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Abstract

We assessed changes in gray matter volume of 35 cerebrocortical regions in a large sample of participants in the Human Connectome
Project-Development (n = 649, 6–21 yr old, 299 males and 350 females). The same protocol for MRI data acquisition and processing
was used for all brains. Volumes of individual areas were adjusted for estimated total intracranial volume and linearly regressed against
age. We found changes of volume with age that were distinct among areas and consistent between sexes, as follows: 1) the overall
cortical volume decreased significantly with age; 2) the volumes of 30/35 areas also decreased significantly with age; 3) the volumes of
the hippocampal cortex (hippocampus, parahippocampal, and entorhinal) and that of pericalcarine cortex did not show significant age-
related changes; and 4) the volume of the temporal pole increased significantly with age. The rates of volume reduction with age did
not differ significantly between the two sexes, except for areas of the parietal lobe where males showed statistically significantly higher
volume reduction with age than females. These results, obtained from a large sample of male and female participants, and acquired
and processed in the same way, confirm previous findings, offer new insights into region-specific age-related changes in cortical brain
volume, and are discussed in the context of the hypothesis that reduction in cortical volume may be partly due to a background, low-
grade chronic neuroinflammation inflicted by common viruses residing latently in the brain, notably viruses of the human herpes family.

NEW & NOTEWORTHY We report mixed effects of age on cortical gray matter volume during development in a large sample of
649 participants studied in an identical manner (6–21 yr old, 299 males, 350 females). Volumes of 30/35 cortical areas
decreased with age, temporal pole increased, and pericalcarine and hippocampal cortex (hippocampus, parahippocampal, and
entorhinal) did not change. These findings were very similar in both sexes and provide a solid base for assessing region-specific
cortical changes during development.

cortex; development; Human Connectome Project-Development; sex

INTRODUCTION

Changes of cortical volume during development have
been extensively studied, as discussed in detail in two recent
reviews (1, 2). Sample sizes in various studies are moderate;
and hardware (MRI system), data acquisition protocols, and
data processing pipelines typically differ across studies.
Although some basic findings have been consistent (e.g.,
that cortical volume decreases after the age of 5 yr), compre-
hensive data from methodologically homogeneous (hard-
ware and software) studies with large sample sizes are
lacking. Similarly lacking are data from large samples of
male and female brains. Such data have been recently pro-
vided by the Human Connectome Project-Development
(HCP-D) (3). These data were acquired by the same MRI

hardware and the same data acquisition and processing pro-
tocol from a large number of participants (n = 652) of ages 5–
21 yr, comprising similarly large numbers of male (n = 301)
and female (n = 351) participants. To our knowledge, this is
the first data set of this magnitude, homogeneity, and sex
representation to date. Here, we report on the results of anal-
ysis of changes with age in graymatter volumes of 35 cortical
areas, and their comparison betweenmales and females.

MATERIALS AND METHODS

Participants

We analyzed data from 652 healthy participants (301 males
and 351 females, age range 6–21 yr) of the HCP-D (3) publicly
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available from www.humanconnectome.org. Specifically,
healthy participants were selected to represent “typical devel-
opment” with diversity across ethnic, racial, and socioeco-
nomic status. Exclusion criteria included premature birth,
and lifetime history of serious medical or endocrine condi-
tions, or their treatment. All participants aged 18 and above
provided written informed consent. For children under age
18, a parent or a legal guardian provided informed, written
permission for their child to participate in the study. The
Research and Development Committee of the Minneapolis
Veterans Affairs Medical Center approved the analysis of
these data.

MRI Data Acquisition

MRI data were acquired using a Siemens (Siemens,
Erlangen, Germany) 3 T Prisma whole body scanner with
80 mT/m gradient coil (4). The 32-channel head coil of this
scanner enables high acceleration factors via multi-slice
acquisitions of MR images (MRI) (4). Structural images
were T1-weighted (T1w) multi-echo MPRAGE with a dura-
tion of 502 s and T2-weighted (T2w) SPACE with a duration
of 395 s. Both structural scans used a sagittal field of view
of 256 � 240 � 166 mm and 0.8 mm isotropic voxels. T1w-
scan: TE = 1.8/3.6/5.4/7.2 ms multi-echo, TR/TI = 2,500/
1,000, flip angle = 8�; T2w-scan: TR/TE = 3,200/564 ms.

The T1w and T2w images were processed using three HCP
structural pipelines using FreeSurfer (v.6.0) to yield high-
quality volume data (5). We extracted the volumes of 35
cortical areas (6; Table 1) from two hemispheres and aver-
aged them for analysis.

Statistical Analyses

Standard statistical methods were used to analyze the
data, including linear regression, t test, testing of propor-
tions, etc.

Volumes

To correct for variation in estimated total intracranial
volume (eTIV), we computed the fraction of the volume
of individual regions over eTIV and expressed it as a
percentage:

Volumeaspercent of eTIV: q ¼ 100
Volume
eTIV

%: ð1Þ

The dependence of q on age was determined using a linear
regression where q was the dependent variable and age in
years (yr) was the independent variable:

q ¼ b0 þ bðyrÞ þ error ð2Þ
and

Table 1. Ranked changes of qyr for the 35 cortical areas studied and the whole cortical gray matter

Rank Area Lobe qyr (%) Linear P Value Linear r2(q) Linear Fit r2(q 0) Log Fit

1 Superior parietal Parietal �1.706 <0.001 0.446 0.461
2 Precuneus Parietal �1.532 <0.001 0.458 0.474
3 Inferior parietal Parietal �1.485 <0.001 0.337 0.336
4 Supramarginal Parietal �1.474 <0.001 0.306 0.309
5 Frontal pole Frontal �1.412 <0.001 0.225 0.231
6 Rostral middle frontal Frontal �1.389 <0.001 0.334 0.332
7 Postcentral Parietal �1.376 <0.001 0.324 0.340
8 Banks of superior temporal sulcus Temporal �1.297 <0.001 0.206 0.211
9 Caudal middle frontal Frontal �1.269 <0.001 0.189 0.187
10 Inferior frontal pars orbitalis Frontal �1.238 <0.001 0.266 0.266
11 Paracentral Frontal �1.230 <0.001 0.277 0.289
12 Superior frontal Frontal �1.196 <0.001 0.344 0.337
13 Inferior frontal pars triangularis Frontal �1.184 <0.001 0.180 0.185
14 Middle temporal Temporal �1.155 <0.001 0.281 0.274
15 Isthmus cingulate Cingulate �1.154 <0.001 0.188 0.197
16 Posterior cingulate Cingulate �1.115 <0.001 0.188 0.193
17 Lateral orbitofrontal Frontal �1.109 <0.001 0.316 0.323
18 Medial orbitofrontal Frontal �1.088 <0.001 0.174 0.182
19 Inferior frontal pars opercularis Frontal �1.057 <0.001 0.127 0.130
20 Transverse temporal Temporal �1.043 <0.001 0.114 0.123
21 Superior temporal Temporal �1.019 <0.001 0.250 0.254
22 Lateral occipital Occipital �0.974 <0.001 0.160 0.172
23 Inferior temporal Temporal �0.870 <0.001 0.146 0.134
24 Cuneus Occipital �0.826 <0.001 0.068 0.078
25 Precentral Frontal �0.794 <0.001 0.177 0.181
26 Caudal anterior cingulate Cingulate �0.781 <0.001 0.038 0.036
27 Fusiform Temporal �0.644 <0.001 0.103 0.109
28 Lingual Occipital �0.641 <0.001 0.047 0.052
29 Rostral anterior cingulate Cingulate �0.607 <0.001 0.032 0.033
30 Insula Parietal �0.257 <0.001 0.021 0.022
31 Parahippocampal Temporal �0.128 NS 0.002 0.003
32 Hippocampus Temporal �0.017 NS 0.000 0.000
33 Pericalcarine Occipital 0.164 NS 0.001 0.000
34 Entorhinal Temporal 0.254 NS 0.003 0.003
35 Temporal pole Temporal 0.324 0.005 0.012 0.010
All cortical gray matter �1.129 <0.001 0.562 0.571

The P values are from the regression analysis of q vs. years (Eq. 2) performed for each area (n = 649 per regression). r2(q) and r2(q0) are coeffi-
cients of determination from the q (Eq. 2) and q0 (Eq. 6) regressions, respectively. NS, not significant; qyr, estimated percent change of q per year.
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Estimatedpercent change of qper year : qyr ¼ 100
b

b0
%: ð3Þ

The correlation coefficient r of the regression aforemen-
tioned (Eq. 2) was Fisher z-transformed to normalize its
distribution:

rz ¼ arctanhðrÞ ¼ 0:5 ln
1þ r

1� r

� �
: ð4Þ

Regression slopes were compared using Paternoster’s
test (7):

z ¼ b1 � b2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðSEb1Þ2 þ ðSEb2Þ2

q ; ð5Þ

where z is the normal deviate, b1 and b2 are the two regres-
sion slopes to be compared, and SEb1 and SEb2 are the stand-
ard errors of b1 and b2, respectively.

Logarithmic Regression

In preliminary analyses, we observed that for some areas a
logarithmic fit was better than a linear fit. Therefore, we also
carried out a logarithmic regression of the following form
and retained its coefficient of determination (r2):

q0 ¼ b
0
0 þ b0lnðyrÞ þ error0: ð6Þ

MRI data processing was performed usingMATLAB (v.R2016)
and statistical analyses using the IBM-SPSS statistical pack-
age (v.27). All P values reported are two-sided.

RESULTS
Of the total of 652 participants in the HCP-D data set, there

were only two participants younger than 6 yr old, both
males, and were excluded from further analyses given the
small sample size for this age group and since a primary goal
of this study was to compare data between sexes. In addition,
there was an extreme positive q outlier value in the female
group, which was excluded. Therefore, analyses were con-
ducted on data from 299 male and 350 female participants
for a total of n = 649 participants. The means (±SE) age for
males was 14.69±0.224 yr (range: 6.42–21.92 yr), and for
females 14.26±0.222 yr (range: 6.08–21.92 yr). These means
did not differ significantly (t[648] = 1.31, P = 0.190, independ-
ent-samples t test).

Analysis of q

Figure 1A plots q against age for the cortical gray matter
for the whole group, and Fig. 1, B and C plot the same data
for males and females, respectively. It can be seen in these
three plots that q decreased with age in a linear fashion.
Regression slopes were very similar for the three groups,
were highly statistically significant, and did not differ signifi-
cantly between groups (P > 0.2 for all three comparisons,
Paternoster’s test). The regression equations were:

All ðn ¼ 649Þ : q ¼ 45:52� 0:51 yr
ðr ¼ �0:750; P < 0:001; qyr ¼ �1:13% Þ; ð7Þ

Figure 1. Values of q (Eq. 2) of brain regions from individual participants are plotted against the age of the participant. Lines are fitted linear regression
fits. A: cerebrocortical gray matter (all brains, n = 649). B: same region for males (n = 299). C: same region for females (n = 350). D: inferior temporal cor-
tex, all brains (n = 649). E: hippocampus, all brains (n = 649). Relevant statistics for the plots are given in Table 1.
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Male ðn ¼ 299Þ : q ¼ 45:75 � 0:53 yr
ðr ¼ �0:762; P < 0:001; qyr ¼ �1:17%Þ; ð8Þ

Female ðn ¼ 350Þ : q ¼ 45:34� 0:50yr
ðr ¼ �0:739; P < 0:001; qyr ¼ �1:09%Þ: ð9Þ

Figure 1, D and E illustrate results from two areas: inferior
temporal cortex (Fig. 1D) and hippocampus (Fig. 1E). There
was a significant decrease of q with age for inferior temporal
cortex (r = �0.382, P < 0.001, n = 649) but not for the hippo-
campus (r =�0.009, P = 0.825, n = 649).

The percent changes of q per year are given in Table 1 and
are plotted ranked in Fig. 2: 1) 30/35 areas (85.7%) showed a
statistically significant decrease of qyr with age (red in Fig. 2;
P < 0.001 for all areas, linear regression), a highly statistically
significant proportion (Z = 4.22, P < 0.001, Wilson score for
one-sample proportion); 2) one area (2.9%, blue: temporal
pole) showed a statistically significant increase of qyr (P =
0.005); and 3) four areas (11.4%, green: hippocampus, parahip-
pocampal, entorhinal, and pericalcarine) did not show a stat-
istically significant change with age (P > 0.1; Table 1). The
highest percent decrease of qyr was observed in the superior
parietal cortex (�1.706%), and the lowest in insula (�0.257%),
a 6.6� differential.

Finally, Table 1 also shows the goodness of fit (coefficient
of determination, r2) for the linear (q) and logarithmic (q0)
regressions (Eqs. 2 and 6, respectively). It can be seen that
the two fits are very close, although, more frequently better
for the logarithmic than the linear fit. Given the very highly
significant linear fits, we used those for detailed analyses,
since they are easier to interpret. More specifically, the slope
in the linear regression denotes a rate of change in q per
year, whereas the slope in the logarithmic regression denotes
a rate of change in q per the logarithm of the year, ln(yr),
which means that the actual change of q per year will be pro-
gressively less at older ages.

Effect of Sex

The results for males and females were highly and posi-
tively correlated. Specifically, the correlation between rz of

males and females was 0.934 (Fig. 3A; P < 0.001, n = 35
areas), and the correlation between qyr was 0.942 (Fig. 3B;
P < 0.001, n = 35 areas). There was no significant male-
female difference (paired samples t test) with respect to 1)
the regression fit differences:

rzðmalesÞ � rzðfemalesÞ ¼ �0:0077160:0156%
ðmeans6SEÞ; P ¼ 0:625 ð10Þ

and 2) similarly for the percent change of q per year:

qyrðmalesÞ � qyrðfemalesÞ ¼ �0:0448
60:0339%; P ¼ 0:195: ð11Þ

Cortical Lobes

With respect to lobes, the proportions of statistically sig-
nificant decreases with age in the five lobes were 11/11 (100%)
in the frontal lobe (Z = 3.32, P < 0.001, Wilson score test), 6/6
(100%) in the parietal lobe (Z = 2.45, P = 0.014), 6/10 (60%) in
the temporal lobe (Z = 0.632, P = 0.527), 3/4 (75%) in the occi-
pital lobe (Z = 1.00, P = 0.317), and 4/4 (100%) in the cingulate
lobe (Z = 2.00, P = 0.046). More specifically, of four areas
without significant changes, three were located in the tem-
poral lobe (hippocampus, parahippocampal, entorhinal cor-
tex) and 1 in the occipital lobe (pericalcarine cortex); the only
area with a significant volume increase (temporal pole) was
located in the temporal cortex. Overall, the highest rate of
qyr was observed in the parietal cortex (�1.305 ±0.214%,
means ± SE, t[5] = 6.09, P = 0.00017, one-sample t test
against the null hypothesis that mean = 0), followed by the
frontal cortex (�1.179 ±0.051%, t[10] = 22.97, P = 6.51 �
10�10), the cingulate cortex (�0.914±0.132%, t[3] = 6.91, P =
0.0062), the occipital cortex (�0.569±0.254%, t[3] = 2.24, P =
0.110), and the temporal cortex (�0.559±0.193%, t[9] = 2.89,
P = 0.018). The coefficient of variation (CV = standard devia-
tion/mean) was smallest in the frontal lobe (CV = 0.14),
highest in the temporal lobe (CV = 1.09), and the remaining
lobes were occipital CV = 0.89, parietal CV = 0.40, and cin-
gulate CV = 0.29.

Finally, with respect to sex groups, a statistically signifi-
cant higher rate of decrease in volume inmales (as compared
to females) was found for the parietal lobe only (paired-sam-
ples t test, t[5] = 4.846, P = 0.005):

qyrðmalesÞ 1:452% � ðfemalesÞ 1:186%
¼ � 0:26660:055%: ð12Þ

DISCUSSION
The decrease we found in the overall cortical gray volume

is in accord with previous findings (1, 2, 8) and has been
attributed to cortical thinning (2). Interestingly, the rate of
volume decrease was practically the same across sexes, in
contrast to older ages, where the rate of volume decrease was
found to be greater in men in a similarly large sample from
the HCP-Aging (9). A significant volume decrease was
found in 30/35 areas, with rates varying by a 6.6-fold range
(Table 1). In accordance with previous findings (2), parietal
and frontal cortices showed the highest volume reduction
rates, with males having a higher reduction rate in the parie-
tal cortex. Interestingly, areas in the frontal cortex showed
the most similar and consistent reduction rates, with the

Figure 2. Change of q (Eq. 2) per year for the 35 areas studied is plotted
ranked. Red, statistically significant decreases; green, changes not statisti-
cally significant; blue, statistically significant increase. The numbers corre-
spond to the ranks in Table 1 (first column).
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smallest coefficient of variation (CV = 0.14), in contrast to
the highest CV = 1.09 observed in the temporal cortex, a 7.7�
differential. The high temporal lobe CV seems to be due to
the fact that the three hippocampal areas (hippocampus,
parahippocampal, and entorhinal) did not show a significant
volume decrease, whereas the temporal pole showed a vol-
ume increase. A plausible explanation for the hippocampal
lack of volume decrease would be that it is due to ongoing
neurogenesis (10, 11). Finally, it is not clear what might
underlie the increase in temporal pole volume.

What Causes Cortical Volume Reduction?

The underlying causes of age-related decreases in corti-
cal volumes are unclear. Synaptic pruning during early de-
velopment (12) has been implicated but key questions
remain unanswered. For example, why does cortical vol-
ume increase after birth, reaching a peak at 2 yr? One
would expect a decrease, especially early postnatally.
Then, why some areas do not show a volume decrease and
some show an increase? Is activity-dependent synaptic
pruning inoperative in the temporal pole, where a clear
increase in volume is observed? It seems that several fac-
tors are involved, including activity-dependent changes,
postnatal neurogenesis, and adverse neuroinflammatory
processes, as proposed here. In older age, low-grade, chronic
neuroinflammatory processes have been postulated as partly
responsible for aging-associated changes in the brain (13–15),
with a variation in the susceptibility/vulnerability of different
areas to possibly account for the variable reduction rates
among areas. Support for this hypothesis has been provided
by the finding that brains of people carrying the human leu-
kocyte antigen (HLA) allele DRB1�13:02 do not show age-
related atrophy (16). Given that HLA alleles are instrumental
in eliminating viruses, it was hypothesized that this protective
effect could be due to the elimination of harmful viruses [e.g.,
human herpes virus (HHV) strains], thus reducing neuroin-
flammation. This hypothesis, if extended to the present case
of development, would suggest that, among other factors,
latent neuroinflammation would contribute to the observed
cortical volume reduction. For example, it is well known that
infection with the highly neurotropic HHV-6A and 6B is very
common in early childhood (17), with more than 95% of chil-
dren over 2 yr being seropositive for either HHV-6A or HHV-

6B or both (18). HHV-6A and 6B, among other HHV strains,
are highly neurotropic and have been detected in the brains
of healthy, immunocompetent individuals as well as in the
brains of patients with various neurological diseases (19).
Interestingly, the integration of HHV-6 into germline cells
allows the viral genome to be passed down from one genera-
tion to the next [“inherited chromosomally integrated HHV-6
(iciHHV-6)] (20). Chromosomally integrated HHV-6 (iciHHV-
6) has been reported both in vivo and in vitro, and integration
into gametes can result in the inheritance of HHV-6 (21). This
condition occurs in �1% of the human population worldwide
and is considered the major mode of congenital HHV-6 trans-
mission (22). The inherited viral genome is passed on to sub-
sequent generations in a Mendelian manner, and all iciHHV-
6-positive individuals harbor one copy of the viral genome in
every nucleated cell. As a result, these individuals exhibit a
persistent high viral load in whole blood; and hair follicles,
leukocytes, and other clinical samples are also positive (22).
Although the long-term clinical implications of this condition
are unclear, it is of concern that HHV6 can be inherited.
Following primary infection, herpesviruses persist for life in
their hosts in a latent stage (23) and, depending on the HHV
strain, they can be reactivated by various triggers, including
local injury to tissues innervated by latently infected neurons,
systemic physical or emotional stress, fever, infection by a dif-
ferent or the same HHV strain, immunosuppression, etc. (24,
25). We speculate that, conceivably, HHVs could partly under-
lie pathological processes contributing to cortical volume
reduction by promoting low-grade, chronic neuroinflamma-
tion under the aforementioned conditions.

Limitations

This study used a cross-sectional sample, whereas a longi-
tudinal sample would have been the better choice.
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