.10) 1.35(0.09) 0.10 (0.04 to 0.16) 0.94 .002
Left frontal Gray 106.2 (12.1) 97.8(9.5) 8.4(1.8t0 15.0) 0.72 012
White 99.0 (14.7) 85.0(8.9) 14.0 (6.6 to 21.4) 1.01 .000
Total 205.2 (25.8) 182.8 (17.0) 224 (9.1t0 35.7) 0.92 .001
G/wW 1.08 (0.09) 1.15 (0.09) 0.07 (0.02 to 0.13) 0.75 .007
Right frontal Gray 106.4 (11.4) 97.7 (9.5) 8.7 (2.3t0 15.1) 0.77 .007
White 101.9 (14.2) 88.6 (9.2) 13.3(6.0 to 20.6) 0.98 .000
Total 208.3 (24.1) 186.2 (17.2) 22.1(9.3 to 34.9) 0.94 .001
G/IW 1.05 (0.09) 1.11 (0.09) 0.06 (0.01 to 0.12) 0.65 .043
Left temporal Gray 785 (8.7) 69.1 (7.0) 9.4 (4.6t0 14.2) 1.03 .000
White 41.4 (6.9) 35.5(3.1) 59(2.6t09.2) 0.97 .001
Total 120.0 (14.9) 104.6 (9.4) 15.4 (7.8 to 23.0) 1.05 .000
GIW 1.92 (0.18) 1.95 (0.14) 0.03 (—0.11 to 0.17) 0.19 ns
Right temporal Gray 79.3(10.0) 68.2 (5.8) 11.1(6.1to 16.1) 1.13 .000
White 435 (6.9) 35.4 (4.4) 8.1(4.6 to 11.6) 1.15 .000
Total 122.8 (16.2) 103.6 (9.4) 19.2 (11.1 to 27.3) 1.18 .000
G/W 1.83(0.16) 1.94 (0.17) 0.11 (0.01 to 0.21) 0.65 .030
Left occipital Gray 29.7 (3.9) 28.3(5.2) 14(—14t04.2) 0.31 ns
White 18.9(3.1) 16.6 (3.8) 23(0.2t0 4.4) 0.64 .032
Total 48.5 (6.6) 44.9(8.8) 36(—1.2t084) 0.46 ns
GIW 1.59 (0.18) 1.73(0.17) 0.14 (0.03 to 0.25) 0.74 .010
Right occipital Gray 31.1(3.6) 29.4 (5.1) 1.7(—1.0to 4.4) 0.39 ns
White 17.4 (3.6) 14.5(3.5) 2.9(0.7 t0 5.1) 0.76 .000
Total 485 (6.7) 43.9(8.3) 46(0.01t09.2) 0.59 043
G/IW 1.83(0.22) 2.07 (0.23) 0.24 (0.10 to 0.38) 0.95 .001
Left parietal Gray 64.0 (6.2) 57.5(6.7) 6.5 (2.6 to 10.4) 0.90 .002
White 755 (7.9) 60.7 (7.7) 14.8 (10.0 to 19.6) 151 .000
Total 136.5 (12.6) 118.2 (13.6) 18.3(10.3t0 26.3) 115 .000
G/W .89 (0.08) .95 (0.08) 0.06 (0.01 to 0.11) 0.70 .009
Right parietal Gray 62.5(7.2) 59.8 (8.7) 27(-221t07.6) 0.24 ns
White 74.2(9.2) 63.0 (8.7) 11.2 (5.7 to 16.7) 141 .000
Total 136.7 (15.3) 122.8 (16.3) 13.9 (4.3 to 23.5) 0.81 .005
G/IW .85 (0.07) .95 (0.08) 0.10 (0.05 to 0.15) 1.09 .000
Left cingulate Gray 16.2 (3.0) 14.0 (2.8) 2.2(0.4 to 4.0) 0.71 013
White 7.1(1.4) 5.9 (1.0) 1.2(0.5t0 1.9) 0.89 .002
Total 23.4(4.2) 19.9 (3.6) 35(1.1to55) 0.83 .005
GIW 2.31(0.29) 2.37(0.29) 0.06 (—0.12 to 0.18) 0.21 ns
Right cingulate Gray 14.9 (2.7) 14.8 (2.5) 01(—-15t017) 0.04 ns
White 4.8 (0.9) 4.2(0.8) 0.6(0.1t0 1.1) 0.68 .018
Total 19.7 (3.4) 19.0 (3.2) 0.7(-1.3102.7) 0.21 ns
G/W 3.09 (0.36) 3.52(0.44) 0.43 (0.18 to 0.68) 0.96 .001
Left insula Gray 8.9(1.3) 75(0.7) 1.4 (0.8 to 2.0) 1.26 .003
White .56 (0.2) .45 (0.16) 0.1(0.0t0 0.2) 0.61 .036
Total 9.0(1.3) 8.0(0.8) 1.0(0.3t0 1.7) 0.84 .002
GIW 17.0(6.2) 18.7 (6.1) 1.7(-2.1t055) 0.28 ns
Right insula Gray 8.6(1.2) 7.5(0.7) 11(05t01.7) 0.85 .000
White 1.19(.35) .93(0.21) 0.3(0.1t0 0.5) 0.83 .003
Total 9.8(1.4) 8.4(0.8) 1.4(0.7 to 2.1) 1.06 .000
G/IW 7.61 (1.75) 8.46 (2.24) 0.85(—0.38 to 2.08) 0.42 ns

Note. SD, standard deviation; Cl, confidence interval; G, gray; W, white; ns, not significant.
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Table 2
Analysis of covariance P values

Sector Controlling for ~ Controlling for ~ Controlling for
total volume white matter gray matter
(gray + white)  volume volume
Hemisphere L .171 .899 .008°
R .0322 508 .001°
Frontal L .091 475 .008°
R .290 .970 .028%
Temporal L 770 .081 .507
R  .468 487 .081
Occipital L .0422 147 .019?
R .008° .0422 .002°
Parietal L .101 832 .001°
R .000° .006° .000°

Note. Male-female differences in gray—white ratio for the major lobes
controlling for total, gray matter, and white matter volumes. L, left; R,
right.

ap < 0.05.

bp < 0.01.

brain regions measured. For nearly every structure, male
GM, WM, and total volumes are significantly larger than
female volumes. Exceptions include the gray and total vol-
umes of the left occipital lobe, the gray volume of the right
occipital lobe, the gray volume of the right parietal lobe, and
the gray and total volumes of the right cingulate. In contrast
to the volumes, the G/W ratios for women were consistently
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and significantly higher than those for men. Exceptions
were the left temporal lobe, left cingulate, and insula.

For most structures, the between-sex effect sizesfor WM
and GM indicate that WM shows amore profound degree of
sexual dimorphism than GM. Thisis reflected in the higher
G/W ratios found in women. To test the hypothesis that sex
differences in the relative composition of GM and WM (as
measured by G/W ratio) are due primarily to women having
less white matter, an ANCOVA analysis was performed
using sex as the factor and total, gray, and white volumes as
covariates. The results of the ANCOVA are presented in
Table 2. These data strongly indicate that differences in
WM volume are more responsible for differences in G/W
ratio than differencesin GM volume. With the exception of
the temporal |obe, which is not sexually dimorphic for G/W
ratio, all of the major structures of the brain show a signif-
icant difference in G/W ratio even after controlling for GM
volume. In contrast, only the right occipital and right pari-
etal, structures for which women have relatively large
amounts of GM compared to men, exhibit significant dif-
ferences in G/W ratio after controlling for WM. It is im-
portant to note that for both of these structures, the WM
effect is still more pronounced than the GM effect. In Fig.
4, plots of gray and white matter volumes vs G/W ratio are
presented for the hemispheres; the male and female regres-
sion lines clearly demonstrate the more pronounced influ-
ence of WM volume in determining sex differencesin G/W
ratio.

Left Hemisphere

[0 Female GW Ratio |
| o Maeaw
| F regressi
| = - Mragrassion ine |

150000 175000 200000 225000 250000 275000 200000
White Matter Volume

Right Hemisphere

White Matter Volume

Fig. 4. G/W ratio vs gray and white matter volumes of the left and right hemispheres, for men and women.



J.S Allen et al. / Neurolmage 18 (2003) 880—894 887

Table 3
Corpus callosum measures
Male mean (SD) Female mean (SD) Mean difference (95% Cl) Effect size t test P vaue
Tota volume (cm®) 10.57 (1.62) 9.68 (1.26) 0.89 (0.14 to 1.64) 0.59 .045
CC vol./total val. .0097 (.0013) .0101 (.0011) .0004 (—.0207 to .0215) 0.33 .325
CC vol./gray val. .0175 (.0020) .0176 (.0020) .0001 (—.0219 to .0293) 0.04 .887
CC vol./white val. .0219 (.0028) .0236 (.0026) .0017 (—.0305 to .0339) 0.59 .040

Note. CC, corpus callosum; vol, volume.

Results for the corpus callosum are presented in Table 3.
Male volumes are significantly greater than female vol-
umes, although the effect size is relatively moderate com-
pared to other parts of the cerebrum. Consistent with thisis
the finding that ratio of corpus callosum size to WM volume
is significantly larger in women than men.

Asymmetry statistics are presented in Table 4. Using the
conventional asymmetry index, the cingulate gyrus shows a
pronounced leftward asymmetry. The insulais substantially
larger on the right (due to WM differences), but the G/W
ratio ismuch higher on the left. The pair-wiset testsindicate
asymmetries in the WM composition of several structures,
which are reflected in asymmetries in the G/W ratio. Men
are somewhat more asymmetric for G/W ratio than women,
especialy in the frontal and parietal lobes.

Discussion

The results from this study provide some important re-
finements of our view of volumetric sexual dimorphism and
GM-WM asymmetries in the human brain. Like virtualy
every other previous MRI study, we found that male vol-
umes were greater than female for most cerebral structures,

Table 4
Asymmetry statistics

ranging from the hemisphere to the insula. However, our
segmentation and parcellation results indicate that sexual
dimorphism in the cerebrum is not uniformly distributed
across tissue types or regions.

Sex differences in G/W ratio: more gray, less white, or
both?

We confirm that volume differences between the sexes
are more pronounced in WM than GM. Thisis not only true
of the entire cerebrum or hemispheres, as has been previ-
oudly reported (Filipek et al., 1994; Passe et a., 1997; Peters
et al., 1998; Gur et al., 1999), but it is a consistent pattern
seen in al the major lobes. One previous study, using
automated parcellation of resized MRI brain scans, found a
relative GM increase in women only in the right parietal
lobe (Nopoulos et al., 2000). Our data confirm this, with the
right parietal showing the largest G/W ratio difference (in
terms of statistical power) between the sexes. However, we
also found that women had significantly higher G/W ratios
for all structures except the left temporal lobe, |eft cingulate
gyrus, and insula. It islikely that the automated parcellation
method used by Nopoulos et al. lead to a reduction in the
amount of measured volumetric variability in general (after

Sector Sex Asymmetry Pair-wise t test P value
index (SD) Gray volume White volume Total volume G/W
Frontal M —.016 (.033) ns .004(r>1) ns .001(I >7r)
F —.019 (.023) ns .000 (r > 1) .001 (>1) .000 (1 >r)
Temporal M —.023(.091) ns ns ns .001(1 >r)
F .010 (.082) ns ns ns ns
Occipital M .000 (.152) ns 042(1>r) ns .000 (r > 1)
F .022 (.118) ns .000(1 >r) ns .000(r>1)
Parietal M .000 (.085) ns ns ns .000 (1 >r)
F —.036 (.061) 016 (r > 1) 011 (r > 1) .009 (r > 1) ns
Cingulate M .169 (.158) .008 (1 >r) .000(l >r) .000(1 >r) .000 (r > 1)
F .045 (.181) ns .000(1 >r) ns .000 (r > 1)
Insula M —.077 (.061) ns .000 (r > 1) .000 (r > 1) .000 (1 >r)
F —.050 (.046) ns .000 (r > 1) .000 (r > 1) .000 (1 >r)
Hemisphere M —.005 (.009) ns .000(r>1) .000(r>1) .000(I >r)
F —.011 (.007) .000 (r > 1) .000(r > 1) .000(r > 1) ns

Note. Asymmetry index = [(L — R)/(L + R)/2]. M, male; F, female; SD, standard deviation; ns, not significant; G, gray; W, white; |, l€ft; r, right.
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all, the brains are resized into a common anatomical space),
and one result of thisisthat sex differences measured using
this technique are attenuated. Thus the technique identifies
only the most profound “real” differences (i.e., in the right
parietal) as being significant. Another study found higher
G/W ratios in women in the dorsolateral prefrontal cortex
and superior tempora gyrus (Schlaepfer et al., 1995), and
the authors suggested that this difference might be related to
verba behavior. Given that women have higher G/W ratios
than men globally, it seems premature to attribute functional
significance to local patterns in the absence of G/W data
about more inclusive anatomical sectors.

The G/W ratios we report (about 1.26 for men and 1.35
for women) are consistent with those reported in previous
studies. For total brain or hemisphere volumes, Schlagpfer
et a. (1995) reported G/W ratios of 1.16 for men and 1.21
for women, Passe et al. (1997) reported ratios of 1.15 and
1.22, Peters et al. (1998) reported 1.15 and 1.21, and Gur et
al. (1999) reported ratios of 1.26 and 1.47. In the study by
Goldstein et a. (2001), which is perhaps most directly
comparable to ours, ratios of 1.27 for men and 1.35 for
women were found (Goldstein et al. reported female gray
and white cerebrum volumes that are almost identica to
ours, athough our males are about 5% larger). All of these
results are quite consistent with one another (although Gur
et al. found a greater sex difference than any of the other
studies); variation in the results may be due to the different
automated segmentation agorithms employed by the inves-
tigators, as well as differences in the anatomical regions of
interest examined (e.g, amount of cerebellum or brain stem
included in the hemisphere measures). Most of the MRI
studies report a sex difference in G/W ratio; an exception is
the study of Nopoulos et a. (2000) mentioned above, in
which G/W ratios of about 1.47 were determined for both
SEXes.

Both the results of the ANCOV A analysis and the greater
effect sizes for WM compared to GM point to the WM
being primarily responsible for the higher G/W ratio seenin
women. This is consistent with the results from a previous
MRI study of whole brain volumes, which showed that after
controlling for height, only the WM difference between the
sexes is significant (Peters et al., 1998). In addition Gur et
a. (1999) found that the slopes of the regression lines for
GM volume vs cranial capacity were identical in men and
women. However, the WM regression line for women had a
flatter slope than the male regression line. In other words,
G/W ratio increases with increased cranial capacity in
women, whereas it remains steady in men. Gur et a. dem-
onstrated that this is not simply a result of smaller cranial
capacity in women. Our ANCOVA analysisis also consis-
tent with the view that increased G/W ratio in women is not
simply a function of overall smaller brain size.

In our view, these data are generally consistent with the
hypothesis that the higher G/W ratio in women compared to
men is due to less white matter in women rather than to
more gray matter. Our interpretation isin contrast to Gur et

al.’s functiona interpretation of the higher G/W ratio in
women: they interpret these data as a sign of more gray
matter. They argued that the higher percentage of GM in
women may be an adaptation to smaller cranial size over the
course of hominid evolution: women may need to devote
more of their brain to computation rather than information
transfer. Although thisis an interesting suggestion, we have
two major problems with it. First, although women have an
increase in the percentage of GM, and G/W ratios are higher
in women at any given brain volume, they still have less
absolute GM than men. In fact, compared to histological
estimates of total neuron number (Pakkenburg and Gun-
dersen, 1997), MRI studies may lead to the underestimation
of sex differencesin neurona composition. While we found
about a 10% difference in GM volume between men and
women, Pakkenburg and Gundersen calculated that men
have 16% more neurons than women. Thus, although
women are likely compensating neuronally in some way for
their relatively smaller cranial capacities, it is not likely due
to having “more” gray matter. Second, the significant and
robust sex differences in G/W ratio are actually due to
relatively small differencesin WM composition. For exam-
ple, we can estimate the relative “deficit” in WM volumein
women by computing the WM mean if the effect size
between men and women for WM were the same as that for
GM. By adding 6.6 cc of WM to the left hemisphere and
10.6 cc to the right hemisphere, the effect sizes for gray and
white matter would be the same and the G/W ratio differ-
ence between the sexes would no longer be significant. We
should be wary of ascribing much functional significance to
17.2 cc of WM (about 4% of the total) distributed through-
out the cerebrum.

How do we explain the sex difference in G/W ratio?
Rather than looking for a particular functional explanation
rooted in our recent evolutionary history, we might want to
approach the problem from a broader primate perspective.
For example, at the gross anatomical level, human brains
are very similar to other primate brains, except that they are
much larger. The proportional distribution of the brain into
lobes is similar across great apes (Semendeferi et a., 1997,
Semendeferi and Damasio, 2000; Allen et al., 2002), and in
many primate species, females have smaller brains than
males even after correcting for body size, as in humans
(Holloway, 1980; Falk et a., 1999). Are sex differences in
G/W ratio found in other primate species? Or isit the result
of encephalization along the hominid lineage? Data on the
G/W composition of other primate brains could also be very
useful in elucidating endocrine effects during development
that might contribute to this particular aspect of primate
sexual dimorphism.

Sex differences in G/W ratio: regional patterns
Sex differences in total volume and gray—white compo-

sition are not evenly distributed throughout the cerebrum.
Localized sexua dimorphism could be due to any of several
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factors, including geometrical laws governing the relation-
ship between size and shape, functional differences, or dif-
ferences in hormonal exposure, with or without functional
implications. Inspection of Table 1 makes it clear that there
is variation in sexual dimorphism among the major lobes
and sectors of the cerebrum.

In terms of total volume, the least sexually dimorphic
region is the occipital lobe. Gray matter volumes for men
are greater than those for women, but the difference is not
significant and the effect sizeisrelatively small. Differences
in WM are also less pronounced than those seen in other
regions, athough WM differences are more pronounced
than GM differences, thus the G/W ratio dimorphism is of
amagnitude similar to that seen in other regions. There are
severa possible explanations for why the occipital lobe
might be less sexually dimorphic than other brain regions:
primary and early visua processing is not related to overall
body size; asthe “knob” on the end of aflattened sphere, the
overall effects of larger brain size may be attenuated in the
occipital region; most of the occipital lobe has relatively
low levels of sex steroid receptors (Goldstein et a., 2001).
It isdifficult to choose among these possibilities at thistime;
more empirical data are clearly necessary.

Another region that has an exceptional pattern of sexual
dimorphism isthe temporal lobe, especially in the left hemi-
sphere. Unlike every other region, the temporal lobe does
not show a particularly strong difference in effect size
between the GM and WM. This translates into the absence
of a sex difference in the G/W ratio of the |eft temporal and
a relatively small (but significant) difference in the right
hemisphere. The tempora lobe is strongly dimorphic for
volume, but why isit less dimorphic for G/W ratio? Like the
occipital lobe and unlike the frontal and parietal lobes, the
temporal lobe has a relatively large amount of cortical rim,
which contributes to the high G/W ratio. Furthermore, our
GM measures include both the amygdala and hippocampus,
further increasing the G/W ratio. The GM of the temporal
lobe is more dimorphic than other brain regions: males
appear to have more GM than would be expected. Goldstein
et a. (2001) report that males have larger amygdalae than
females, even after controlling for total cerebrum size.

As mentioned above, Nopoulos et al. (2000) found that
the most dimorphic region for GM percentage is the right
parietal. Our results are consistent with this finding: the
G/W ratio effect size for the right parietal lobe isthe largest
for any of the regions we measured. Effect sizes indicate
that the parietal lobe as a whole is highly sexualy dimor-
phic for WM volume. Furthermore, the right parietal lobe
shows less sexua dimorphism for GM than other structures,
which contributes to the greater difference in G/W ratio for
that structure. Thisis consistent with another study in which
it was found that the inferior parietal lobule GM volume is
significantly smaller in women in the left but not the right
hemisphere (Frederikse et a., 1999). Patients with Turner
syndrome (X monosomy) have reduced parietal region vol-
umes relative to total brain volume, particularly in the right

hemisphere (Reiss et al., 1995). Reiss et al. argue that this
may be evidence that the structure of the right parietal in
particular is influenced by X chromosome genes and/or sex
steroid hormones. They had predicted that the right parietal
region should be affected in Turner syndrome due to the
presence of visual—spatial deficits associated with the con-
dition. Based on sex steroid receptor densities, Goldstein et
al. (2001) predicted that the inferior parietal region should
have a relatively high degree of sexual dimorphism (pre-
sumably in both hemispheres). At this point, it is difficult to
ascribe functional significance, if any, to the sexual dimor-
phism patterns observed in the parietal lobe, although sev-
eral studies indicate that the right parietal lobe in particular
presents an intriguing picture.

Sexua dimorphism in the corpus callosum has been
intensely studied since de Lacoste-Utamsing and Holloway
(1982) reported that the splenium was larger and more
bulbous in women than men. In a review of this large and
unwieldy literature, Bishop and Wahlsten (1997) concluded
that the evidence supports the contention that the callosum
is larger in men, corresponding to larger overall brain size.
Recent MRI studies confirm this (Sullivan et a., 2001,
Allen et a., 2002). Jancke et a. (1997) found that corpus
calosum area relative to forebrain volume is larger in
women, athough this may be a function of smaller brain
size in general. Our results indicate that while the callosum
is larger in men, the proportion of callosum volume to total
white matter volume is significantly higher in women. In
addition, the effect size difference between men and women
for callosum volumeis substantially smaller than for the rest
of the WM (0.59 vs 1.17). This would indicate that the
corpus callosum is less sexually dimorphic than other brain
structures; in a relative sense, it is “larger” in women than
men. If the effect size for corpus callosum volume were the
same as for the rest of the WM, then corpus callosum/WM
volume ratio would be about the same in men and women
(.0219 vs .0214).

Beyond considering the functional implications (if any)
of sexua dimorphism in the corpus callosum, we can also
examine the structure for insights into the broader issue of
sex differences in WM volume. The white matter is com-
posed of myelinated axons (variable in size and length and
organized into fiber tracts), glial cells (mostly oligodendro-
cytes and astrocytes), and blood vessels (Nolte, 1999; Fil-
ley, 2001). These components appear collectively in MRI
scans as “white matter.” The corpus callosum is one of the
few white matter fiber tracts that can be seen and measured
in an MRI image, and our data indicate that it is less
sexualy dimorphic than WM in general. The WM is obvi-
ously heterogeneous; even the corpus callosum itself is
heterogenous in terms of its fiber composition and distribu-
tion (Aboitz et al., 1992; Highley et al., 1999). We suggest
that WM tracts—which are essentially functional assem-
blages of axons—are less sexually dimorphic than other
components of the WM. We know that the WM can be
compressed without loss of function, as can be seen in cases
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of nonsymptomatic gliomas. Analogously, the WM in
women may be “compressed” relative to the WM in men,
although the data on the corpus callosum suggest that WM
we identify as being fiber tracts may be relatively less
compressible. Thisis not to say that the increased G/W ratio
in women is not a physiological adaptation of some kind,
but again, that it may or may not be due to factors directly
related to cognitive processing.

Volumetric and G/W asymmetries

Consistent with most of the post mortem literature on
hemispheric asymmetries (Von Bonin, 1962; Kertesz et al.,
1986; Zilles et al., 1996), we found that the right hemisphere
was dlightly larger than the left. Although the size difference
between the hemispheres is small, within individuas, pair-
wise t tests indicate significant trends for both women and
men to have more WM in the right hemisphere, and for
women also to have more GM. Men had a higher G/W ratio
in theleft hemisphere, which is consistent with the results of
Gur et al. (1999), including higher G/W ratios in the frontal,
temporal, and parietal lobes, and insula. Women also had
higher G/W ratios in the left frontal lobe and insula. It is
important to point out (again) that G/W ratio is afunction of
relative GM and WM volumes, and similar asymmetries in
different regions may arise via different mechanisms. In
terms of total volumes, these differences are quite subtle.

It is well known that the human brain protrudes anteriorly
(frontal petalia) in the right hemisphere and pogteriorly in the
left hemisphere (occipita petalia) (Chui and Damasio, 1980;
Zilles et d., 1996). Consistent with this, our data show that
both men and women tend to have more WM in the right
frontal |obe and theleft occipitd lobe. Theright frontal and left
occipital lobe total volumes are dightly larger than their op-
posites, athough the difference was significant only for the
frontal lobe of women. The presence of petalia seems to cor-
respond to increased WM but not increased GM volume.
Perhaps increased sulcal depth in the hemisphere without the
petalia “compensates’ for the smaller overall volume. Histo-
logical studies have shown that the striate cortex (which forms
the walls of the calcarine sulcus) is larger in the right hemi-
sphere than the left (Murphy, 1985).

Petterns of asymmetry in thelargest regions of the brain are
unlikely to reflect functional differences between the hemi-
spheres; the volumetric differences are far more subtle than the
functional differences. This is not necessarily true for smaller
structures. The most profound anatomical asymmetries we
uncovered were in the two smdlest structures we measured:
the cingulate gyrus and the insula. In men, the left cingulate
gyrus was much larger than the right, with more WM and GM
in the left hemisphere and a higher G/W ratio in the right
hemisphere. In women, the | eft cingul ate was somewhat larger,
with significantly more WM, leading as in men, to a higher
G/W ratio in the right cingulate. It has been known for some
time that the left cingulate is more frequently doubled (with a
paracingulate sulcus) than the right (Von Bonin, 1962). In a

large MRI study, Paus et a. (19968) confirmed this, finding
that a paracingulate is absent in only 20% of left hemispheres
compared to 37% of right; they also found that the paracingu-
late sulcus was more often absent in women than men (17% vs
10%,; there was no gender—hemisphere interaction). Our re-
aults are consistent with the Paus et d. findings, with men
definitely having alarger Ieft cingulate, and women showing a
weaker trend in this direction. Paus et a. suggest that the
presence of the paracingulate may indicate expansion of Brod-
mann's area 32 (associated with vocalization in monkeys), a
region that receives significant sensory inputs from the primary
auditory cortex; the paracingulate asymmetry would then be
considered analogous to asymmetry in the planum temporale.
The higher G/W ratio in the right cingulate indicates that
although the left cingulate is larger volumetrically—and occu-
pies a much larger area on the corticd surface— differences
between the two in numbers of neurons may not be as grest.
Paus et a. (1996b) found thet intrasulcal gray matter (i.e., not
including cortex on the mesia surface of the brain) in the
anterior cingulate is greater in the right rather than left hemi-
sphere, with the opposite pattern observed in the posterior
region (it should be noted that Paus et a. defined the cingulate
somewhat differently from how we did, stopping a the mar-
gina ramus of the cingulate posteriorly, while we included a
posterior region that surrounded the splenium of the corpus
calosum). Although our results and those from Paus et d.
(1996b) are not exactly congruent, both studies indicate that
asymmetries in the cingulate gyrus may have separate WM
and GM components. Further exploration of sulcal depth and
GM and WM composition of the cingulate gyrus could shed
some light on the general relationship between architectonic
fields and gross cortical anatomy.

In terms of G/W ratio, the insula was the most asymmet-
ric structure we measured. In both men and women, the |eft
insula had a much higher G/W ratio than the right; this was
primarily due to there being significantly lessWM in the left
than the right insula. Visual inspection of the insulae of our
subjects confirms that it is an asymmetric structure (see Fig.
5). The right insula appears to have more and smaller gyri
than the left, which seems to give the right insula a more
bowed shape along the lateral surface compared to the left.
Thiswould lead to the inclusion of more WM, given that we
define the medial boundary of theinsulaasalinelinking the
depths of the circular sulcus. Of course, this is a visua
impression at this point and requires systematic quantitative
study to confirm it. Unfortunately, a detailed reanaysis of
insula anatomy does not include any information on later-
ality patterns (Ture et al., 1999). However, a recent voxel-
based morphometry study of cerebral asymmetries did find
that the anterior insular region was larger in the right hemi-
sphere (Watkins et a., 2001).

Based on areview of the older anatomical literature, Von
Bonin (1962) states that the insulais “longer and higher on
theleft side.” We can confirm this observation. We obtained
an approximate measure of asymmetry in insular length by
comparing the number of ROI dlices incorporating the in-
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sulain each hemisphere. In women, the insulawas longer in
the left hemisphere in 15 cases, the same length in six cases,
and longer in the right in only two cases (x* = 11.56, P <
0.01). In men, it was longer in the left in 12 cases, the same
length in three cases, and longer in the right in seven cases,
this distribution approached statistical significance (y*> =
5.34, P ~ 0.06). The longer and flatter left insular cortex has
about the same amount of GM as the more gyrified, bowed,
and shorter right insular cortex. The asymmetry of the G/W
ratio in the insula—which appears to be very robust by our
measures— undoubtedly reflects an asymmetry in the anat-
omy of the region. Our result may be partially consistent
with those of Watkins et al. (2001) in that there may be
more GM in the right anterior region of the insula, which
“compensates’ for the longer left insula. Whether or not
insular asymmetries correspond to functional lateralities
cannot be determined until a more complete understanding
of insular function is developed (Tire et a., 1999). It also
remains to be determined if asymmetries in the insula may
be developmentally linked to other perisylvian asymme-
tries, such as the well-known leftward asymmetry in the
planum temporale.

Conclusion

This study provides normative data on sexual dimor-
phism and asymmetries in the GM and WM composition
of the human brain. It demonstrates that the global par-

cellation of the cerebrum based on anatomical criteria
yields patterns of GM and WM distribution that must be
accounted for when looking at more localized distribu-
tions of these tissues. It also clearly demonstrates that the
use of resized brains in MRI volumetric studies is likely
to result in a substantial loss of measured variation be-
tween the sexes, as it is almost certain that there is not a
constant allometric relationship between overall brain
volume and the volume of its constituent parts (Kennedy
et al, 1998). These data are useful as baseline data for
tracking diseases that cause progressive changes in
GM/WM composition. Functional correlates of these pat-
terns should be regarded with caution. However, we
emphasize that even if sex differences or asymmetries in
the GM/WM composition of various brain regions cannot
be linked to proximate functional processes, they are
nonetheless real, and determining their ultimate origins
may yield important insights into the evolution, develop-
ment, and natural history of the human brain.
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Appendix 1
Men, left hemisphere gray and white volume measures in cubic centimeters
Subject Hemisphere Frontal Temporal Parietal Occipital Cingulate Insula
(2g9) G w G w G w G w G w G W G w
1M (46) 311.7 277.2 110.7 116.2 84.2 53.8 61.4 77.3 32.3 21.1 15.2 85 8.0 04
2M (45) 304.9 267.4 108.8 114.1 82.1 499 65.3 76.9 26.5 17.9 14.7 8.1 7.6 0.6
3M (43) 288.1 265.2 100.1 108.8 77.3 44.6 59.5 79.9 27.0 224 15.6 8.7 85 0.7
4 M (38) 280.3 241.4 98.7 98.9 68.7 34.6 60.7 77.3 320 23.2 12.2 6.4 8.1 11
5M (28) 275.4 215.1 94.6 86.9 76.3 41.8 62.0 67.1 219 14.0 135 5.0 7.2 0.2
6 M (28) 317.3 239.3 110.2 93.2 85.1 44.8 70.6 77.2 28.0 17.2 14.9 6.2 8.4 0.6
7M (42) 301.0 247.6 104.5 102.4 78.5 42.3 60.1 735 324 21.3 15.6 74 9.7 0.7
8M (32 342.9 267.2 117.0 103.7 84.8 459 74.1 85.7 32.6 20.9 24.8 10.5 9.5 0.5
9M (49) 261.6 210.2 90.6 84.7 63.4 337 54.1 67.5 323 18.2 12.9 54 8.2 0.7
10 M (42) 292.2 221.1 101.1 91.5 80.6 41.1 60.3 64.3 24.6 16.5 16.7 7.0 90 06
11 M (23) 251.5 196.6 84.9 78.4 65.0 314 54.1 62.1 26.0 17.6 15.0 6.7 6.5 0.4
12 M (23) 301.0 241.1 103.7 97.6 713 36.2 68.5 78.0 33.2 219 16.2 6.7 8.2 0.7
13 M (38) 323.1 252.5 1131 109.8 80.9 414 69.5 72.0 30.5 20.6 19.7 8.1 94 06
14 M (26) 296.5 197.2 103.5 83.2 70.7 30.7 67.3 62.5 30.5 14.8 16.0 5.7 85 0.3
15M (32) 303.6 276.9 105.8 108.4 7.7 49.3 67.1 89.0 29.6 20.8 17.6 8.7 5.8 0.6
16 M (29) 274.6 211.9 98.1 88.0 66.2 34.1 55.4 64.8 334 19.1 13.9 5.4 7.6 0.4
17 M (33) 283.3 199.2 94.1 79.2 72.8 34.2 67.9 66.3 24.6 13.2 15.0 5.7 8.9 0.5
18 M (22) 358.3 281.5 144.4 142.5 93.1 489 56.9 59.1 34.5 22.6 17.4 7.7 11.9 0.6
19 M (23) 355.5 275.3 123.7 113.8 99.4 53.9 74.5 81.0 28.0 17.9 20.7 8.3 9.3 0.5
20 M (25) 3314 246.0 107.6 94.2 84.2 44.0 718 77.3 36.6 21.1 21.1 85 10.1 0.8
21 M (24) 304.0 218.1 103.0 87.7 829 389 69.1 70.5 25.7 13.9 155 6.9 7.7 0.3
22 M (24) 310.6 236.7 114.3 99.0 77.9 35.6 62.6 73.8 34.1 22.4 12.8 53 90 06
23 M (24) 302.8 223.6 110.5 94.1 83.6 420 58.3 65.0 26.0 15.5 16.5 6.6 7.9 0.5
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Appendix 2
Men, right hemisphere gray and white volume measures in cubic centimeters
Subject Hemisphere Frontal Temporal Perietal Occipital Cingulate Insula
(ag9) G W G w G w G w G w G W G w
1M(46) 310.2 2824 108.8 123.8 848 582 60.9 76.7 320 174 152 5.2 85 11
2M(45) 308.2 269.3 112.1 117.3 76.1 4.5 64.5 815 33.9 18.9 13.7 5.6 7.9 14
3M(43) 283.5 269.9 97.1 1115 71.0 42.8 59.7 81.9 331 26.4 135 54 9.1 20
4M(38) 2753 2438 95.8 101.3 753 441 55.4 736 296 195 11.0 38 80 16
5M(28) 274.3 215.2 98.0 88.3 738 394 55.8 68.6 24.8 13.6 14.3 4.6 76 08
6M(28) 317.1 240.9 110.6 100.2 85.1 45.1 66.1 74.6 30.7 15.3 16.4 47 8.3 1.0
™(42) 301.0 247.2 106.5 102.7 84.1 481 63.0 771 253 132 127 45 93 16
8M(32) 346.3 271.4 120.0 113.8 82.8 449 78.7 86.6 36.1 19.6 19.0 54 9.7 11
9IM(49) 254.9 212.4 86.5 87.8 60.5 33.9 51.8 65.7 35.8 19.5 13.0 45 74 0.9
10M(42) 290.0 2181 104.8 92.9 721 355 54.4 606 365 232 125 45 9.7 14
11M(23) 251.0 200.3 88.9 81.2 67.6 37.1 50.7 63.1 27.1 15.6 9.6 2.6 7.1 0.8
12M(23) 299.5 245.4 105.2 99.7 815 45.2 62.4 785 29.4 16.6 12.8 45 8.1 0.9
13M(38) 3265 263.0 117.0 117.8 873 490 61.6 713 320 17.3 189 6.0 96 16
14M(26) 292.6 204.1 102.1 84.9 72.9 35.3 63.2 65.0 29.5 13.3 16.3 45 8.7 1.0
15M(32) 298.4 280.0 103.4 109.8 64.7 39.7 72.9 100.1 35.3 23.2 16.0 58 6.2 15
16M(29) 270.8 216.6 96.0 86.6 670 355 58.1 732 217 154 144 5.1 75 08
17M(33) 280.8 202.6 92.6 84.3 84.4 42.6 52.8 58.1 26.7 125 15.3 41 9.0 1.0
18M(22) 358.7 291.6 132.4 1314 96.6 57.6 711 80.1 30.8 15.7 15.9 51 12.0 17
19M(23) 361.6 279.2 128.2 120.9 1026 554 68.3 789 318 159 216 6.8 91 12
20M(25) 335.2 251.3 113.6 100.8 88.7 48.4 68.5 75.6 37.1 20.0 175 51 9.9 15
21M(24) 310.1 222.5 109.2 91.1 81.9 38.7 68.7 74.2 28.7 13.6 13.6 40 8.0 0.8
22M(24) 3129 236.8 109.2 97.7 809 389 66.5 745 318 195 157 5.2 87 09
23M(24) 302.9 226.1 108.7 97.2 814 417 62.1 67.2 30.3 14.9 12.8 42 7.6 1.0
Appendix 3
Women, left hemisphere gray and white volume measures in cubic centimeters
Subject Hemisphere Frontal Temporal Parietal Occipital Cingulate Insula
(age) G W G w G W G w G w G W G w
1F (39) 2875 199.6 98.0 818 809 379 59.2 59.3 24.6 14.9 17.4 55 7.4 0.2
2 F (36) 2734 196.1 98.4 78.6 71.6 36.7 59.9 61.2 255 14.7 11.3 4.6 6.8 0.3
3F (32 2723 190.3 95.5 76.4 65.7 328 62.8 60.0 23.7 136 17.9 71 6.9 0.3
4 F (26) 314.0 2221 111.6 932 788 383 64.3 64.4 314 17.9 20.3 7.7 7.7 05
5F (4)) 243.0 176.4 85.4 71.6 62.2 32.1 55.5 55.8 22.4 12.2 11.3 43 6.2 0.3
6 F (28) 272.0 184.3 98.5 o 74.2 35.3 56.2 54.8 225 113 126 50 8.0 0.3
7F 47 266.7 208.7 93.6 815 61.5 310 60.9 69.9 30.5 19.9 126 55 7.6 0.8
8F (32 255.9 188.0 90.0 74.0 67.6 34.6 53.6 60.2 25.7 131 11.9 54 7.1 0.6
9F (23) 305.0 207.8 115.7 89.7 775 36.5 60.7 60.6 28.2 148 148 6.0 8.1 0.3
10 F (37) 237.1 179.0 84.2 775 58.6 30.3 48.9 50.1 24.9 14.7 141 6.0 6.5 04
11 F (28) 281.7 203.0 101.5 88.6 73.7 36.8 56.6 56.0 25.6 13.9 16.4 7.3 79 0.5
12 F (24) 2925 242.4 105.4 97.1 65.3 35.1 67.2 79.5 34.7 236 124 6.2 7.6 0.9
13 F (26) 253.6 210.9 89.2 86.8 67.2 36.4 51.1 62.9 25.4 18.2 124 6.1 8.3 0.5
14 F (28) 240.0 186.8 86.9 78.9 60.5 35.0 42.6 47.8 29.8 18.7 13.6 59 6.7 0.5
15 F (43) 264.9 206.9 90.4 85.0 68.8 35.6 54.4 62.1 28.3 176 157 6.2 74 04
16 F (24) 286.9 206.9 103.4 87.2 718 333 60.3 63.3 29.7 16.7 14.0 6.0 7.6 04
17 F (41) 266.2 204.2 96.8 87.3 66.1 33.7 55.4 59.4 29.3 185 10.9 4.9 7.7 04
18 F (27) 2453 184.6 89.7 785 60.9 31.0 50.5 53.6 25.2 142 113 6.6 7.7 0.5
19 F (26) 299.1 218.2 107.3 88.5 73.9 39.1 56.3 61.8 40.3 23.2 125 51 8.7 0.6
20 F (42) 259.0 215.1 95.4 94.1 64.7 40.2 52.6 58.6 25.0 155 145 6.5 7.0 0.3
21 F (41) 288.3 2415 95.6 97.9 67.9 39.9 65.1 75.3 35.6 20.8 16.3 7.3 7.9 0.3
22 F (35) 255.5 172.8 95.4 76.0 65.6 32.6 55.2 49.2 225 105 9.6 41 7.3 04
23 F (23) 3479 250.0 120.6 107.5 85.4 41.6 73.9 70.0 39.8 234 18.8 6.9 94 0.6
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Appendix 4
Women, right hemisphere gray and white volume measures in cubic centimeters
Subject Hemisphere Frontal Temporal Parietal Occipital Cingulate Insula
(2g9) G w G w G w G w G w G W G w
1F (39 293.9 200.9 103.1 854 7638 35.8 60.7 59.8 313 15.7 14.1 33 7.9 0.9
2 F (36) 276.6 198.2 97.7 82.3 61.6 29.7 66.8 67.5 26.9 13.8 16.9 4.2 6.6 0.8
3F (32 272.2 189.6 97.7 815 62.0 29.7 65.5 60.7 26.3 12.7 13.6 4.1 7.0 0.9
4 F (26) 315.3 228.7 1114 1039 678 324 69.3 66.8 36.8 184 224 6.5 75 0.8
5F (41) 245.8 179.0 87.5 77.5 61.7 321 52.6 533 26.5 12.3 11.2 29 6.3 0.8
6 F (28) 275.6 186.9 96.9 78.9 69.2 317 60.1 60.6 24.1 10.9 17.4 4.2 8.0 05
7F (47) 266.1 2113 94.0 908 69.2 36.9 56.4 63.8 26.7 14.3 12.7 44 7.0 12
8F (32 260.8 189.1 88.8 761 655 34.3 60.6 63.9 24.4 9.9 149 39 6.5 10
9F (23) 303.2 2115 113.9 93.9 67.7 30.2 70.3 69.6 28.2 12.7 15.5 4.2 7.6 0.9
10 F (37) 237.9 1815 84.6 778 629 33.2 475 54.2 24.6 117 114 36 6.8 0.9
11 F (28) 282.1 208.1 100.5 930 70.6 34.9 64.3 63.0 25.6 116 13.6 4.6 75 0.9
12 F (24) 290.8 246.2 102.5 98.0 65.8 37.2 67.1 85.1 324 19.2 15.6 52 75 14
13 F (26) 258.2 213.3 88.2 928 618 323 495 61.1 331 20.1 174 5.7 8.1 13
14 F (28) 240.5 188.4 85.1 85.4 62.8 37.0 44.6 47.1 27.9 13.6 13.6 43 6.4 11
15 F (43) 267.8 209.9 93.7 88.3 67.0 354 56.9 67.0 30.9 15.2 12.4 32 7.0 0.7
16 F (24) 291.9 211.0 103.1 86.7 726 339 63.3 70.9 311 144 14.2 43 7.6 0.8
17 F (41) 268.9 204.3 94.0 90.2 70.1 375 55.5 575 28.0 144 13.8 4.0 75 0.9
18 F (27) 249.0 183.9 87.1 78.9 63.7 335 54.2 57.6 22.3 8.7 14.3 4.2 74 11
19 F (26) 305.0 223.3 107.6 95.7 742 42.0 61.3 60.6 39.0 204 14.0 35 8.9 11
20 F (42) 262.2 217.1 98.2 100.1 68.2 42.7 49.8 55.3 25.4 13.8 13.3 44 74 0.9
21 F (41) 292.5 241.0 95.7 97.3 72.9 42.2 61.2 74.4 38.0 211 16.6 51 8.2 0.8
22 F (35) 262.4 177.4 934 759 67.9 329 545 531 264 114 12.6 34 7.6 0.7
23 F (23) 357.4 253.3 1215 107.0 86.2 46.3 83.1 77.3 39.9 174 17.8 4.2 9.1 11
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