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Abstract

It is known that brain volume decreases with age. Here, we assessed the rate of this decrease in gray matter volume of 35 corti-
cal regions in a large sample of healthy participants (n = 712, age range 36—90 yr) of the Human Connectome Project-Aging. We
evaluated the difference in this rate between men (n = 316) and women (n = 396) and found that the volumes of cortical areas
decreased by an average of 5.25%/decade, with the highest rate of decrease observed in the rostral anterior cingulate cortex
(7.28%/decade). The rate of decrease was higher in men than in women in general and in 30/35 (85.7%) areas in particular,
involving most prominently the cingulate lobe. These findings could serve as a normative reference for clinical conditions that
manifest with abnormal brain atrophy.

NEW & NOTEWORTHY This study showed an overall decrease of cortical gray matter with age but with different rates of vol-
ume reduction in different areas, with smaller decrease rates in women than in men. The highest volume reduction rate was
observed for the rostral anterior cingulate cortex, an area linked to depression. These findings could serve as a normative refer-

ence for clinical conditions that manifest with abnormal brain atrophy.
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INTRODUCTION

Decreases in the volume of brain gray matter with increas-
ing age have been reported consistently (1-4), albeit
with variability among cortical (5) and subcortical regions
(3, 6-8). In general, diverse methods have been used for such
studies, including different acquisition parameters [different
manufacturers, magnetic field strengths, magnetic reso-
nance imaging (MRI) scanning protocols, etc.], methods for
measuring gray matter volumes and parcellating regions,
and atlases for labeling brain regions. Other aspects of such
studies have varied widely as well, including the age range
of the participants, the sample size (usually small), and the
selection of specific areas (e.g., hippocampus). Here, we
used MRI data of the Human Connectome Project in Aging
(HCP-A) (9) to analyze the association between age and 35
cortical areas in a large sample of 712 healthy participants
(316 men and 396 women) covering a wide range in adult-
hood in both sexes (36-90 yr old). A major, positive aspect of
this data set is that data were acquired using the same state-
of-the-art data collection method for all participants,
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including the hardware (3 T Siemens Prisma magnet), MRI
image acquisition protocol, and MRI data processing (HCP
structural pipelines). In summary, given the large sample
size, wide age range, inclusion of both sexes, and state-of-
the-art uniform acquisition methods, this data set was
ideally suited to this study.

MATERIALS AND METHODS
Participants

Originally, data were acquired from 725 healthy participants
(319 men and 406 women, age range 36-100 yr) (Human
Connectome Project on Aging, www.humanconnectome.org/
study/hcp-lifespan-aging) (9). However, ages for participants
older than 90 yr were not provided, hence in this study we an-
alyzed data from 712 participants (316 men and 396 women,
36-90 yr old). Exclusion criteria included clinical diagnoses of
psychiatric and neurological disorders. All participants passed
the Cognitive Status modified test and the Montreal Cognitive
Assessment test (9).
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MRI Data Acquisition

A Siemens 3 T Prisma whole body scanner with 80 mT/
m gradient coil was used (10). The 32-channel head coil
enables high acceleration factors via multi-slice acquisi-
tions. This advanced scanning technology allows whole
brain imaging with submillimeter resolution of structural
MRI. Acquired structural images are T1 weighted (T1w)
multi-echo MPRAGE with duration of 8 min 22 s and T2
weighted (T2w) SPACE with duration of 6 min 35 s with
volumetric navigator for prospective motion correction.
Both structural scans use a sagittal field of view of 256 x
240 x 166 mm and 0.8 mm isotropic voxels. Other param-
eters of acquisitions are: for Tlw scan—TE = 1.8/3.6/5.4/
7.2 ms multi-echo, TR/TI = 2,500/1,000, flip angle = 8°,
and for T2w scan—TR/TE = 3,200/564 ms, turbo factor =
314 (Ref. 10, p. 976).

MRI Data

Data were processed by three HCP structural pipe-
lines: PreFreeSurfer Pipeline, FreeSurfer Pipeline, and
PostFreeSurfer Pipeline with the aim of providing high-
quality volume and surface data using the high-resolution
Tiw and T2w images. The pipeline is based on FreeSurfer
version 6.0 software modified to capitalize on HCP’s high-
resolution data (11). Briefly, the surface-based FreeSurfer [FS;
http://surfer.nmr.mgh.harvard.edu (12)] analysis involves
normalization of image intensities and removal of extra-cer-
ebral tissues, followed by segmenting the brain into gray and
white matters and cerebrospinal fluid (CSF). Next, the
boundaries between white matter, gray matter, pial sur-
face, and CSF were estimated and registration was com-
puted based on aligning the cortical folding patterns. The
Desikan-Killiany atlas (13) parcellation scheme labels cort-
ical sulci and gyri. We extracted the volumes of the follow-
ing 35 areas x 2 hemispheres = 70 cortical areas in total (in
alphabetical order): banks of superior temporal sulcus,
caudal anterior cingulate cortex, caudal middle frontal
gyrus, cuneus, entorhinal, frontal pole, fusiform, hippo-
campus, inferior frontal pars opercularis, inferior frontal
pars orbitalis, inferior frontal pars triangularis, inferior pa-
rietal, inferior temporal, insula, isthmus cingulate, lateral
occipital, lateral orbital frontal, lingual, medial orbital
frontal, middle temporal, paracentral, parahippocampal,
pericalcarine, postcentral, posterior cingulate, precentral,
precuneus, rostral anterior cingulate, rostral middle fron-
tal, superior frontal, superior parietal, superior temporal,
supramarginal, temporal pole, transverse temporal cortex.
The volumes of left and right hemisphere areas were aver-
aged and analyzed as follows.

Statistical Analyses

Standard statistical methods (14) were used to analyze the
data, linear regression, partial correlation, paired ¢ test, and
the Wilson test for testing single proportions (15). The statis-
tical significance of the dependence of volume on age was
determined by computing the partial correlation between
volume and years, controlling for estimated total intracra-
nial volume (eTIV). The percent change of volume with age
was estimated by regressing the volume (adjusted for eTIV)
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against the years, and computing the ratio of the regression
coefficient for years over the intercept:

Volume adjusted for eTIV = by + b(years) + error (1)

Percent change of volume/year = PC/year

~ 100 b(years) 2)
bo
and
Percent change of volume/decade = PC/decade
= 10 x PC/year (3)

Data analyses were performed using MATLAB (version
R2016) and the IBM-SPSS statistical package (version 27). All
Pvalues reported are two-sided.

RESULTS
Age

The age did not differ significantly between the two sexes
with respect to its distribution (P = 0.314, Kolmogorov-
Smirnov test), mean (P = 0.710, independent samples ¢ test),
and median (P = 0.291, independent samples median test).
The mean age + SD was 60.3+15.2 yr for men (n = 316) and
59.1+14.7 yr for women (n = 396); the medians were 59.0 and
57.0 yr for men and women, respectively.

Effect of Age on Volume

The volumes of all areas decreased highly significantly
with age (P < 0.001 for each area, Bonferroni-adjusted for 35
multiple comparisons). Table 1 shows the PC/decade volume
reduction for each cortical area. Examples from the two
areas with the lowest (frontal pole) and highest reduction
rates (rostral anterior cingulate) are shown in Fig. 1, A and B,
respectively. The overall frequency distribution of the mean
PC/decade volume reduction in the 35 areas is shown in Fig.
2A, and the rates for individual areas in cortical lobes are
shown in Fig. 2B.

Effect of Sex

With respect to differences between sexes, we found the
following. First, all areas showed a statistically significant
reduction in volume with age for both men and women
(P < 0.001 for each area, Bonferroni-corrected). Second,
the percent volume reduction rate with age was higher in
men than in women for 30/35 (85.7%) areas (Fig. 34), a
highly statistically significant proportion (P < 0.001,
Wilson test against the null hypothesis of 50%). Third, the
overall rate of volume loss with age was significantly
higher in men than in women (P < 0.001, paired t test, n =
35 areas). Finally, with respect to cortical lobes, a higher
volume reduction rate was observed in men than in
women (Fig. 3B), a difference that reached statistical sig-
nificance for the frontal and cingulate lobes (P = 0.034 and
0.004, respectively; paired ¢ test).

DISCUSSION

The results of this study confirm previous findings on
brain volume reduction with age (1-8) and its modulation
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Table 1. Percent reduction of volume with age per decade in individual cortical areas

% Volume Reduction/Decade

Area Lobe Men Women Mean Deviation from Grand Mean

1 Caudal middle frontal gyrus Frontal —6.241 —6.034 —6.138 —0.860
2 Frontal pole Frontal —3.782 —-2.767 —-3.275 2.004
3 Inferior frontal gyrus pars opercularis Frontal —5.429 —4.781 —5.105 0.173

4 Inferior frontal gyrus pars orbitalis Frontal —5.473 —5.372 —5.423 —0.145
5 Inferior frontal gyrus pars triangularis Frontal —5.826 —5.031 —-5.429 —0.151

6 Lateral orbital frontal cortex Frontal —4.879 —4.518 —4.699 0.580
7 Medial orbital frontal cortex Frontal —-3.413 —2.767 —3.090 2.188
8 Paracentral lobule Parietal —5.117 —4.868 —4.993 0.286
9 Precentral gyrus Frontal —5.349 —-5.075 —5.212 0.066
10 Rostral middle frontal gyrus Frontal —6.088 —6.834 —6.461 —1.183
1 Superior frontal gyrus Frontal —-5.904 —5.688 —5.796 —0.518
12 Cuneus cortex Parietal —5.416 —4.528 —4.972 0.306
13 Inferior parietal cortex Parietal —5.834 —-5.885 —5.860 —0.582
14 Insula Parietal —4.437 —4.257 —4.347 0.931
15 Postcentral gyrus Parietal —5.234 —-5.231 —5.233 0.045
16 Superior parietal cortex Parietal —5.294 —5.548 —5.421 —0.143

17 Supramarginal gyrus Parietal —6.131 —6.040 —6.086 —0.808
18 Banks superior temporal sulcus Temporal —5.712 —-5.632 —-5.672 —0.394
19 Entorhinal cortex Temporal —-3.660 —4.848 —4.254 1.024
20 Fusiform gyrus Temporal —5.355 —5.295 —-5.325 —0.047
21 Hippocampus Temporal —4.623 —4.091 —4.357 0.921
22 Inferior temporal gyrus Temporal —6.458 —6.686 —6.572 —1.294
23 Middle temporal gyrus Temporal —6.640 —6.217 —6.429 —1.151

24 Parahippocampal gyrus Temporal —4.208 —-3.950 —4.079 1199
25 Superior temporal gyrus Temporal —5.846 —5.347 —-5.597 —0.319
26 Temporal pole Temporal —3.735 —-3.293 —-3.514 1.764
27 Transverse temporal cortex Temporal —-5.507 —4.724 —-5.116 0.163
28 Lateral occipital cortex Occipital —5.750 —-5.192 —-5.471 —0.193
29 Lingual gyrus Occipital —5.187 —4.906 —5.047 0.232
30 Pericalcarine cortex Occipital —5.561 —4.226 —4.894 0.385
31 Precuneus cortex Occipital —6.178 —5.668 —-5.923 —0.645
32 Caudal anterior cingulate cortex Cingulate —6.362 —5.563 —5.963 —0.685
S8 Isthmus cingulate cortex Cingulate —6.118 —5.530 —-5.824 —0.546
34 Posterior cingulate cortex Cingulate —6.081 —-5.625 —5.853 —0.575
g5 Rostral anterior cingulate cortex Cingulate —7.588 —7.027 —7.308 —2.030

Grand mean = —5.278.

by sex (16). The rate of volume reduction differed for dif-
ferent areas (Table 1), as has been reported previously (1-3, 7).
Moreover, the rate of volume reduction was consistently
greater in men with respect to both the number of areas
affected and the magnitude of the reduction rate. Interest-
ingly, the highest differential between men and women was
observed in the cingulate cortex.

The reasons for the variation of the rate of volume reduc-
tion with age among different areas are unclear. Since brain
gray matter atrophy is prevented by the presence of Human
Leukocyte Antigen (HLA) DRB1*13:02 allele (17), it has been
hypothesized that an overall factor involved in brain atrophy
is direct damage and associated neuroinflammation induced
by persistent foreign antigens that are not eliminated from
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Figure 1. A: percent reduction of volume & £ 80
per decade for frontal pole. Data points are % %
for 2.5 yr age bins (r= —0.902, P < 0.001, > >
n = 22 bins). B: percent reduction of vol- 2 3 0
ume per decade for rostral anterior cingu-
late cortex. Data points are for 2.5-yr age 60 | 60
bins (r=—0.962, P < 0.001, n =22 bins).
50 | = 0.902 50 | = 0.962
30 40 50 60 70 80 90 30 40 50 60 70 80 90
Age (years) Age (years)
Frontal Pole Rostral Anterior Cingulate Cortex
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the body in the absence of matching HLA molecules (17).
The same mechanism has been postulated to underlie the
prevention of brain atrophy in Gulf War Illness (18) by the
presence of DRB1*13:02 and other protective alleles (19, 20).
In the context of this hypothesis positing a detrimental role of
persistent antigens/neuroinflammation in brain atrophy, the
differential rates of reduction of gray matter with age would
be attributed to a differential vulnerability of individual brain
regions resulting from differential exposure to persistent anti-
gens (e.g., latent viruses), differential availability of local
defense mechanisms (e.g., native and adaptive immunity),
and differential local inflammatory response, to name but a
few relevant factors. The extent of involvement of such factors
would differ among brain regions, depending on, but not lim-
ited to, the anatomical location of the region (e.g., proximity
to blood brain barrier), availability of adequate local blood
supply, the local presence of neuromodulators [e.g., acetyl-
choline, a known vasodilator (21, 22)] and immunomodulators
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[e.g., intercellular adhesion molecule 5 (23, 24)], the presence
of apolipoprotein E molecules (25), etc. The specific role of
those and other factors in contributing to local vulnerability/
protection against neuronal loss remains to be determined.
The highest rate of volume reduction with age was
observed for the rostral anterior cingulate cortex (rACC).
This area is a key node in emotional-cognitive processing
(26, 27) and has been consistently implicated in depression
(28). Interestingly, its volume has been found to be a good
predictor of therapeutic intervention by ketamine (29),
transcranial magnetic stimulation (30), and internet-based
cognitive therapy (31), such that larger rACC pretreatment
volumes are associated with a more favorable response to
subsequent treatment. Moreover, depressive symptoms and
diagnoses have been associated with reduced thickness of
rACC (32). With respect to depression and aging, it is well
established that the prevalence of depression increases with
age (33, 34), and for older people depression has been
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Figure 3. A: frequency distribution of the difference in percent volume reduction per decade between men and women (% reduction in men — % reduc-
tion in women). n = 35 areas. B: means (+SE) difference in percent reduction of volume per decade between men and women (% Men — % Women) in
the five cortical lobes. Cing, cingulate; Fro, frontal; M, men; Occ, occipital; Par, parietal; Temp, temporal; W, women. *P = 0.034; **P = 0.004; P = 0.061

(see text for details).
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recognized as a clinical entity requiring prevention and
treatment (35). The increase of depression with age has been
attributed to the cumulative effect of several factors (33, 34),
including physical factors (decreased mobility, appearance/
presence of various diseases, etc.) and social circumstances
(family support issues, reduced socialization, loneliness,
etc.). Such factors seem to play a more important role in
women and have been hypothesized to contribute to the
higher prevalence of old-age depression in women than men
(34). The results of our study suggest that the substantial
decrease with age of the volume of rACC could be an under-
lying biological substrate mediating the effects of the various
factors aforementioned.
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