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OBJECTIVES: Although a large number of studies have shown brain volumetric differences between men and
women, only a few investigations have analyzed brain tissue volumes in representative samples of the general
elderly population. We investigated differences in gray matter (GM) volumes, white matter (WM) volumes, and
intracranial volumes (ICVs) between the sexes in individuals older than 66 years using structural magnetic
resonance imaging (MRI).

METHODS: Using FreeSurfer version 5.3, we obtained the ICVs and GM and WM volumes from the MRI datasets
of 84 men and 92 women. To correct for interindividual variations in ICV, GM and WM volumes were adjusted
with a method using the residuals of a least-square-derived linear regression between raw volumes and ICVs.
We then performed an analysis of covariance comparing men and women, including age and years of schooling
as confounding factors.

RESULTS: Women had a lower socioeconomic status overall and fewer years of schooling than men. The
comparison of unadjusted brain volumes showed larger GM and WM volumes in men. After the ICV correction,
the adjusted volumes of GM and WM were larger in women.

CONCLUSION: After the ICV correction and taking into account differences in socioeconomic status and years of
schooling, our results confirm previous findings of proportionally larger GM in women, as well as larger WM
volumes. These results in an elderly population indicate that brain volumetric differences between sexes persist
throughout the aging process. Additional studies combining MRI and other biomarkers to identify the
hormonal and molecular bases influencing such differences are warranted.
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’ INTRODUCTION

Several studies have documented the brain’s anatomical
differences across various age groups and sexes and multi-
ple theories aim to explain the cause of these disparities.
An example is to attribute these differences to hormones, for
instance, the action of estrogen on synaptogenesis and the
effects of the absence of this hormone during menopause
(1,2). There is no consensus, however, regarding whether the
differences between sexes are due to an actual disparity in
the size of the brain structures or if this is merely a reflec-
tion of the varied cranial volumes among individuals (3).

Regardless, it is known that the brain ages asymmetrically
between men and women (4). The distinction of the volume
of neuroanatomical structures in elderly participants of both
sexes without any neurodegenerative diseases can help build
a better understanding of the healthy aging process as well
as a clearer understanding of the possible source of neuro-
anatomical differences between sexes.
The estimated volume of the cranial cavity, called the intra-

cranial volume (ICV), is one of the main variables studied in
the neuroanatomical variations between men and women
(5). Overall, the literature consistently reports larger ICVs in
men than in women(6-8). Total volumes of gray matter (GM)
and white matter (WM) are also usually larger in men (6,9).
Nonetheless, there is no consensus on the effects of sexual
dimorphism on these brain volumes, as a larger GM or WM
volume in men can be a mere reflection of larger ICV (3).
Therefore, it is necessary to correct the total volumes of
WM and GM to increase the validity of this type of investiga-
tion (10).
Studies that have compared brain volumes between sexes

after ICV correction methods have yielded mixed results.
There is a tendency for larger GM volumes in women, whileDOI: 10.6061/clinics/2020/e2245
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the results regarding WM volumes have been more varied
(6,9,11-14). These variations may be influenced by demographic
variables, such as age (6) and years of schooling (15-18).
In the present study, neuroanatomical differences between

sexes were investigated in a group of 176 individuals with-
out neurodegenerative diseases (84 men and 92 women)
residing in São Paulo, Brazil, and above the age of 66 years.
We analyzed the values of the ICV, total GM volume, and
WM volume without any adjustments. The volumes of GM
and WM were then analyzed after using an ICV correction
named as the residual method, which has been validated
in recent studies (3,10,19). Furthermore, we evaluated the
relationship between total brain volume and age (due to the
critical relevance of age on brain volume variations in
healthy aging individuals) (6) and the relationship between
total brain volume and years of schooling, given that our
sample included a considerable number of individuals with
low levels of education, in contrast to most studies reported
so far.
According to the present literature, we expected to find

larger non-adjusted brain volumes in men. However, after
correction for ICV, we expected to find significantly larger
volumes of GM in women. Regarding WM, due to the
inconsistent findings in the literature, we did not establish an
a priori hypothesis. Finally, we predicted that fewer years of
schooling would be associated with smaller brain volumes,
both in men and women.

’ MATERIAL AND METHODS

Participants
We analyzed MRI scans of 176 individuals (84 men and 92

women) between 66 and 80 years of age. The group of
elderly individuals described herein was drawn from a
population-based sample recruited for a morphometric MRI
study evaluating the association between cardiovascular
risk factors and GM volumes in elderly individuals aged
65–75 years from a circumscribed, socioeconomically dis-
advantaged area of São Paulo, Brazil (São Paulo Ageing &
Health - SPAH study). We also gathered information about
the participants’ sex, socioeconomic status, and years of
schooling.
All participants were healthy, with no signs of dementia or

other neurodegenerative diseases. Further details regarding
inclusion and exclusion criteria as well as the clinical evalu-
ation of patients, can be found in Squarzoni 2016 (20).

Data Acquisition and MRI Processing
All participants in the present study underwent a

structural MRI scan, following the same imaging acquisition
protocol, and were examined using the same equipment
(Squarzoni 2018) (21). The structural MRI data were acquired
from the Magnetic Resonance Sector of the Radiology Insti-
tute (InRad) at the University of São Paulo’s Medicine
Faculty Clinics Hospital (HC-FMUSP) using a 1.5 T General
Electric Signa LX CVi scanner (Milwaukee, WI, USA) with a
quadrature transmit/receive head coil with AC-PC align-
ment using the following acquisition protocol: (a) axial T2
multiecho sequence of 100 slices with repetition time (TR) of
2800 ms and echo time (TE) between 25 and 250 ms with a
total of 10 echo trains per excitation, flip angle (FA) of 90
degrees, 240 mm field of view (FOV), 5 mm slice thickness,
number of excitations (NEX) of 1, and an acquisition matrix
of 256� 192 mm; (b) T2 axial FLAIR sequence of 20 slices

with TR of 10002 ms and TE of 109.44 ms, FA of 90 degrees,
240 mm FOV, 5 mm slice thickness, 6.5 mm spacing between
slices, NEX of 1, and an acquisition matrix of 256� 192 mm;
(c) spoiled gradient echo (SPGR) sequence of 124 contiguous
slices with TR of 12.1 ms and TE of 4.2 ms, FA of 15 degrees,
240 mm FOV, 1.5 mm slice thickness, and an acquisition
matrix of 256� 192 mm; and (d) axial T2 sequence of 15 slices
with TR of 4200 ms and TE of 12.5 ms, FA of 90 degrees,
280 mm FOV, 5 mm slice thickness, 6.5 mm spacing between
slices, and an acquisition matrix of 256� 192 mm.

Generation of Intracranial Volume, WM Volume,
and GM Volume

From the SPGR sequence described above, we extracted
the values of the ICV, GM volume, and WM volume. The
data were analyzed with FreeSurfer version 5.3 (http://surfer.
nmr.mgh.harvard.edu/).

As described by Buckner et al. (22), FreeSurfer calculates
the ICV automatically by dividing a predetermined constant
by the Atlas Scaling Factor (ASF), a factor by which the indi-
vidual MRI datasets of each participant are scaled linearly
in size to align with a cerebral atlas (MNI305) created by
merging various brain templates from participants with a
wide age span. Buckner et al. (22) demonstrated that the use
of this ASF method was reliable and consistent with manual
measurements of ICV. The volumes were obtained by
running a command called ‘‘recon-all-autorecon1,’’which auto-
matically called mri_segstats, to generate the ICV measure-
ments. (23). The same command was used to obtain the WM
and GM volumes, estimated using an ASF that spatially
conformed the datasets of each individual to a template built
using the same principles described for the ICV methodology.

ICV Correction Methods for the Total Volumes of
WM and GM

For the correction of total WM and GM volumes in each
participant, we utilized the residual method, which is execu-
ted by running a linear regression between the value of the
ICV and the neuroanatomical volume in question, WM or
GM. Subsequently, we obtained the beta values (b) for the
WM and GM volumes, after which we used the following
mathematical formula:

Voladj ¼ Vol� bðICV� ICVÞ

In this formula, Voladj is the ICV-corrected volume of the
GM or WM, Vol is its original volume, without correction,
b is the inclination of the linear regression, ICV is the intra-
cranial volume of each individual, and ICV is the mean of the
ICV of all participants (3,12).

The residual method was successfully implemented
because our sample consisted of very similar groups of men
and women, with comparable sizes and demographic vari-
ables (12).

Statistical Analyses
Statistical analysis was carried out using the Statistical

Package for Social Sciences (SPSS) IBM Statistics for Windows
version 25.0 (SPSS, Chicago, IL, USA). The significance thres-
hold was set at 0.05.

First, we ran an independent sample t-test to compare age
and years of schooling between sexes. The qui-squared test
was used to describe the differences in the socioeconomic
status among men and women in the study sample.
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Furthermore, we carried out an analysis of covariance
(ANCOVA) comparing GM volume, WM volume, and ICV
separately between sexes. Since we decided to use the
residual ICV correction method, we needed to obtain the
beta values for GM and WM volumes, both of which had
very similar results (0.849 and 0.867, respectively). The GM
and WM volumes were adjusted after we used the formula
described in the previous section ‘‘ICV Correction Methods
for the Total Volumes of WM and GM’’ with which we were
able to generate the value of Voladj. This new volume (Voladj)
was then used in the ANCOVA test as a covariable.
Subsequently, we ran another ANCOVA, comparing the

ICV, GM volume, and WM volume between sexes, after inclu-
ding age and years of schooling as confounding variables. The
values of Voladj were again inserted into the ANCOVA as
covariables, as we decided to use the residual ICV correction
method for GM and WM volumes.
Finally, we ran Pearson’s correlation tests between ICVs,

GM volumes, WM volumes, and each of the following
demographic variables: age, years of schooling, and socio-
economic status. The GM and WM volume correlation anal-
yses were repeated using partial correlation rates after
employing the residual method.

’ RESULTS

Demographic Aspects
Among the 176 individuals analyzed, their ages varied

between 66 and 80 years of age, and there were no significant
differences between the ages of men and women (70.69±2.64
for women vs. 70.31±2.52 for men) (Table 1).
The male participants had significantly more years of

schooling (3.89±3.13 vs. 5.42±4.13; p40.01) and a higher
socioeconomic status than women (Table 1). The years of
schooling varied between 0 and 20 years, and there were
participants from socioeconomic status levels A through F.
Having more years of schooling was positively associated

with a higher socioeconomic status (po0.001).

Comparison of Brain Volumes Between Sexes
The ICV, WM volume, and GM volume values were

significantly larger in men than in women (Table 2).
After ICV correction using the residual method, there

was statistically significant evidence of larger WM and GM
volumes in women.
Even after the inclusion of age and years of schooling as

covariables in a separate ANCOVA analysis, the difference
between the values of intracranial volume (ICV), WM volu-
mes, GM volumes, gray matter volume after the residual
correction method (GMr), and white matter volume after the
residual correction method (WMr) remained statistically
significant.

Correlations
Pearson’s correlation results are shown in Table 3. The

ICV value was directly associated with years of schooling
(p=0.022) and socioeconomic status (p=0.002).
The GM values were also directly associated with years of

schooling (p=0.022) and socioeconomic status (p=0.000); how-
ever, they were inversely associated with the participant’s age
(p=0.042).
Regarding WM, we could only establish a statistically

relevant relationship, a direct association between WM volu-
me and socioeconomic status (p=0.022) (Table 3).

After the residual ICV correction method for GM and WM
volumes was applied, there were no longer significant diff-
erences between brain volumes (GMr and WMr) and age.
However, there was still a significant difference, with a nega-
tive association between years of schooling and volumes of
GMr (p=0.040) and WMr (p=0.020) and socioeconomic
status, in addition to the values of GMr (p=0.008) and WMr

(p=0.001) (Table 3).

’ DISCUSSION

The present study demonstrated the presence of significant
differences in neuroanatomical structure volumes between

Table 2 - Intracranial, WM, and GM volumes before and after the use of ICV correction method.

Total Sample Women Men p

ICV (SD) 1351842.000 1275499.913±112706.472 1433613.571±126214.227 o0.001*

GM (SD) 514003.494 491284.859±33982.461 538486.083±42942.107 o0.001*

WM (SD) 407018.580 383344.380±45503.976 433504.726±45129.32549 o0.001*

Residuals Correction Method (SD) GMr 556711.355±71897.443 466828.038±79399.760 o0.001*

WMr 447412.541±66333.789 363334.391±75226.867 o0.001*

*po0.05, statistically significant. SD – Standard-deviation.

GMr: gray matter volume after the residual correction method; WMr: white matter volume after the residual correction method; ICV: intracranial volume.

Table 1 - Demographic aspects in the sample.

Total Sample

(n=176)

Women

(n=92)

Men

(n=84) p

Age (SD) 70.5114 70.6957±2.643 70.3095±2.522 0.323

Years of Schooling (SD) 4.6193 3.8913±3.132 5.4167±4.128 0.007*

Socioeconomic Status A 5 1 4 0.02*

B 37 12 25

C 93 51 42

D 36 25 11

E 4 2 2

F 1 1 0

*po0.05, statistically significant. SD – Standard-deviation.
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men and women in a population sample of participants
above 66 years of age. Using raw volumes, we found larger
GM and WM volumes and ICVs in men. However, after app-
lying an ICV correction method based on partial brain volumes,
we found larger relative volumes of GM and WM in women.
Epidemiological data from the current study revealed a greater
socioeconomic status and more years of schooling among the
male population. This epidemiological difference was already
expected in our participant sample, according to recent large
population-based surveys in Brazil (24).
Our results are consistent with previous findings of larger

brain volumes in men than in women before any adjust-
ments. Barnes et al. (6) reported larger ICVs, GM volumes,
and WM volumes in men than in women in the age range of
24 to 81 years. In a more recent study from Király et al. (4),
the authors found larger subcortical structure volumes and
larger partial brain volumes in men in a group of individuals
aged between 21 and 58 years.
Currently, there are few studies with large samples that

have evaluated brain volume variations between sexes
during the aging process and have specifically investigated
participants above 50 years of age. In most of these studies,
the unadjusted brain volumes of GM and WM were found
to be larger in men, as reported by Greenberg et al. (25),
Voevodskaya et al. (26), and Pintzka et al. (3), and also in the
present study.
Regarding WM, the results of the volume differences

between sexes are, so far, discrepant among studies in the
literature (27); therefore, it is not possible to establish a con-
sistent pattern to which the results of the present study may be
referred. Two of the largest studies carried out to date, res-
pectively, by Greenberg et al. (25) and Pintzka et al. (3), showed
that theWM volumes remained larger in men after adjustments
for ICV using the proportion correction (that is, volume of
interest/ICV). However, Voevodskaya et al. (26) and Pintzka
et al. (3) showed that after ICV correction (using the propor-
tions and residuals method, respectively), there was no longer a
significant difference in WM volumes between men and
women. Finally, in the previously mentioned study by Barnes
et al. (6), the authors found larger volumes of WM in women
after the ICV adjustment method was applied; this is similar to
our findings obtained after applying the residual method.
Conversely, our findings of larger relative GM volumes in

the female sample after the residual correction method was
applied were consistent with several studies. The same result
was observed by Pintzka et al. (3), Király et al. (4), Barnes
et al. (6), Ikram et al. (13), and Greenberg et al. (25). In only

one previous study, conducted by Voevodskaya et al. (26),
differences in GM volumes between men and women were
no longer significant after application of the proportions
method to correct for ICV variations.

It is important to highlight that the chosen method for ICV
correction has a direct implication on the results (12), since
the choice affects the manner in which the ICV measurement
errors are disseminated to the normalized volumes (28).
The proportions method is implemented by creating a ratio
between the partial neuroanatomical volume, such as the
WM or GM volume, and the ICV (3,10,28,29). The ANCOVA
method is performed by generating covariance analyses
between the participant’s sex and neuroanatomical volume
(WM or GM), in which the ICV value becomes a covariate
(3,29). The proportions method is more susceptible to sys-
tematic errors due to the lack of proportionality between the
ICVs and GM and WM volumes (3,28). The ANCOVA
method can be flawed if the parameters included in the model
(ICV and sex) are correlated. In that case, the ANCOVA
method produces multiple results, equally valid, since both
parameters could explain the GM and WM volume differ-
ences. Therefore, this method produces more than one valid
result (10,30). For these reasons, we opted for a third ICV
correction method, recently validated, called the residual
method. Despite the limitations of needing samples of similar
size and that are relatively comparable demographically (30),
the residual method presents the advantages of being highly
effective in removing ICV impact (3) and generating fewer
systematic and random errors (10).

Even though the women in the current study had fewer
years of schooling and a lower socioeconomic status overall,
they had the largest volumes of GM after adjusting the data
with the residual method. This result is consistent with many
previous studies that have demonstrated a larger relative
GM compartment volume in women than in men. Numerous
studies point to a possible sex-dependent neuronal volume
redistribution (8,31). The main hypothesis for the larger
GM volume in women is that, since females have a smaller
ICV, they would have developed a proportionally larger
GM volume to compensate for the smaller number of total
neurons, since GM has great procedural power (14). In
general, this theory is well accepted; however, the main
divergencies rely on its etiology: whether this compensation
mechanism is dependent mostly on brain size or whether it is
dependent on the sex of the person.

Another possible hypothesis, according to the findings of
Ryan et al. (2), would be linked to sexual hormones. It is

Table 3 - Correlations between age, years of schooling, and socioeconomic status and ICV and GM, WM, GMr, and WMr volumes
(before and after the correction using the residual method).

Age Years of Schooling Socioeconomic Status

ICV Pearson’s Correlation -0.097 0.172 0.235

Sig. (2 tailed) 0.198 0.022* 0.002*

GM Pearson’s Correlation -0.154 0.172 0.261

Sig. (2 tailed) 0.042* 0.022* 0.000*

WM Pearson’s Correlation -0.121 0.127 0.173

Sig. (2 tailed) 0.109 0.094 0.022*

GMr Pearson’s Correlation 0.059 -0.155 -0.198

Sig. (2 tailed) 0.440 0.040* 0.008*

WMr Pearson’s Correlation 0.068 -0.175 -0.239

Sig. (2 tailed) 0.373 0.020* 0.001*

*po0.05 – statistically significant.

GMr: gray matter volume after the residual correction method; WMr: white matter volume after the residual correction method; ICV: intracranial volume.
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known that humans have estrogen receptors (ESR1 and
ESR2) distributed throughout the brain, especially in limbic
areas, which contribute to cognitive functioning (1,2,32) and
emotional processing (1,33). Ryan et al. (2) has suggested
that estrogen has a possible neuroprotective effect due to its
influence on synaptic plasticity and its interaction with other
neurotrophins. This type of effect could contribute to the
larger GM volumes seen in women (2,34,35). Nevertheless,
regarding the evaluation of the direct effect of estrogen on
the human brain, the literature presents conflicting results,
with data suggesting a detrimental effect of estrogen on
brain volume in some studies (2), while a beneficial effect of
hormonal therapy has been reported in other studies
(1,34,36). On the other hand, specifically regarding the aging
process, there are theories stating that the brain volume loss
due to aging is not only greater but also starts earlier in men
than in women (14,25,37-39). Thus, it is possible to conjecture
that estrogen may play a protective role against brain atro-
phy, which could also explain why brain atrophy accelerates
in women during the postmenopausal period. This theory
could help explain the larger GM volumes found in elderly
women after the ICVadjustment methods (14,23). Additional
studies are necessary to fully explain the underlying
mechanisms involved in the GM volume differences between
sexes and to establish a causal relationship possibly invol-
ving genetics and/or hormonal influences that could affect
this process (8).
Regarding the correlations between brain volumes and

demographic variables, we did not observe significant
relationships between age and any of the three main volumes
of interest (ICV, GM after the residual correction method, and
WM after the residual correction method). These negative
results may be explained by the narrow age range of the
present elderly sample. On the other hand, we found direct
correlations between ICVs and years of schooling. This
finding is relatively intriguing, given that previous studies
have classified ICV as a measure of brain reserve rather than
cognitive reserve (which has educational level as its main
proxy) (40). A study by van Louenhoud et al. (40), however,
pointed out a possible association between these two meas-
urements in such a way that brain reserve would function as
an intensifier and enhancer for cognitive reserve by allowing
a greater adaptive potential for neurodegenerative processes.
Similarly, various studies classify brain reserve as a more
dynamic concept that can be related to cognitive reserve,
which can also be subject to environmental influences via
sensorial-cognitive stimuli (40,41). According to this recent
framework, for example, years of education could prevent
the loss of brain reserve and thus be associated with larger
volumes of ICV in a population without any neurodegen-
erative diseases (40,42). It is worth highlighting that ICV was
more significantly correlated with socioeconomic status,
which is known to be interrelated with years of schooling.
Further studies with representative samples of the popula-
tion are warranted to evaluate the relationship between brain
reserve and socioeconomic status throughout all stages of life
in greater detail. The correlations in the opposite direction
(that is, a larger volume linked to less education), found
when we have used the relative volumes after the residual
method (GMr and WMr), are more difficult to interpret and
have little support from the previous literature (15,16,18).
Many findings suggest a positive relationship between years
of schooling and larger volumes of GM in frontal and
parietal regions (18), anterior cortical regions (16), and in the

regions of the superior temporal gyrus, insular cortex, and
cingulate gyrus (15). We interpreted the identified pattern in
the present study as a consequence of the statistical
correction method, since this method is ICV-dependent,
and ICV was shown to be a variable directly correlated with
years of schooling and socioeconomic status in our study.
One important limitation of the present study is the risk of

systematic errors associated with the use of methods for
automatic segmentation of brain volumes (23). Analyses of
brain volumes as a whole have additional limitations, given
that brain structures may present similar volumes and yet
have distinct shapes. Moreover, by establishing an ICV
correction method for brain volumes, we affirm that there is
a more valid relationship between the anatomical and func-
tional description of the structures and their relative volumes
than between the anatomical and functional description of
the structures and their absolute volumes. Nonetheless, there
are studies that indicate a strong relationship between the
absolute brain volume and key cognitive functions (3). One
final limitation of our study is the use of years of schooling
to estimate educational attainment, since individuals with
similar years of attendance at school can have different levels
of dedication to studying and cognitive enrichment through-
out life.
In conclusion, in a population sample of 176 elderly

individuals, including those with relatively low educational
levels and without any neurodegenerative diseases, we
demonstrated differences in overall brain volumes between
men and women. This difference was maintained even after
the correction of GM and WM volumes for the total ICV,
which reveals that part of the dimorphism between sexes can
be attributed to the characteristics of each sex and not merely
to a difference in cephalic size. We have identified larger
volumes of GM in women, even though this particular group
has had the lowest levels of socioeconomic status and fewer
years of education. Further studies evaluating hormonal and
molecular genetic aspects are needed to explain why women,
despite their smaller cranial size, present larger relative GM
volumes than those of men, and to explain how this process
occurs.

’ ACKNOWLEDGMENTS

This work was supported by the São Paulo Research Foundation (FAPESP),

reference numbers 2013/03231-3, 2012/50239-6 and 04/15336-5, and the

Wellcome Trust, UK (GR066133MA), and GFB, MS, and PRM were

supported by the National Council for Scientific and Technological

Development (CNPq), Brazil during the development of this work.

’ AUTHOR CONTRIBUTIONS

Busatto GF conceived the study, participated in study design, interpreted

the data and revised the manuscript. Buchpiguel M analyzed and inter-

preted the data, drafted and revised the manuscript. Squarzoni P,

Tamashiro-Duran JH, Duran FL, Leite CC, Scazufca M, Lotufo PA,

and Alves TC interpreted the data and revised the manuscript. All authors

have read and approved the final version of the manuscript.

’ REFERENCES

1. Rehbein E, Hornung J, Sundström Poromaa I, Derntl B. Shaping of the
female human brain by sex hormones - a review. Neuroendocrinology.
2020 Mar 11.

2. Ryan J, Artero S, Carrière I, Scali J, Maller JJ, Meslin C, et al. Brain
volumes in late life: gender, hormone treatment, and estrogen receptor
variants. Neurobiol Aging. 2014;35(3):645-54. https://doi.org/10.1016/
j.neurobiolaging.2013.09.026

5

CLINICS 2020;75:e2245 Aging and Brain Volume Sex Differences
Buchpiguel M et al.

https://doi.org/10.1016/j.neurobiolaging.2013.09.026
https://doi.org/10.1016/j.neurobiolaging.2013.09.026


3. Pintzka CW, Hansen TI, Evensmoen HR, Håberg AK. Marked effects of
intracranial volume correction methods on sex differences in neuroana-
tomical structures: a HUNT MRI study. Front Neurosci. 2015;9:238. [cited
2020 Jan 25]. https://doi.org/10.3389/fnins.2015.00238

4. Király A, Szabó N, Tóth E, Csete G, Faragó P, Kocsis K, et al. Male brain
ages faster: the age and gender dependence of subcortical volumes. Brain
Imaging Behav. 2016;10(3):901-10. [cited 2020 Jan 25]. https://doi.org/
10.1007/s11682-015-9468-3

5. Sargolzaei S, Sargolzaei A, Cabrerizo M, Chen G, Goryawala M, Noei S,
et al. A practical guideline for intracranial volume estimation in patients
with Alzheimer’s disease. BMC Bioinformatics. 2015;16 Suppl 7(Suppl 7):
S8. [cited 2020 Jan 25]. https://doi.org/10.1186/1471-2105-16-S7-S8

6. Barnes J, Ridgway GR, Bartlett J, Henley SM, Lehmann M, Hobbs N, et al.
Head size, age and gender adjustment in MRI studies: a necessary nui-
sance? Neuroimage. 2010;53(4):1244-55. [cited 2020 Jan 25]. https://doi.
org/10.1016/j.neuroimage.2010.06.025

7. Luders E, Narr KL, Thompson PM, Rex DE, Jancke L, Steinmetz H, et al.
Gender differences in cortical complexity. Nat Neurosci. 2004;7(8):799-800.
[cited 2020 Jan 25]. https://doi.org/10.1038/nn1277

8. Matsumae M, Kikinis R, Mórocz IA, Lorenzo AV, Sándor T, Albert MS,
et al. Age-related changes in intracranial compartment volumes in normal
adults assessed by magnetic resonance imaging. J Neurosurg. 1996;
84(6):982-91. [cited 2020 Jan 25]. https://doi.org/10.3171/jns.1996.84.6.0982

9. Leonard CM, Towler S, Welcome S, Halderman LK, Otto R, Eckert MA,
et al. Size matters: cerebral volume influences sex differences in neuroa-
natomy. Cereb Cortex. 2008;18(12):2920-31. [cited 2020 Jan 25]. https://
doi.org/10.1093/cercor/bhn052

10. Sanfilipo MP, Benedict RH, Zivadinov R, Bakshi R. Correction for intra-
cranial volume in analysis of whole brain atrophy in multiple sclerosis:
the proportion vs. residual method. Neuroimage. 2004;22(4):1732-43.
[cited 2020 Jan 25]. https://doi.org/10.1016/j.neuroimage.2004.03.037

11. Pell GS, Briellmann RS, Chan CH, Pardoe H, Abbott DF, Jackson GD.
Selection of the control group for VBM analysis: influence of covariates,
matching and sample size. Neuroimage. 2008;41(4):1324-35. [cited 2020
Jan 25]. https://doi.org/10.1016/j.neuroimage.2008.02.050

12. Nordenskjöld R, Malmberg F, Larsson EM, Simmons A, Ahlström H,
Johansson L, et al. Intracranial volume normalization methods: con-
siderations when investigating gender differences in regional brain
volume. Psychiatry Res. 2015;231(3):227-35. [cited 2020 Jan 25]. https://
doi.org/10.1016/j.pscychresns.2014.11.011

13. Ikram MA, Vrooman HA, Vernooij MW, van der Lijn F, Hofman A, van
der Lugt A, et al. Brain tissue volumes in the general elderly population.
The Rotterdam Scan Study. Neurobiol Aging. 2008;29(6):882-90. [cited
2020 Jan 25]. https://doi.org/10.1016/j.neurobiolaging.2006.12.012

14. Gur RC, Turetsky BI, Matsui M, Yan M, Bilker W, Hughett P, et al. Sex
differences in brain gray and white matter in healthy young adults: cor-
relations with cognitive performance. J Neurosci. 1999;19(10):4065-72. [cited
2020 Jan 25]. https://doi.org/10.1523/JNEUROSCI.19-10-04065.1999

15. Arenaza-Urquijo EM, Landeau B, La Joie R, Mevel K, Mézenge F, Perrotin
A, et al. Relationships between years of education and gray matter
volume, metabolism and functional connectivity in healthy elders. Neu-
roimage. 2013;83:450-7. [cited 2020 Jan 25]. https://doi.org/10.1016/
j.neuroimage.2013.06.053

16. Rzezak P, Squarzoni P, Duran FL, de Toledo Ferraz Alves T, Tamashiro-
Duran J, Bottino CM, et al. Relationship between Brain Age-Related
Reduction in Gray Matter and Educational Attainment. PLoS One.
2015;10(10):e0140945. [cited 2020 Jan 25]. https://doi.org/10.1371/jour-
nal.pone.0140945

17. Steffener J, Habeck C, O’Shea D, Razlighi Q, Bherer L, Stern Y. Differences
between chronological and brain age are related to education and self-
reported physical activity. Neurobiol Aging. 2016;40:138-144. [cited 2020
Jan 25]. https://doi.org/10.1016/j.neurobiolaging.2016.01.014

18. Boller B, Mellah S, Ducharme-Laliberté G, Belleville S. Relationships
between years of education, regional grey matter volumes, and working
memory-related brain activity in healthy older adults. Brain Imaging
Behav. 2017;11(2):304-17. [cited 2020 Jan 25]. https://doi.org/10.1007/
s11682-016-9621-7

19. Mathalon DH, Sullivan EV, Rawles JM, Pfefferbaum A. Correction for
head size in brain-imaging measurements. Psychiatry Res. 1993;50(2):121-
39. [cited 2020 Jan 25]. https://doi.org/10.1016/0925-4927(93)90016-B

20. Da Silveira, PS. Padrões de atrofia cortical e declínio cognitivo associado
ao envelhecimento saudável: um estudo de seguimento por ressonância
magnética estrutural. São Paulo. Faculdade de Medicina; 2016. [citado
2020-01-09].

21. Squarzoni P, Duran FLS, Busatto GF, Alves TCTF. Reduced Gray Matter
Volume of the Thalamus and Hippocampal Region in Elderly Healthy
Adults with no Impact of APOE e4: A Longitudinal Voxel-Based Mor-
phometry Study. J Alzheimers Dis. 2018;62(2):757-71. https://doi.org/
10.3233/JAD-161036

22. Buckner RL, Head D, Parker J, Fotenos AF, Marcus D, Morris JC, et al.
A unified approach for morphometric and functional data analysis in
young, old, and demented adults using automated atlas-based head size
normalization: reliability and validation against manual measurement of

total intracranial volume. Neuroimage. 2004;23(2):724-38. [cited 2020
Jan 25]. https://doi.org/10.1016/j.neuroimage.2004.06.018

23. Malone IB, Leung KK, Clegg S, Barnes J, Whitwell JL, Ashburner J, et al.
Accurate automatic estimation of total intracranial volume: a nuisance
variable with less nuisance. Neuroimage. 2015;104:366-72. [cited 2020 Jan
25]. https://doi.org/10.1016/j.neuroimage.2014.09.034

24. Instituto Brasileiro de Geografia e Estatística. (2018). Estatísticas de Gên-
ero: Indicadores sociais das mulheres no Brasil. Available from: https://
biblioteca.ibge.gov.br/visualizacao/livros/liv101551_informativo.pdf

25. Greenberg DL, Messer DF, Payne ME, Macfall JR, Provenzale JM, Steffens
DC, et al. Aging, gender, and the elderly adult brain: an examination
of analytical strategies. Neurobiol Aging. 2008;29(2):290-302. [cited 2020
Jan 25]. https://doi.org/10.1016/j.neurobiolaging.2006.09.016

26. Voevodskaya O, Simmons A, Nordenskjöld R, Kullberg J, Ahlström H,
Lind L, et al. The effects of intracranial volume adjustment approaches on
multiple regional MRI volumes in healthy aging and Alzheimer’s disease.
Front Aging Neurosci. 2014;6:264. [cited 2020 Jan 25]. https://doi.org/
10.3389/fnagi.2014.00264

27. Ge Y, Grossman RI, Babb JS, Rabin ML, Mannon LJ, Kolson DL. Age-
related total gray matter and white matter changes in normal adult brain.
Part I: volumetric MR imaging analysis. AJNR Am J Neuroradiol. 2002;
23(8):1327-33. [cited 2020 Jan 25].

28. Hansen TI, Brezova V, Eikenes L, Håberg A, Vangberg TR. How Does the
Accuracy of Intracranial Volume Measurements Affect Normalized Brain
Volumes? Sample Size Estimates Based on 966 Subjects from the HUNT
MRI Cohort. AJNR Am J Neuroradiol. 2015;36(8):1450-6. [cited 2020 Jan
25]. https://doi.org/10.3174/ajnr.A4299

29. Mills KL, Goddings AL, Herting MM, Meuwese R, Blakemore SJ, Crone
EA, et al. Structural brain development between childhood and adulthood:
Convergence across four longitudinal samples. Neuroimage. 2016;141:273-
281. [cited 2020 Jan 25]. https://doi.org/10.1016/j.neuroimage.2016.07.044

30. O’Brien LM, Ziegler DA, Deutsch CK, Frazier JA, Herbert MR, Locascio JJ.
Statistical adjustments for brain size in volumetric neuroimaging studies:
some practical implications in methods. Psychiatry Res. 2011;193(2):113-
22. [cited 2020 Jan 25]. https://doi.org/10.1016/j.pscychresns.2011.01.007

31. Coffey CE, Lucke JF, Saxton JA, Ratcliff G, Unitas LJ, Billig B, et al. Sex
differences in brain aging: a quantitative magnetic resonance imaging
study. Arch Neurol. 1998;55(2):169-79. [cited 2020 Jan 25]. https://doi.
org/10.1001/archneur.55.2.169

32. LeDoux JE. Emotion Circuits in the Brain. Annual Reviews of Neu-
roscience. 2000 [cited 2020 Jan 25]. Available from: https://www.
annualreviews.org/doi/abs/10.1146/annurev.neuro.23.1.155?rfr_dat=-
cr_pub%3Dpubmed&url_ver=Z39.88-2003&intcmp=trendmd&rfr_id=ori
%3Arid%3Acrossref.org&journalCode=neuro

33. Rolls ET. Limbic systems for emotion and for memory, but no single
limbic system. Cortex. 2015;62:119-57. [cited 2020 Jan 25]. https://doi.
org/10.1016/j.cortex.2013.12.005

34. Albert K, Hiscox J, Boyd B, Dumas J, Taylor W, Newhouse P. Estrogen
enhances hippocampal gray-matter volume in young and older post-
menopausal women: a prospective dose-response study. Neurobiol
Aging. 2017;56:1-6. [cited 2020 Jan 25]. https://doi.org/10.1016/j.neuro
biolaging.2017.03.033

35. Salat DH, Buckner RL, Snyder AZ, Greve DN, Desikan RS, Busa E, et al.
Thinning of the cerebral cortex in aging. Cereb Cortex. 2004;14(7):721-30.
[cited 2020 Jan 25]. https://doi.org/10.1093/cercor/bhh032

36. Raz N, Rodrigue KM, Kennedy KM, Acker JD. Hormone replacement
therapy and age-related brain shrinkage: regional effects. Neuroreport.
2004;15(16):2531-4. [cited 2020 Jan 25]. https://doi.org/10.1097/000017
56-200411150-00020

37. Murphy DG, DeCarli C, McIntosh AR, Daly E, Mentis MJ, Pietrini P, et al.
Sex differences in human brain morphometry and metabolism: an in vivo
quantitative magnetic resonance imaging and positron emission tomography
study on the effect of aging. Arch Gen Psychiatry. 1996;53(7):585-94. [cited
2020 Jan 25]. https://doi.org/10.1001/archpsyc.1996.01830070031007

38. Taki Y, Thyreau B, Kinomura S, Sato K, Goto R, Kawashima R, et al.
Correlations among brain gray matter volumes, age, gender, and hemi-
sphere in healthy individuals. PLoS One. 2011;6(7):e22734. [cited 2020 Jan
25]. https://doi.org/10.1371/journal.pone.0022734

39. Blatter DD, Bigler ED, Gale SD, Johnson SC, Anderson CV, Burnett BM,
et al. Quantitative volumetric analysis of brain MR: normative database
spanning 5 decades of life. AJNR Am J Neuroradiol. 1995;16(2):241-51.
[cited 2020 Jan 25].

40. van Loenhoud AC, Groot C, Vogel JW, van der FlierWM, Ossenkoppele R. Is
intracranial volume a suitable proxy for brain reserve? Alzheimers Res Ther.
2018;10(1):91. [cited 2020 Jan 25]. https://doi.org/10.1186/s13195-018-0408-5

41. Medaglia JD, Pasqualetti F, Hamilton RH, Thompson-Schill SL, Bassett
DS. Brain and cognitive reserve: Translation via network control theory.
Neurosci Biobehav Rev. 2017;75:53-64. [cited 2020 Jan 25]. https://doi.
org/10.1016/j.neubiorev.2017.01.016

42. Amato MP. ‘‘Brain reserve’’ and ‘‘cognitive reserve’’ should always be taken
into account when studying neurodegeneration - Commentary. Mult Scler.
2018;24(5):577-78. [cited 2020 Jan 25]. https://doi.org/10.1177/13524585177
51649

6

Aging and Brain Volume Sex Differences
Buchpiguel M et al.

CLINICS 2020;75:e2245

https://doi.org/10.3389/fnins.2015.00238
https://doi.org/10.1007/s11682-015-9468-3
https://doi.org/10.1007/s11682-015-9468-3
https://doi.org/10.1186/1471-2105-16-S7-S8
https://doi.org/10.1016/j.neuroimage.2010.06.025
https://doi.org/10.1016/j.neuroimage.2010.06.025
https://doi.org/10.1038/nn1277
https://doi.org/10.3171/jns.1996.84.6.0982
https://doi.org/10.1093/cercor/bhn052
https://doi.org/10.1093/cercor/bhn052
https://doi.org/10.1016/j.neuroimage.2004.03.037
https://doi.org/10.1016/j.neuroimage.2008.02.050
https://doi.org/10.1016/j.pscychresns.2014.11.011
https://doi.org/10.1016/j.pscychresns.2014.11.011
https://doi.org/10.1016/j.neurobiolaging.2006.12.012
https://doi.org/10.1523/JNEUROSCI.19-10-04065.1999
https://doi.org/10.1016/j.neuroimage.2013.06.053
https://doi.org/10.1016/j.neuroimage.2013.06.053
https://doi.org/10.1371/journal.pone.0140945
https://doi.org/10.1371/journal.pone.0140945
https://doi.org/10.1016/j.neurobiolaging.2016.01.014
https://doi.org/10.1007/s11682-016-9621-7
https://doi.org/10.1007/s11682-016-9621-7
https://doi.org/10.1016/0925-4927(93)90016-B
https://doi.org/10.3233/JAD-161036
https://doi.org/10.3233/JAD-161036
https://doi.org/10.1016/j.neuroimage.2004.06.018
https://doi.org/10.1016/j.neuroimage.2014.09.034
https://biblioteca.ibge.gov.br/visualizacao/livros/liv101551_informativo.pdf
https://biblioteca.ibge.gov.br/visualizacao/livros/liv101551_informativo.pdf
https://doi.org/10.1016/j.neurobiolaging.2006.09.016
https://doi.org/10.3389/fnagi.2014.00264
https://doi.org/10.3389/fnagi.2014.00264
https://doi.org/10.3174/ajnr.A4299
https://doi.org/10.1016/j.neuroimage.2016.07.044
https://doi.org/10.1016/j.pscychresns.2011.01.007
https://doi.org/10.1001/archneur.55.2.169
https://doi.org/10.1001/archneur.55.2.169
https://www.annualreviews.org/doi/abs/10.1146/annurev.neuro.23.1.155?rfr_dat=cr_pub%3Dpubmed&url_ver=Z39.88-2003&intcmp=trendmd&rfr_id=ori%3Arid%3Acrossref.org&journalCode=neuro
https://www.annualreviews.org/doi/abs/10.1146/annurev.neuro.23.1.155?rfr_dat=cr_pub%3Dpubmed&url_ver=Z39.88-2003&intcmp=trendmd&rfr_id=ori%3Arid%3Acrossref.org&journalCode=neuro
https://www.annualreviews.org/doi/abs/10.1146/annurev.neuro.23.1.155?rfr_dat=cr_pub%3Dpubmed&url_ver=Z39.88-2003&intcmp=trendmd&rfr_id=ori%3Arid%3Acrossref.org&journalCode=neuro
https://www.annualreviews.org/doi/abs/10.1146/annurev.neuro.23.1.155?rfr_dat=cr_pub%3Dpubmed&url_ver=Z39.88-2003&intcmp=trendmd&rfr_id=ori%3Arid%3Acrossref.org&journalCode=neuro
https://www.annualreviews.org/doi/abs/10.1146/annurev.neuro.23.1.155?rfr_dat=cr_pub%3Dpubmed&url_ver=Z39.88-2003&intcmp=trendmd&rfr_id=ori%3Arid%3Acrossref.org&journalCode=neuro
https://www.annualreviews.org/doi/abs/10.1146/annurev.neuro.23.1.155?rfr_dat=cr_pub%3Dpubmed&url_ver=Z39.88-2003&intcmp=trendmd&rfr_id=ori%3Arid%3Acrossref.org&journalCode=neuro
https://www.annualreviews.org/doi/abs/10.1146/annurev.neuro.23.1.155?rfr_dat=cr_pub%3Dpubmed&url_ver=Z39.88-2003&intcmp=trendmd&rfr_id=ori%3Arid%3Acrossref.org&journalCode=neuro
https://www.annualreviews.org/doi/abs/10.1146/annurev.neuro.23.1.155?rfr_dat=cr_pub%3Dpubmed&url_ver=Z39.88-2003&intcmp=trendmd&rfr_id=ori%3Arid%3Acrossref.org&journalCode=neuro
https://doi.org/10.1016/j.cortex.2013.12.005
https://doi.org/10.1016/j.cortex.2013.12.005
https://doi.org/10.1016/j.neurobiolaging.2017.03.033
https://doi.org/10.1016/j.neurobiolaging.2017.03.033
https://doi.org/10.1093/cercor/bhh032
https://doi.org/10.1097/00001756-200411150-00020
https://doi.org/10.1097/00001756-200411150-00020
https://doi.org/10.1001/archpsyc.1996.01830070031007
https://doi.org/10.1371/journal.pone.0022734
https://doi.org/10.1186/s13195-018-0408-5
https://doi.org/10.1016/j.neubiorev.2017.01.016
https://doi.org/10.1016/j.neubiorev.2017.01.016
https://doi.org/10.1177/1352458517751649
https://doi.org/10.1177/1352458517751649

	Differences in Total Brain Volume between Sexes in a
Cognitively Unimpaired Elderly Population
	INTRODUCTION
	MATERIAL AND METHODS
	Participants
	Data Acquisition and MRI Processing
	Generation of Intracranial Volume, WM Volume,
and GM Volume
	ICV Correction Methods for the Total Volumes of
WM and GM
	Statistical Analyses

	RESULTS
	Demographic Aspects
	Comparison of Brain Volumes Between Sexes
	Correlations

	DISCUSSION
	ACKNOWLEDGMENTS
	AUTHOR CONTRIBUTIONS
	REFERENCES


