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Abstract: Magnetic resonance imaging of subcortical gray matter structures, which mediate behavior,
cognition and the pathophysiology of several diseases, is crucial for establishing typical maturation
patterns across the human lifespan. This single site study examines T1-weighted MPRAGE images of 3
healthy cohorts: (i) a cross-sectional cohort of 406 subjects aged 5–83 years; (ii) a longitudinal neurode-
velopment cohort of 84 subjects scanned twice approximately 4 years apart, aged 5–27 years at first
scan; and (iii) a longitudinal aging cohort of 55 subjects scanned twice approximately 3 years apart,
aged 46–83 years at first scan. First scans from longitudinal subjects were included in the cross-
sectional analysis. Age-dependent changes in thalamus, caudate, putamen, globus pallidus, nucleus
accumbens, hippocampus, and amygdala volumes were tested with Poisson, quadratic, and linear
models in the cross-sectional cohort, and quadratic and linear models in the longitudinal cohorts. Most
deep gray matter structures best fit to Poisson regressions in the cross-sectional cohort and quadratic
curves in the young longitudinal cohort, whereas the volume of all structures except the caudate and
globus pallidus decreased linearly in the longitudinal aging cohort. Males had larger volumes than
females for all subcortical structures, but sex differences in trajectories of change with age were not
significant. Within subject analysis showed that 65%–80% of 13–17 year olds underwent a longitudinal
decrease in volume between scans (�4 years apart) for the putamen, globus pallidus, and hippocam-
pus, suggesting unique developmental processes during adolescence. This lifespan study of healthy
participants will form a basis for comparison to neurological and psychiatric disorders. Hum Brain
Mapp 38:3771–3790, 2017. VC 2017 Wiley Periodicals, Inc.
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INTRODUCTION

Magnetic resonance imaging (MRI) has enabled investi-
gation of structural brain maturation across the normal
human lifespan [Courchesne et al., 2000; Jernigan et al.,
2001; Ostby et al., 2009; Sullivan et al., 2004; Tamnes et al.,
2013]. This body of work collectively suggests that cortical
gray matter volume expands rapidly during the first few
years of life [Gilmore et al., 2012; Knickmeyer et al., 2008],
peaks early in childhood and decreases thereafter with
unique regional trajectories [Gogtay et al., 2004; Good
et al., 2001; Lebel et al., 2012; Shaw et al., 2008], whereas
white matter follows a protracted course of volume
increase until around 40–50 years of age followed by a
steady decline [Lebel et al., 2012; Westlye et al., 2010].
Although many studies have confirmed these global mor-
phological changes, fewer have examined healthy develop-
mental trajectories of individual subcortical gray matter
structure volumes, with most only probing a subset of the
human lifespan.

Subcortical gray matter structures mediate many aspects
of motor and cognitive abilities (via the basal ganglia),
integration of sensorimotor systems (via the thalamus)
[Herrero et al., 2002] as well as memory, behavior and
emotion (via the limbic system) [Catani et al., 2013].
Abnormalities in several of these subcortical structures
have been implicated in developmental disorders, includ-
ing enlarged volumes of the caudate and putamen in
attention-deficit hyperactivity disorder [Moreno-Alcazar
et al., 2016], reductions of the hippocampus and/or amyg-
dala volumes in autism spectrum disorders [Osipowicz
et al., 2015] and epilepsy [King et al., 1995], reduced thala-
mus volumes in schizophrenia [Van Erp et al., 2016] and
reductions of deep gray matter in fetal alcohol spectrum
disorders [Nardelli et al., 2011]. In older populations,
reduced volumes of the hippocampus, amygdala and/or
striatum have been linked to dementia and Alzheimer’s
disease [Teipel et al., 2013; Yi et al., 2016], late-onset
depressive symptoms [Van Uden et al., 2011], and Parkin-
son’s disease [Bouchard et al., 2008]. Examination of the
expected patterns of growth and decline in healthy indi-
viduals will further the understanding of deviations in
deep gray matter development and degeneration associat-
ed with various disorders across the lifespan.

During the first 3 months of life, longitudinal studies of
healthy development show deep gray matter volume
increases of 47% (hippocampus) to 66% (caudate nucleus)
[Holland et al., 2014] reaching 115% (hippocampus) to
145% (globus pallidus) of volume at birth by age 2 years
[Gilmore et al., 2012]. During childhood, the trajectories of
individual structures begin to diverge further. The thala-
mus has been shown to follow a quadratic trajectory of
growth over ages 4–18 years (n 5 325) [Brain Development
Cooperative Group, 2012], followed by a linear decrease
with age from 20 to 88 years (n 5 73) [Walhovd et al.,
2005]. The basal ganglia (putamen, caudate, globus pal-
lidus and nucleus accumbens) generally follows linear

(sometimes non-linear) decreases of volume in cross-
sectional studies of subjects aged 4–18 years (n 5 325)
[Brain Development Cooperative Group, 2012], 8–30 years
(n 5 171) [Ostby et al., 2009], 18–94 years (n 5 1,100) [Fjell
et al., 2013], as well as in a longitudinal study of 85 sub-
jects aged 8–22 years [Tamnes et al., 2013]. A longitudinal
study of 711 scans in 275 individuals over 7–19 years
showed unique trajectories for 6 deep gray matter struc-
tures; notably the caudate and putamen increased in vol-
ume at the early ages and then decreased thereafter, the
accumbens and globus pallidus decreased and the amyg-
dala and hippocampus increased across this age span
[Goddings et al., 2014]. In another longitudinal study, the
globus pallidus, striatum, and thalamus were shown to
undergo increases and subsequent decreases of volume
during development, with peak ages of 8–10, 12–15, and
14–17 years of age, respectively [Raznahan et al., 2014].
Other studies of the hippocampus and amygdala indicate
a non-linear (inverted U exponential) volumetric trajectory
from childhood to puberty, peaking at a later age than the
basal ganglia [Ostby et al., 2009; Wierenga et al., 2014],
and then decreasing thereafter even after only 1 year
between scans in the elderly from 60 to 91 years [Fjell
et al., 2009a]. Longitudinal studies of healthy older sub-
jects (over 60 years of age) report a general reduction in
all subcortical volumes (except for the ventricles which
increase with age), similar to reports in cross-sectional
studies of this same age span [Pfefferbaum et al., 2013;
Raz et al., 2003; Tamnes et al., 2013]. Hippocampus and
amygdala volumes have been reported to decrease nonli-
nearly with steep acceleration of hippocampal atrophy at
older ages [Pfefferbaum et al., 2013].

Sex differences in brain structure have been well estab-
lished in healthy populations, and may partially underlie
sexual dimorphism of neurodevelopmental and neurode-
generative diseases [Cahill, 2006; Cosgrove et al., 2007].
Many previous studies have demonstrated that males tend
to have 8%–10% larger brain volumes than females across
most cortical and subcortical structures [e.g., Goldstein
et al., 2001; Sowell et al., 2002], and some studies suggest
later age-at-peak volumes for several structures in males
[Giedd et al., 2012; Lenroot et al., 2007; Raznahan et al.,
2014], whereas others show no sex difference [Wierenga
et al., 2014].

The objective of this study is to describe age-related vol-
umetric growth and/or decline of key subcortical gray
matter structures (thalamus, caudate, putamen, globus pal-
lidus, nucleus accumbens, hippocampus and amygdala),
as well as sex differences in these trajectories across the
human “lifespan,” in one large cross-sectional (n 5 406,
5–85 years), and two longitudinal cohorts of younger (n 5

84, 5–27 years) and older subjects (n 5 55, 46–83 years),
scanned twice each approximately 3–4 years apart. In
addition to testing linear and quadratic regressions, Pois-
son fits were tested in the cross sectional cohort to allow
differential slopes on either side of a “peak,” given the
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demonstrated utility of this model for describing lifespan
changes in human white matter diffusion parameters
[Lebel et al., 2012; Yeatman et al., 2014] and magnetic sus-
ceptibility of the brain [Li et al., 2014]. Analysis of longitu-
dinal cohorts included linear and quadratic mixed models
with a focus on within-subject changes of volume in these
subcortical brain regions over several years between scans.

METHODS

Subject Characteristics

This study was approved by the Health Research Ethics
Board of the University of Alberta. All subjects gave writ-
ten informed consent; child assent and parent/guardian
consent was obtained for volunteers under 18 years prior
to the start of all study procedures. Subjects were screened
for contraindications to MRI, and had no self-reported or
parent-reported history of neurological or psychiatric dis-
ease or brain injury. The study was composed of 3 cohorts:
a cross-sectional cohort of 406 subjects; a longitudinal
neurodevelopmental cohort of 84 subjects (168 scans); and
a longitudinal aging cohort of 55 subjects (110 scans)
(Table I).

Cross sectional cohort

About 406 healthy volunteers (191 males) aged 5.6 to
83.3 years (mean6 SD: 31.36 20.7) were included in this
study (Table I). This cross-sectional cohort includes sub-
jects with single MRI scans, as well as the first scans of
subjects in both longitudinal cohorts, and overlaps with
the subjects presented in our previous cross-sectional dif-
fusion tensor imaging (DTI) study of white matter devel-
opment from 5 to 83 years, which also reports data on
volumes of white matter, total gray matter, cerebrospinal
fluid and total brain volume [Lebel et al., 2012], but not
deep gray matter volumes.

Longitudinal cohort: neurodevelopment

Subjects included 84 healthy volunteers (43 males), aged
5.6–27.1 years (mean 15.46 5.7 years) at first scan (Table I).
A total of 175 scans from 84 subjects were obtained,
although only the first and last scans for each subject were
included in this study (middle scans were excluded from

5 subjects with 3 scans and 1 subject with 4 scans), for a
total of 168 scans. We chose to eliminate the middle scans
in order to ensure an even number of time points and
more closely matched inter-scan intervals between all lon-
gitudinal subjects, as well as to facilitate non-parametric
analysis of change between scans (described below). The
mean time between the first and last scans was 4.16 0.9
years (Fig. 1). These subjects were included in our previ-
ous study of longitudinal DTI changes, which also
reported overall white matter, gray matter and total brain
volumes, but not individual deep gray matter structures
[Lebel and Beaulieu, 2011]. The first scans of subjects in
this longitudinal cohort are also included in the cross sec-
tional cohort described above. Although this produces

TABLE I. Summary of cross-sectional and longitudinal cohort characteristics

Cohort Subjects Total scans
Min age
(years)

Max age
(years)

Mean age gap
between 2 scan
(6SD) (years) Male:female

Cross-sectional 406 406 5.6 83.3 – 191:215
Longitudinal neurodevelopment 84 168 5.6 29.7 4.06 0.4 42:42
Longitudinal aging 55 110 46.1 86.6 3.16 0.3 31:24

Figure 1.

Schematic diagram representing 139 subject ages at first and last

scans for both neurodevelopmental (n 5 84) and aging (n 5 55)

longitudinal cohorts. The younger cohort had ages-at-first scan

of 5.6–27.1 years, while the older cohort had 46.1–83.3 years.

Lines connecting the circles represent the interval (neurodeve-

lopmental cohort: 4.16 0.9 years; aging cohort: 3.16 0.3)

between scans for each individual subject. [Color figure can be

viewed at wileyonlinelibrary.com]
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subject overlap between cohorts, conclusions about longi-
tudinal change remain independent of this overlap.

Longitudinal cohort: aging

Subjects included 55 healthy volunteers, aged 46.1–83.3
years at first scan (mean 68.96 8.4 years) (Table I).
Although most subjects were scanned three times, only the
first and last scans were used in this study (i.e., 2 scans
per subject) for a total of 110 scans, again in order to
ensure the same number of time points and closer inter-
scan intervals across longitudinal subjects and to facilitate
calculation of volume change over time. The mean age
gap between the first and last scans was 3.16 0.3 years
(Fig. 1). The first scans of these subjects were included in
the cross-sectional cohort described above, and were also
included as controls for previous studies on Parkinson’s
Disease, although deep gray matter structure volumes
were not examined [Camicioli et al., 2011; Martin et al.,
2009].

Image Acquisition

Data in this study were pooled from three previously
recruited cohorts, all collected on the same 1.5T Siemens
Sonata MRI scanner in the Peter S. Allen MRI Research
Centre at the University of Alberta. T1-weighted 3D Mag-
netization Prepared Rapid Acquisition Gradient Echo
(MPRAGE) was acquired using: (i) 1 3 1 3 1 mm3 voxels
interpolated to 0.5 3 0.5 3 1 mm3, 144 slices with
TE5 4.38 ms, TR5 1,870 ms, TI5 1,100 ms, and scan time
of 4:29 minutes for 351 subjects in the neurodevelopmental
and cross-sectional cohorts [Lebel et al., 2012]; (ii) 1.0 3

1.0 3 1.5 mm3 voxels interpolated to 0.5 3 0.5 3 1.5 mm3,
128 slices with TE5 3.82 ms, TR5 1,800 ms, TI5 1,100 ms,
and scan time of 5:53 minutes for 40 subjects of the aging
cohort [Camicioli et al., 2011]; and (iii) 0.9 3 0.9 3

1.0 mm3 voxels interpolated to 0.45 3 0.45 3 1.0 mm3, 176
slices, with TE5 3.9 ms, TR5 2,120 ms, TI5 1,100 ms, two
averages, and scan time of 16 minutes for 15 subjects in
the aging cohort [Martin et al., 2009]. All scans from these
original cohorts were previously visually inspected for
subject motion, image artifacts and incidental findings as
part of inclusion in previous studies [Camicioli et al., 2011;
Lebel et al., 2012; Martin et al., 2009]; only scans that
passed this quality control in those studies were included
in this pooled dataset.

Image Analysis

All T1-weighted MPRAGE images were segmented,
labeled and analyzed on the exact same workstation using
FreeSurfer v.4.1 to extract bilateral volumes of the hippo-
campus, amygdala, thalamus, caudate, putamen, globus
pallidus, and nucleus accumbens, as well as total brain
(excluding cerebellum, CSF, and ventricles), white matter,

cortical gray matter, subcortical gray matter, and ven-
tricles. All images were visually inspected after the auto-
mated analyses to assess appropriate segmentation and
labeling by a single user, and all scans passed this quality
control. No manual correction or segmentation was
performed.

Inter-Scan Reliability

A within-subject inter-scan sub study was performed to
determine whether observed within-subject increases/
decreases between scans in the longitudinal datasets were
greater than the magnitude of expected scanner variability
for repeated measurements. As described in Treit et al
[2013], five healthy adult subjects were scanned twice per
day for 5 consecutive days (10 scans per subject; 50 scans
total) using the same MPRAGE protocol as the neurodeve-
lopmental cohorts here and on the same MRI scanner as
all subjects in this study. Data were visually inspected for
image quality and then analyzed using the same FreeSur-
fer pipeline as the main study. Within-subject standard
deviations (SD) across all ten scans per subject were calcu-
lated for each subcortical brain structure, and then aver-
aged across the five subjects to produce a mean SD for
each structure (Table II). This average SD of each structure
was used as the threshold for change between scans in the
main subject data: volume changes between longitudinal
scans were categorized as increases/decreases only if the
absolute volume change exceeded this 61 SD cutoff calcu-
lated from the reliability dataset, and were otherwise cate-
gorized as no change. The percentage of subjects with
increased, decreased or unchanged volumes were then
reported for each of 6 age bins in the longitudinal cohorts
with age at first scan of: 5–8 years (n 5 27); 9–12 years
(n 5 19); 13–18 years (n 5 20); 18–29 (n 5 18); 46–68 years
(n 5 29); and 69–83 years (n 5 26).

Curve Fitting and Statistical Analyses

All statistical analyses for the cross-sectional cohorts
were performed with Matlab R2014a (Mathworks,

TABLE II. Summary of inter-scan variability of subcorti-

cal gray matter structures of 5 healthy volunteers

scanned 10 times each in a week and the resultant 61

SD change cut-offs

Structure % Variability Change cut-off (mm3)

Nucleus accumbens 6.7 79
Globus pallidus 3.7 135
Amygdala 3.3 113
Putamen 2.5 315
Thalamus 2.5 411
Caudate 2.2 177
Hippocampus 1.4 126
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Massachusetts) using the Curve Fitting toolbox, while sta-
tistical analyses for longitudinal cohorts were processed
with SPSS 17.0 (IBM, Armonk, New York). In the interest
of reducing multiple comparisons, the absolute hemispher-
ic volumes were summed into one bilateral volume vari-
able per structure prior to statistical analysis.

Cross-sectional cohort

Both linear and non-linear regressions were used to esti-
mate the effects of age and sex on the total bilateral vol-
ume of each structure. Starting from the most complex
model that included the fixed effects of age, sex and the
interaction of age and sex, subcortical volumes were
fitted to (i) Poisson: Volume (cm3)5 Intercept1A(Age) 3

e(2B 3 Age)
1C(Sex)1D(Age 3 Sex)1 residual error; (ii)

Quadratic: Volume (cm3)5 Intercept1A(Age)1B(Age2)1
C(Sex)1D(Age 3 Sex)1E(Age2 3 Sex)1 residual error;
or (iii) Linear: Volume (cm3)5 Intercept1A(Age)1
B(Sex)1C(Age 3 Sex)1 residual error. Subsequently, each
structure was then re-fit with only main effect terms (with-
out interaction terms). A total of 6 fits per structure were
obtained and included in model selection. For structures
with a significant effect of sex in the final model, regres-
sion lines were plotted separately in males and females for
visualization purposes, but slopes and age at peak were
not calculated or compared unless age-by-sex terms were
significant. P-values were FDR corrected for multiple com-
parisons at a corrected significance set to P < 0.05.

Longitudinal cohorts

Mixed models were used to estimate the effects of age
and sex on the total bilateral volume of each structure,
while accounting for repeated scans and varying scan inter-
vals. Initially, each structure was fit with (i) Quadratic:
Volume5 Intercept1A(Age)1B(Age2)1C(Sex)1D(Age 3

Sex)1E(Age23Sex)1 residual error and (ii) Linear: Volume
(cm3)5 Intercept1A(Age)1B(Sex)1C(Age 3 Sex)1 resid-
ual error. Subsequently, structures were then fit with only
main effects without interaction terms, thereby producing a
total of 4 fits per cohort, per structure. In structures with a
significant main effect of sex, regression lines were plotted
separately in males and females for better visualization, but
regression analysis was not repeated and comparisons of
slopes or peaks was not performed unless sex-by-group
interactions were significant. All p-values were FDR cor-
rected for multiple comparisons, at a corrected significance
threshold of p < 0.05. Poisson fitting was not carried out in
the longitudinal cohorts due to their restricted age ranges.

Model Selection

Akaike Information Criterion (AIC) was used for both
cross-sectional and longitudinal studies to compare models
and select the most probable age trajectory from multiple
fits within the same structure [Tamnes et al., 2013; Wagen-
makers and Farrell, 2004]. AIC takes into consideration the

likelihood of the model and the number of parameters
being fitted for the dataset, while penalizing models with
more parameters. However, relative AIC values alone are
not as reliable for studies with smaller sample sizes, spe-
cifically when the ratio of the number of subjects, n, to the
number of parameters K is less than 40 [Wagenmakers
and Farrell, 2004]. For this reason we transformed AIC val-
ues into second-order AIC (AICc) values to account for the
number of subjects in the study and the number of param-
eters in the fitted equation. The fit with the lowest AICc
was chosen as the best fit model for each structure.

Timing and Magnitude of Changes

After model selection, age-at-peak was calculated for
each structure from the first derivative of the Poisson or
quadratic equations. Age-at-peak was not calculated for
structures with linear fits. To quantify the magnitude of
change for each structure in the cross-sectional cohort, the
slope of the best-fit regression curve were calculated as a
measure of the average percent volume change per annum
before and after the peak. Similarly, an average longitudi-
nal annual rate of change was calculated for each subject
within an age bin and then averaged across subjects in
order to quantify the rate at which each structure changes
in each age group.

RESULTS

Cross-Sectional and Longitudinal Brain Volume

Changes with Age

Cross-sectional cohort

Total brain, white matter, gray matter and ventricle vol-
umes were all best fit to Poisson curves (Fig. 2), indicating
an increase and subsequent gradual decline of total brain
volume, non-linear increase of ventricles, non-linear
decreases of cortical gray matter, and a sharp increase
with a mid-life plateau and subsequent decrease of white
matter volume. Males had larger volumes than females for
all structures by 10% for total brain, 20% for white matter,
and 9% for total gray matter (Table III), but age-by-sex
interactions were only significant for ventricle volume,
which showed acceleration of volume increase earlier in
males than females.

Poisson-curves were best fit to 5 of 7 subcortical vol-
umes (thalamus, caudate, putamen, globus pallidus, and
amygdala) whereas the hippocampus and nucleus accum-
bens were best fit to quadratic and linear regressions,
respectively (Table IV, Fig. 3). For Poisson and quadratic
fits, volumes increased early in childhood, reached a peak
and then declined, with age at peak ranging from approxi-
mately 12 years for the putamen to approximately 23 years
for the hippocampus. In general, basal ganglia structures
tended to peak earlier (�12–14 years), followed by the
thalamus (�19 years), and then by both limbic structures
(�23 years) (Figs. 3 and 4). Nucleus accumbens volume
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decreased steadily across the lifespan. Volume differences
between males and females ranged from 8% in the hippo-
campus to 13% in the globus pallidus (Table III), but age-
by-sex interactions were not significant for any deep gray
matter structure volume.

Total brain volume increased by about 0.5% annually
until approximately 15 years of age and decreased by 0.2%
per year thereafter, white matter increased sharply by
1.1% per year until approximately 39 years of age and
then decreased thereafter (though at a slower rate of 0.3%
per year), and cortical gray matter decreased continuously
until around approximately 60 years, with a lifespan aver-
age of 20.4% per year (Fig. 4). Ventricle volume increased
gradually until about 40–50 years after which it increased
sharply, averaging at an annual increase of 3.2% per year
across the lifespan.

Annual percentage increases of subcortical gray matter
volume prior to peak age ranged from 0.1% per year in
the hippocampus to 0.8% per year for the putamen (Fig. 4).
The amygdala and globus pallidus both grew at a rate of
0.7%/year, while the caudate increased by 0.5%/year. The
subsequent period after the peak age show a reversal of the
observed trend—structures of the basal ganglia tended to
decline slower (e.g., 0.2% per year in the caudate) than
either limbic structure (e.g., 0.4% per year in the hippocam-
pus) or thalamus (0.7% per year). The nucleus accumbens
atrophied at a rate of approximately 0.4% per year across
the lifespan. With the exception of the hippocampus, all
structures with a peak showed a faster rate of growth than
rate of subsequent decline (Fig. 4).

Longitudinal cohort: Neurodevelopment

Best-fit models indicated linear increases of white matter
and ventricular volume, decreases of cortical gray matter
volume and no significant change in total brain volume
over 5–31 years (Fig. 5). Four of 7 deep gray matter

structures were best fit to inverted U-shaped quadratic
curves (reaching maximal volume at �10–13 years for the
putamen, globus pallidus, and hippocampus and �19
years for the amygdala), whereas the nucleus accumbens
decreased linearly and the caudate and thalamus did not
change significantly in this age range (Table IV, Figs. 6
and 7). Males had larger volumes than females for all
structures, with differences ranging from 9% in the puta-
men to 18% in cortical white matter (Figs. 5–7; Table III).
No age-by-sex interactions were observed in this cohort.

The annual rates of volume change averaged over the
longitudinal subjects in each of the 6 age bins (including
those who were deemed to undergo “no change”) are
shown for the overall brain structures (Fig. 8A) and the 7
subcortical gray matter structures (Fig. 8B). The four youn-
gest age bins covering 5–27 years all show increases of

Figure 2.

Cross-sectional cohort trajectories of (A) total brain, (B) ventricles, (C) cortical gray, and (D)

white matter volume change with age (n 5 406). Males (blue lines) on average show greater vol-

umes over all ages than females (red lines), but both sexes show very similar trajectories, with

the exception of the ventricles with an age-by-sex interaction indicating earlier increases of vol-

ume in males than females. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE III. Volume differences of cortical and subcorti-

cal brain structures between sexes, ordered by largest

to smallest in the cross-sectional cohort

Structure

Difference in volume (male–female, %)

Cross-
sectional
(N5 406)

Longitudinal
neurodevelopment

(N584)

Longitudinal
aging

(N5 55)

Total white matter 20.2 18.4 12.5
Globus pallidus 13.3 14.8 12.8
Amygdala 12.8 13.1 11.2
Thalamus 12.7 9.0 10.4
Putamen 11.3 8.9 11.7
Total brain volume 10.1 12.4 10.1
Caudate 9.6 9.4 13.2
Nucleus accumbens 9.5 11.7 11.2
Cortical gray matter 8.5 9.4 7.8
Hippocampus 7.9 9.7 5.5
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white matter (�1% to 3%/year), decreases of cortical gray
matter (�21% to 21.5%/year), and increases of ventricle
volume (�1.5% to 2%/year); however, the total subcortical
gray matter shows no change in the 5–8 and 9–12 year old
bins, but decreases by approximately 0.8%/year in the
13–17 and 18–27 year old age bins. The thalamus grew
0.4%–0.5%/year in age bins spanning 5 to 12 years, fol-
lowed by a reversal starting at age bin 13–17 years to yield
a mean 0.5% annual decline until adulthood. Caudate vol-
ume declined by 0.1%–0.5%/year across all age bins of the
neurodevelopment cohort. The putamen, globus pallidus
and hippocampus experienced a similar rate of growth of
less than 0.5% per year in the 5–8 year old bin, while the
globus pallidus and putamen declined faster (at 1.5%/year
and 1.2%/year, respectively) than the hippocampus
(0.8%/year) in the age bin spanning 13–17 years. Among
all structures, the amygdala grew fastest (1.1%/year) in
the age bin spanning 5–8 years, with a modest slowdown
of this growth in the 9–12 year old bin and followed by a
decrease of volume by 0.5%/year in the 13–17 year old
bin. The nucleus accumbens experienced varying rates of
decline in volume across neurodevelopment.

Longitudinal cohort: Aging

In contrast to the neurodevelopment cohort, total
brain, cortical gray and white matter volume decreased

linearly as a function of age, accompanied by corre-
sponding linear increases of bilateral ventricular vol-
umes from 46 to 86 years (Fig. 5). Five of the seven
subcortical structures showed linear decreases of vol-
ume, while the caudate and globus pallidus volume
did not change significantly with age (Table IV; Figs. 6
and 7). Males had larger raw overall cortical and sub-
cortical volumes for all structures, by 5% in the hippo-
campus to 13% in the caudate (Table III). There were
no significant age-by-sex interactions for any structure
in this cohort.

All overall brain structures in the longitudinal aging
cohort showed marked reductions (20.5% to 21.5%/
year) whereas the ventricle volume increased by 3%–4%/
year (Fig. 8A). Between ages 46–68 years, annual rates of
decline ranged from 0.6%/year in the hippocampus to
0.9%/year in the nucleus accumbens (Fig. 8B). By age bin
69–83 years, while the hippocampus and amygdala expe-
rienced an abrupt increase in the rate of volumetric
decline (1.5%/year and 1.2%/year, respectively), the cau-
date had a modest positive rate of growth (0.4%/year),
though note that caudate volume was not found to
change with age when these two age bins were pooled
in trajectory analysis. The other four structures experi-
enced rates of decline from 0.3%/year in the nucleus
accumbens to 0.8%/year in the globus pallidus in this
oldest age bin (Fig. 8B).

TABLE IV. Fitting parameters for deep gray matter structures volume versus age within each cohort

Structure Cohort
Best fit
model

Parameter (S.E.)

Intercepta
Age

(linear)
Age

(exponential) Sex Age2

Interaction
(age * sex or
age2 * sex)

Thalamus Cross-Sectional Poisson 13.44 (0.30) 0.48 (0.04) 0.05 (<0.01) 21.61 (0.14) – n.s.
Long.—Young None – – – – – –
Long.—Aging Linear 17.51 (1.20) 20.07 (0.02) – n.s. – n.s.

Caudate Cross-Sectional Poisson 7.22 (0.15) 0.23 (0.03) 0.07 (0.01) 20.66 (0.1) – n.s.
Long.—Young None – – – – – –
Long.—Aging None – – – – – –

Putamen Cross-Sectional Poisson 10.47 (0.15) 0.65 (0.04) 0.08 (<0.01) 21.12 (0.11) – n.s.
Long.—Young Quadratic 11.51 (0.37) 0.11 (0.04) – 21.1 (0.27) 20.005 (0.001) n.s.
Long.—Aging Linear 12.18 (0.85) 20.04 (0.01) – 21.51 (0.29) – n.s.

Globus pallidus Cross-Sectional Poisson 3.3 (0.06) 0.17 (0.01) 0.08 (0.01) 20.41 (0.04) – n.s.
Long.—Young Quadratic 3.19 (0.18) 0.07 (0.02) – 20.52 (0.09) 20.003 (0.001) n.s.
Long.—Aging None – – – – – –

Hippocampus Cross-Sectional Quadratic 9.1 (0.13) 0.03 (0.01) – 20.69 (0.08) 20.001 (<0.01) n.s.
Long.—Young Quadratic 8.17 (0.22) 20.02 (0.01) – 20.86 (0.17) 20.003 (0.001) n.s.
Long.—Aging Linear 12.17 (0.6) 20.07 (0.01) – 20.69 (0.17) – n.s.

Amygdala Cross-Sectional Poisson 2.85 (0.08) 0.08 (0.01) 0.04 (<0.01) 20.34 (0.03) – n.s.
Long.—Young Quadratic 2.57 (0.11) 0.06 (0.01) – 20.37 (0.07) 20.002 (<0.01) n.s.
Long.—Aging Linear 4.25 (0.32) 20.02 (0) – 20.5 (0.5) – n.s.

Nucleus accumbens Cross-Sectional Linear 1.42 (0.02) 20.01 (0) – 20.13 (0.02) – n.s.
Long.—Young Linear 1.3 (0.05) 20.01 (0) – 20.16 (0.04) – n.s.
Long.—Aging Linear 1.41 (0.12) 20.01 (0) – 20.17 (0.03) – n.s.

aIntercept is the extrapolated volume at age zero.
–5not applicable; n.s.5non-significant.
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Figure 3.

Cross-sectional cohort trajectories of (A) total subcortical gray

matter, (B) thalamus, (C) nucleus accumbens, (D) caudate nucle-

us, (E) globus pallidus, (F) putamen, (G) hippocampus, and (H)

amygdala volumes with age (n 5 406). The basal ganglia (cau-

date, globus pallidus, and putamen) peaked at approximately 12–

14 years while the thalamus and limbic system structures (hippo-

campus and amygdala) peaked later at approximately 19–23

years. The nucleus accumbens (C) shows a persistent linear

decrease of volume from 5 years onwards. The hippocampus,

which follows a quadratic trajectory, is the only structure found

to undergo accelerated declines in volume with increasing age in

the latter portion of the lifespan. Note that males and females

showed very similar age trajectories with no significant age-by-

sex interactions, although males had significantly larger volumes

across the age span (all p < 0.001). [Color figure can be viewed

at wileyonlinelibrary.com]
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Proportions of Longitudinal Subjects That

Change in Volume for Different Age Groups

Total brain volume increased in 75% of 5–8 year old
subjects and 40% of the 9–12 year olds, with greater vari-
ability in adolescence and young adult age bins and more
than 50% of subjects in the 461 age group undergoing vol-
ume decreases (Fig. 5). Cortical gray matter showed consis-
tent volume decreases in 75%–100% of subjects at each age
bin in the younger cohort and about 50% of subjects in
each bin of the aging cohort. Conversely, 75%–100% of sub-
jects underwent increases of white matter volume across all
neurodevelopment age bins, while 50%–70% of subjects
underwent decreases in the older age bins. The majority of
subjects in all age bins showed increases of ventricular vol-
ume, although the magnitude of volume change was far
greater at the older ages. This longitudinal data fits with
the cross-sectional curves (Fig. 2).

Overall, there was much less consistency in the propor-
tion of subjects changing in each age bin among deep gray

matter structures than for global measures. The caudate
showed a smaller proportion of subjects experiencing vol-
umetric growth with each increasing age bin, in contrast
to a fairly stable proportion experiencing decreases
(40%–50%) during the same period (Fig. 6A). Between
ages 69–83 years, about 40% of subjects experience volu-
metric growth in the caudate, which was not observed in
other subcortical structures (Fig. 6A). About 10%–20% of
subjects in both neurodevelopmental and aging cohorts
experienced increases in nucleus accumbens volume, with
approximately 40%–50% showing no change and 30%–40%
showing volume decreases (Fig. 6B). The putamen and
globus pallidus had similar histogram proportion patterns
with each other across all age bins: 20%–30% experienced
increases and 20%–30% experienced decreases in volume
between age bins 5–8 and 9–12 years, 60%–85% of subjects
experience decreases in volume during adolescence and
early adulthood (13–27 years), and 30%–40% experience
decreases for 46 years and up bins (Figs. 6C, D). The
amygdala had 50% of 5–8 year olds with growth, but there
was a mix of changes at all older age bins (Fig. 7A). The
hippocampus had mixed changes at the two youngest age
bins, but 75% showed reductions in the 13–17 year old age
bin followed by approximately 50%–70% of individuals
with reductions in the three older age bins (Fig. 7B). Thala-
mus volume had a mix of changes, but decreased in
approximately 50% of subjects in the 13–17 and 18–27 year
old bins (Fig. 7C).

Agreements and Differences Between

Cross-Sectional and Longitudinal Data

Total brain volume increased until 15 years of age in the
cross-sectional cohort (Fig. 2A), whereas no significant
change with age was observed between ages 5–31 years in
the longitudinal neurodevelopment cohort (Fig. 5A). Both
cross-sectional and longitudinal data support larger vol-
umes in males than females and increases in ventricle vol-
ume across the lifespan with greater changes at older ages
(Figs. 2B and 5B), but only the cross-sectional cohort sug-
gested an earlier acceleration of this process in males. In
addition, both datasets support a faster decline of cortical
gray matter volume earlier in the lifespan, as compared
with a slower decline in late adulthood (Figs. 2C and 5C)
as well as increasing white matter volume at younger ages
and decreasing at older ages (Figs. 2D and 5D).

In those structures that had non-linear fits in both cross-
sectional (Fig. 3) and longitudinal (neurodevelopment)
data sets (Figs. 6 and 7), the peak ages were similar
between cross sectional and longitudinal cohorts for puta-
men (12 versus 10 years), globus pallidus (13 versus 13
years) and amygdala (19 versus 23 years), whereas hippo-
campal volume peaked at 23 years in the cross-sectional
cohort and 13 years in the longitudinal cohort, although in
both cases the quadratic curve “peak” for the hippocam-
pus is quite flat with a wide standard deviation. The

Figure 4.

Relative timing and magnitude of volumetric changes within the

cross-sectional dataset. The magnitude of the annual increase or

decrease in percentage volume is shown for each structure.

Blue bars denote increases of volume before peak age, while

orange bars indicate decreases. The age at peak volume and its

standard error, if applicable, are represented by the vertical bar

and gray panel. Structures are arranged by increasing age at

peak volume. With the exception of the gray matter and nucleus

accumbens volumes which decrease consistently across the life-

span, subcortical gray matter structures reach peak volume at

different ages, with the striatum (putamen, globus pallidus, and

caudate) peaking earlier than the limbic system (hippocampus

and amygdala). Generally, white matter volume does not stop

increasing until mid-adulthood. The ventricle volume increases

continuously throughout this age range. [Color figure can be

viewed at wileyonlinelibrary.com]
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Figure 5.

Longitudinal trajectories of (A) total brain, (B) ventricular, (C)

cortical gray, and (D) white matter volumes with age with asso-

ciated subject histograms denoting significant (greater than

61SD) volume changes between the two scans approximately

3–4 years apart on average. The histograms reflect most of

these same observations in both neurodevelopment and aging:

the majority of the subjects experienced a decrease in total

brain volume during adulthood—although the youngest age bin

in childhood shows mostly increases, increase in volume of the

ventricles at all ages, increases of white matter till young adult-

hood and then decreases in older subjects, and a decrease in

volume of the cortical gray matter throughout all ages. [Color

figure can be viewed at wileyonlinelibrary.com]
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Figure 6.

Longitudinal trajectories of (A) caudate nucleus, (B) nucleus

accumbens, (C) putamen, and (D) globus pallidus volumes with

age with associated subject histograms denoting significant

(greater than 61 SD) volume changes between the two scans

approximately 3–4 years apart on average. Panels with no best-

fit curves indicate non-significant age effects in that cohort. The

putamen and globus pallidus follow an inverted U-shaped trajec-

tory in the younger cohort, whereas putamen volume gradually

declined in the aging cohort while globus pallidus volume did

not change with age in the aging cohort. Nucleus accumbens

volume decreased linearly with age over both groups. The cau-

date did not change significantly with age in either young or

aging cohorts. The histograms show that the two youngest age

bins show a mix of volume changes, but by age 13–17 years a

large number of subjects are showing a reduction of volume

between scans for the putamen and globus pallidus. In addition

the two oldest age bins (after 46 years) show a mix with many

showing no volume changes. [Color figure can be viewed at

wileyonlinelibrary.com]
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Figure 7.

Longitudinal trajectories of (A) amygdala, (B) hippocampus, and

(C) thalamus volumes with age and their associated subject his-

tograms denoting significant (greater than 61 SD) volume

changes between the two scans approximately 3–4 years apart

on average. The amygdala and hippocampus follow an inverted

U-shaped trajectory peaking in volume in adolescence, and

experience the steepest declines in volume among the 7 subcor-

tical structures after 46 years of age. The thalamus did not

change significantly with age in the neurodevelopmental cohort,

but declined in volume in the aging cohort. The individual sub-

ject histograms shows growth of the amygdala in half of the sub-

jects in the 5–8 year old bin, but is variable with increases,

decreases, and no change for other structures over all age bins.

An exception is the hippocampus that shows about 50%–75% of

the subjects decreasing in volume in the four oldest bins, 13

years and up. [Color figure can be viewed at wileyonlinelibrary.

com]
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Figure 8.

Average annual percent volume change per age bin of (A) overall

brain structures and (B) subcortical gray matter for the longitu-

dinal neurodevelopmental and aging cohorts. This figure reveals

the magnitude of annual volume change (in percent) experienced

on average at each age bin as a complement to the histograms

in Figures 5–7 which show the number of subjects experiencing

significant changes in a brain structure between two scans sepa-

rated by approximately 3–4 years on average. (A) The white

matter increases lessen in magnitude with age and then reverse

to decreases in older age. The cortical gray matter decreases at

all ages and the subcortical gray matter only decreases above 13

years. The ventricle volume shows the greatest proportion of

increase at the oldest age bin. (B) Structures that tend to peak

later (thalamus and amygdala) experience positive and higher

magnitudes of annual change in the two youngest age bins com-

pared with structures of the basal ganglia. The reduction of sub-

cortical gray matter volume is evident for all bins above 13

years. The largest percent annual reductions are in the 13–27

year range for globus pallidus and the 69–83 year range for hip-

pocampus. [Color figure can be viewed at wileyonlinelibrary.

com]
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nucleus accumbens decreased linearly in all 3 cohorts
(cross sectional and both longitudinal). Both the caudate
and thalamus volume did not change significantly with
age in the longitudinal neurodevelopment cohort as
opposed to peaking at about 14 and 19 years, respectively,
in the cross-sectional data.

In the longitudinal aging cohort, all subcortical gray
matter structures showed significant linear volume reduc-
tions with the exception of the caudate and globus pal-
lidus; in these two latter cases this was in keeping with
the flattened trajectory of the cross-sectional Poisson
curves during this age. However, over 25% of the subjects
in the oldest longitudinal age bin (69–83 years of age)
were found to have increases in caudate volume. An accel-
erated decline in the hippocampus during late adulthood
was observed in both datasets. The longitudinal aging vol-
ume reductions in the amygdala and thalamus are mir-
rored in the cross-sectional data, but the putamen shows a
rather flat cross-sectional curve at older ages despite a sig-
nificant decrease in the longitudinal aging cohort.

DISCUSSION

Cross-Sectional Cohort

Several cross-sectional studies with large sample sizes of
healthy “typical” participants have examined age-
dependent trajectories of subcortical gray matter volume
change during childhood and adolescence, as well as with-
in adulthood and aging. However, these studies have not
had the age span needed to capture volume changes in
both development and aging across multiple subcortical
gray matter structures concurrently in the same sample. In
this lifespan cross-sectional study of 406, 5–83 year olds,
we find non-linear trajectories of change in all deep gray
matter structures except the nucleus accumbens, which is
shown to decrease linearly. Five of six deep gray matter
structures with non-linear trajectories were best fit to Pois-
son curves, indicating unique patterns of growth and
decline before and after “peak” volume was reached,
which may better model the unique anatomical mecha-
nisms underlying morphological change during develop-
ment versus aging. Maximal volumes were reached
between ages 11–23 years (Fig. 3), with basal ganglia struc-
tures peaking earlier at 12–14 years of age, followed by the
thalamus (�19 years), and then limbic regions (�23 years).

When examining deep gray matter structures, some
studies report volumes that are corrected or normalized
for intracranial volume (ICV) [Fjell et al., 2013; Jernigan
and Gamst, 2005; Ostby et al., 2009; Walhovd et al., 2005;
Walhovd et al., 2011], while others report change with age
for raw volumes [Brain Development Cooperative Group,
2012; Brown et al., 2014; Giedd et al., 1996; Uematsu et al.,
2012; Ziegler et al., 2012] as we did here. This is an impor-
tant detail to consider while comparing results across
these studies, particularly in portions of the lifespan (i.e.,

young and old ages) when changes in ICV or total brain
volume are expected. While normalized volumes reduce
inter-subject variability, they also represent the relative
slopes of these two processes (i.e., the rate at which a sub-
cortical volume is changing relative to the rate at which
total brain volume/ICV is changing), which follow unique
developmental trajectories that can impact interpretation
[Mills et al., 2016].

In contrast to our findings, previous cross-sectional stud-
ies spanning childhood to late adolescence or young adult-
hood (i.e., overlapping with approximately the first one
third of our age span) have not identified consistent
upswings across all structures during the developmental
period. Rather, several studies have identified linear
decreases of volume in the caudate [Giedd et al., 1996,
4–18 years; Ostby et al., 2009, 8–30 years], globus pallidus
[Ostby et al., 2009] and putamen [Brain Development
Cooperative Group, 2012, 4–18 years; Giedd et al., 1996;
Ostby et al., 2009]. Nonetheless, linear [Ostby et al., 2009]
or non-linear volume increases of volume have been iden-
tified for the thalamus [Brain Development Cooperative
Group, 2012; Brown et al., 2012, 3–21 years; Giedd et al.,
1996], amygdala [Ostby et al., 2009], and hippocampus
[Brown et al., 2012; Ostby et al., 2009] in these same
cohorts. Although somewhat inconsistent with our find-
ings, linear decreases of volume may nonetheless suggest
earlier development in basal ganglia structures (that have
maximized in size at younger ages) relative to the thala-
mus, hippocampus, and amygdala, in keeping with the
order of maturation we observe.

In the latter portion of the lifespan, Poisson curves mod-
el a gradual decline in volume that levels off in late adult-
hood, with the exception of the nucleus accumbens
(decreasing linearly) and the hippocampus, which was fit
to a quadratic trajectory indicating acceleration of volume
loss starting at approximately 50–60 years of age. Previous
cross-sectional studies of adults (i.e., overlapping with the
latter one half to two thirds of our age span) have consis-
tently identified linear decreases in the nucleus accumbens
and thalamus [Fjell et al., 2013; Walhovd et al., 2005;
Walhovd et al., 2011], and non-linear decreasing trajecto-
ries in the hippocampus [Fjell et al., 2013; Walhovd et al.,
2005; Walhovd et al., 2011; Ziegler et al., 2012]. Conversely,
these studies yield a mix of results for the remaining struc-
tures, with some studies finding linear decreases while
others find non-linear decreases (amygdala, caudate, puta-
men) or no change (globus pallidus) in subjects spanning
approximately 20–90 years of age [Fjell et al., 2013; Walhovd
et al., 2005;Walhovd et al., 2011; Ziegler et al., 2012].

Although it is tempting to make comparisons of the age
at which each structure reaches “peak” volume across
studies (for those that use model fits that yield peaks), this
must be done with caution. Quadratic fits of cross section-
al data can be substantially influenced by characteristics of
the sample such as age-range [Fjell et al., 2010]. This is
demonstrated in the cross-sectional literature in which the
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hippocampus has been shown to reach a peak volume
anywhere from approximately 10 to 11 years [Uematsu
et al., 2012; subjects spanning 1 month to 25 years of age],
approximately 14 years [Brown et al., 2012, 3–21 years],
23–26 years [this study, 5–85 years of age; Jernigan and
Gamst, 2005, 10–90 years of age] or approximately 45 years
of age [Walhovd et al., 2005, 20–88 years]. It is evident that
“peak” ages are not only influenced by the total age span,
but also the starting age, which makes sense given that
very large gains in volume are made very early in the life-
span (<2 years of age) and likewise with very large
decreases late in the lifespan, which can overshadow the
more subtle changes observed across the remaining years.
Nonetheless, even with these limitations, non-linear mod-
els can be useful for comparing the relative timing of mat-
uration across structures within a single study, where the
age range and sample characteristics are controlled. This also
further demonstrates the value of longitudinal datasets (dis-
cussed next), which allow for assessment of change within
subjects to complement model fitting.

Longitudinal Neurodevelopment Cohort

As with cross-sectional studies, some longitudinal stud-
ies examining deep gray matter structures report values
that are corrected/controlled for ICV [Fjell et al., 2009a;
Pfefferbaum et al., 2013], while other report raw values
[Goddings et al., 2014; Lenroot et al., 2007; Raznahan
et al., 2014; Tamnes et al., 2013; Wierenga et al., 2014], as
in this study. In our longitudinal neurodevelopment
cohort of 84 subjects scanned twice each approximately
3–4 years apart (5–27 years at first scan), four of the seven
subcortical gray matter structures were found to signifi-
cantly fit a quadratic trajectory in the longitudinal neuro-
development cohort, indicating an upswing followed by a
plateau and subsequent decrease of volume, namely for
the globus pallidus, putamen, hippocampus and amygda-
la. For all four of these structures, 30%–50% of subjects in
the youngest two age bins underwent increases of volume,
followed by a high proportion of subjects (up to 80% for
the globus pallidus) who underwent decreases of volume
between scans in the 13–17 year age bin, confirming that
this adolescent period is when an inflection in subcortical
volume is observed. This supports the Poisson fit found in
the cross sectional data for the globus pallidus, putamen
and amygdala, and might suggest that the quadratic fit for
the hippocampus in the cross sectional data is underesti-
mating an inflection during childhood, potentially as a
result of the influence of steep declines late in life.

Previous longitudinal studies with inter-scan intervals of
approximately 2–3 years in healthy subjects covering this
age range have likewise uncovered non-linear trajectories
for the globus pallidus [Raznahan et al., 2014; Wierenga
et al., 2014], hippocampus and amygdala [Goddings et al.,
2014; Wierenga et al., 2014]. Previous studies of the puta-
men have been less consistent, with some indicating non-
linear changes similar in shape to the trajectory we

observe here [Goddings et al., 2014], while others find line-
ar decreases in volume [Tamnes et al., 2013; Wierenga
et al., 2014]. The age at which volume levels off varies
between these studies (e.g., as early as 8–10 years
[Raznahan et al., 2014] or 17–18 years [Wierenga et al.,
2014] for the globus pallidus), likely stemming from differ-
ences in sample and fitting parameters (e.g., cubic vs.
quadratic), or the interval between scans. Puberty (not
measured here) is another key element to consider in stud-
ies of neurodevelopment, and may partially contribute to
variability in peak ages. In a very large longitudinal study
of 275 individuals, ages 7–20 years, puberty stage was
found to independently influence the volume of the amyg-
dala, hippocampus and putamen in both males and
females [Goddings et al., 2014]. This finding may account
for some inter-subject variability in longitudinal measure-
ments of change with age, given inter-individual and sex
differences in puberty onset.

The caudate and thalamus did not undergo significant
change with age in this longitudinal neurodevelopment
cohort. For the caudate, there were a roughly equal pro-
portion of subjects undergoing increases and decreases of
volume in the youngest two age bins, though the greater
proportion of subjects who underwent volume decreases
in the 13–17 year old age bin suggesting a unique period
of development in adolescence that may be ubiquitous to
all structures. In the thalamus, over 50% of subjects in the
first two age bins were found to undergo no change,
though an increase in the number of subjects undergoing
volume reduction was again seen starting in the 13–17
year old age bin. For both structures, a Poisson curve was
fit to the cross sectional data (albeit a shallow curve for
the caudate), which these longitudinal results may suggest
would have overestimated an upswing in childhood. Pre-
vious longitudinal work has uncovered a mix of results,
including linear decreases [Tamnes et al., 2013; Wierenga
et al., 2014] or non-linear increases in the caudate [Lenroot
et al., 2007] and thalamus [Raznahan et al., 2014; Tamnes
et al., 2013; Wierenga et al., 2014] in the neurodevelopment
age range.

Lastly, the nucleus accumbens was fit to a linear trajec-
tory here, decreasing with age. Likewise the proportion of
subjects undergoing increases, decreases or no change
remained consistent across each age bin, in keeping with a
linear fit. These longitudinal findings in the nucleus accum-
bens also match the linear fit in our cross-sectional sample, as
well as in previous longitudinal samples finding linear
decreases of volume across similar age ranges [Goddings
et al., 2014; Tamnes et al., 2013;Wierenga et al., 2014].

Longitudinal Aging Cohort

The 55-subject longitudinal aging cohort (ages 46–83
years) showed linear decreases of volume over 3 years in
total brain, cortical gray, white matter, and 5 of 7 subcorti-
cal gray matter structures, along with concomitant
increases of ventricle volume. This overall pattern is in
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keeping with previous reports of volumetric atrophy of
subcortical brain structures that starts in late adulthood,
continuing into old age [Fjell et al., 2009a; Pfefferbaum
et al., 2013].

The only two subcortical structures not observed to
undergo longitudinal linear decreases of volume over
46–83 years were the caudate and globus pallidus, which
did not change significantly with age here in keeping with
the flattened trajectory of change found across these older
ages in our cross-sectional cohort. Nonetheless, nearly half
of the subjects in the 46–68 year old age bin underwent
decreases of volume between scans for both the caudate
and globus pallidus, suggesting some degree of atrophy.
In contrast, 60%–70% of subjects underwent a decrease in
volume of the hippocampus in the oldest two age bins, in
keeping our cross-sectional results as well as previous
cross-sectional and longitudinal studies finding accelera-
tion of hippocampal atrophy late in life [Pfefferbaum
et al., 2013; Walhovd et al., 2005; Ziegler et al., 2012].

These longitudinal findings are somewhat incongruent
with the cross sectional findings for the thalamus, puta-
men and amygdala, which are fit to Poisson trajectories
and model a relative leveling off of volume change in the
oldest ages, potentially underestimating change in this seg-
ment of the lifespan.

Sex Differences

This study observed larger absolute brain volumes in
males than females in both cross-sectional and longitudi-
nal cohorts, with differences ranging from 8% to 20%
across the lifespan, in keeping with previous work [Jancke
et al., 2015; Lenroot and Giedd, 2006]. However, no age-
by-sex interactions were found to be significant for any
deep gray matter structure, suggesting similar trajectories
of change with age between males and females across the
lifespan. Although some studies suggest differences in
age-to-peak between males and females [e.g., Goddings
et al., 2014; Lenroot et al., 2007; Raznahan et al., 2014;
Uematsu et al., 2012], or differences in the proportion of
increases/decreases between scans for males versus
females [Dennison et al., 2013], others have shown similar
peak ages of deep gray matter volumes between sexes
[Wierenga et al., 2014] and lack of age-by-sex interactions
[Fjell et al., 2009b]. Although there is evidence that factors
such as puberty stage may influence deep gray matter vol-
ume trajectories [Goddings et al., 2014], which may partial-
ly mediate sex difference observed in some studies, many
other factors, for example, genetics, may play a more dom-
inant role than sex or hormones alone [Hibar et al., 2015].

Biological Mechanisms

Our results generally suggest heterogeneous non-linear
development during childhood and adolescence that fol-
lows a more complex pattern than the generally consistent

linear decline seen in late adulthood. There is also some
evidence to suggest earlier development of basal ganglia
structures relative to the thalamus and limbic structures.
Early maturation of the basal ganglia may relate to its
more basic, unconscious processes such as motor initiation,
learning and reward-seeking behavior required for early
development [Leisman et al., 2014]. As children age, more
complex acquired experiences require concurrent and inte-
grated sensory and motor processes, necessitating a
mature thalamus to parse and prioritize information to dif-
ferent brain regions for integrated responses [Muftuler
et al., 2011]. Late maturation of the amygdala and hippo-
campus may be explained by their involvement in higher-
order functions including emotional processing, memory
consolidation and behavior [Catani et al., 2013], or by
working in tandem with cortical areas involved in higher-
order executive function such as the temporal and frontal
lobes, which also mature later relative to other cortical
areas [Gogtay et al., 2004; Shaw et al., 2008].

For all deep gray matter structures, approximately
45%–85% of subjects experienced significant volume
reduction during the 13–17 year old period. In the amyg-
dala and hippocampus, a higher proportion of 13–17 year
old subjects underwent a volume decrease between scans
(�45% for the amygdala; 75% for the hippocampus) than
in the 18–27 year old bin (�10% for the amygdala; 45% for
the hippocampus), suggesting widespread volume reduc-
tions in the subcortical brain that may accelerate during
adolescence, particularly in limbic structures. The globus
pallidus showed the greatest proportions (85%) of 13–17
year olds undergoing volume decreases over 3–4 years,
suggesting its relevance to changes in motor, cognitive,
and emotional development during this period, although
these were not measured in this study. Deep grey matter
volume loss during adolescence fits with an acceleration of
cortical thinning seen in the cortex during this time [Zhou
et al., 2015] and coincides with the period of gradual syn-
aptic pruning observed during adolescence in human his-
tology studies [Huttenlocher, 1979] and within subcortical
structures such as the hippocampus in animal models
[Afroz et al., 2016]. Widespread longitudinal deep gray
matter volume reductions during adolescence are intrigu-
ing given a recent large population (n 5 4568) multi-site
ENIGMA study showing that 5/7 deep gray matter struc-
tures were altered in schizophrenia and that globus pal-
lidus volume increases (perhaps due to lack of appropriate
pruning) correlated with duration of illness [Van Erp
et al., 2016].

At older ages, trajectories of volume change appear to
converge, with widespread linear decreases seen for nearly
all subcortical structures. Despite concurrent morphological
change, the mechanisms driving these volume reductions
may nonetheless be specific to each structure. For example,
decline in serum BDNF levels have been shown to predict
hippocampal but not caudate volume decline in older
adults [Erickson et al., 2010]. Likewise, brain iron
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accumulation has been shown to predict putamen but not
caudate volume decline in late life [Daugherty and Raz,
2016], again suggesting that volume decline in deep gray
matter may be influenced by unique physiological
mechanisms.

Across both cross sectional and longitudinal cohorts, we
see pronounced decline of hippocampal volume in late
life, in keeping with previous reports [e.g., Pfefferbaum
et al., 2013] and suggesting a unique vulnerability of this
structure to aging. Indeed, hippocampal atrophy at older
ages (65–80 years) but not middle ages (55–60 years) has
been correlated with episodic memory decline in healthy
adults [Gorbach et al., 2017], and may stem from a conflu-
ence of cellular mechanisms including reduced hippocam-
pal neurogenesis secondary to reduced stem cell
proliferation [Kempermann et al., 1998] and increased apo-
ptosis [Sun et al., 2004].

Limitations

The cross-sectional data spanned nearly the entire
human lifespan with the exception of perinatal and early
childhood years (<5 years), while our longitudinal cohort
did not contain these younger subjects nor subjects from
ages 31–45 years of age. The lack of longitudinal data in
this latter time span makes it difficult to compare the best
fit curves with our cross-sectional cohort. For both longitu-
dinal cohorts, models were only tested for linear and qua-
dratic fits because of the age span limitation in the
longitudinal subject population, in contrast to the 8-decade
age range available in the cross-sectional cohort allowing
more complex Poisson curves. Both left and right hemi-
spheres were combined into a single absolute volume per
structure, although significant volume asymmetry of deep
gray matter structures, albeit rather small, has been
reported in 15,847 scans from 52 datasets [Guadalupe
et al., 2016].

Given that our sample represents a pooled dataset from
3 studies, the MPRAGE protocols used for each varied
slightly, which could have the potential to impact age-
related change in the cross-sectional cohort. However,
contrast-to-noise ratios (measured in caudate versus fron-
tal white matter) in a random sampling of 5 subjects from
each protocol (15 scans total) yielded values of 12.56 1.1,
8.16 2.1, and 11.36 2.2 for the 3 protocols listed in the
methods, respectively, confirming similar image contrast
between acquisitions. Moreover, all subjects were scanned
using the same scanner and analyzed using the exact same
version of FreeSurfer on the same computer, and longitu-
dinal subject follow up scans were acquired with identical
parameters as scan 1 data, thus eliminating any influence
of protocol on longitudinal change measures.

In addition, data in this study were processed with Free-
surfer v4.1 rather than the latest version available at the
time of publication. Post-hoc analysis of 19 longitudinal
subjects re-processed with the longitudinal pipeline in ver-
sion 5.3 revealed small differences in the absolute value of

volumes measured in keeping with previous reports [Gro-
nenschild et al., 2012], but no difference in change with
age between versions, suggesting that using the newest
version would not have changed any of the conclusions of
this article. Nonetheless, continued refinement of the seg-
mentation algorithm in subsequent versions and in partic-
ular use of the longitudinal pipeline (which aims to
reduce variability) may have advantages that cannot be
appreciated in this relatively small (n 5 19) subsample.

CONCLUSIONS

This large sample cross-sectional and longitudinal study
showed significant age-dependent maturational patterns
that differed among deep gray matter structures across the
typical human lifespan. The cross-sectional results fit well
with a Poisson model of differential up and down swings
of volume with age. Basal ganglia structure volumes peak-
ed earlier than the thalamus, which in turn peaked earlier
than the hippocampus and amygdala. One of the most
striking observations from the longitudinal cohort was the
large proportion of individuals with volume reduction of
many deep gray matter structures between scans approxi-
mately 3–4 years apart in the 13–17 year age range that
persisted into young adulthood. Although sex differences
in absolute brain volumes were noted in all structures, no
age-by-sex interactions were found for deep gray matter
structures across the lifespan, suggesting sexual dimor-
phism of absolute brain volumes but not in trajectories of
change with age. Given the crucial roles that these subcor-
tical structures play in several behavioral and cognitive
functions, it is imperative that a robust spatiotemporal
understanding of their morphometric growth and decline
is established across the lifespan.
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