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Abstract Aging is known to be associated with changes

in cerebral morphometry and in regional activations during

resting or cognitive challenges. Here, we investigated the

effects of age on cerebral gray matter (GM) volumes and

fractional amplitude of low-frequency fluctuation (fALFF)

of blood oxygenation level-dependent signals in 111

healthy adults, 18–72 years of age. GM volumes were

computed using voxel-based morphometry as implemented

in Statistical Parametric Mapping, and fALFF maps were

computed for task-residuals as described in Zhang and Li

(Neuroimage 49:1911–1918, 2010) for individual partici-

pants. Across participants, a simple regression against age

was performed for GM volumes and fALFF, respectively,

with quantity of recent alcohol use as a covariate. At

cluster level p \ 0.05, corrected for family-wise error of

multiple comparisons, GM volumes declined with age in

prefrontal/frontal regions, bilateral insula, and left inferior

parietal lobule (IPL), suggesting structural vulnerability of

these areas to aging. FALFF was negatively correlated with

age in the supplementary motor area (SMA), pre-SMA,

anterior cingulate cortex, bilateral dorsal lateral prefrontal

cortex (DLPFC), right IPL, and posterior cingulate cortex,

indicating that spontaneous neural activities in these areas

during cognitive performance decrease with age. Notably,

these age-related changes overlapped in the prefrontal/

frontal regions including the pre-SMA, SMA, and DLPFC.

Furthermore, GM volumes and fALFF of the pre-SMA/

SMA were negatively correlated with the stop signal

reaction time, in accord with our earlier work. Together,

these results describe anatomical and functional changes in

prefrontal/frontal regions and how these changes are

associated with declining inhibitory control during aging.
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Electronic supplementary material The online version of this
article (doi:10.1007/s00429-013-0548-0) contains supplementary
material, which is available to authorized users.

S. Hu � S. Zhang � C.-S. R. Li

Department of Psychiatry, Yale University,

New Haven, CT 06519, USA

S. Hu (&)

Connecticut Mental Health Center S108,

34 Park Street, New Haven, CT 06519, USA

e-mail: sien.hu@yale.edu

H. H.-A. Chao

Department of Internal Medicine, Yale University,

New Haven, CT 06519, USA

H. H.-A. Chao

Department of Internal Medicine, VA Connecticut Healthcare

System, West Haven, CT 06516, USA

J. S. Ide

Departamento de Ciência e Tecnologia, Universidade Federal de

São Paulo, R. Talim, 330, São José dos Campos,
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Introduction

Aging is known to influence cerebral morphometry. Pre-

vious studies have reported age-related decrease in gray

and white matter volumes, especially in the frontal and

parietal areas (Taki et al. 2004; Paul et al. 2005; Chee et al.

2009). Gray matter (GM) volumes in the dorsal frontal and

inferior parietal regions showed a non-linear decline with

age from childhood to late adulthood; in particular, GM

volumes in the frontal area declined rapidly and reached a

plateau at the age of 60, followed by almost no declines

through late adulthood (Sowell et al. 2003). Good et al.

(2001) reported GM volume decrease in bilateral insula as

well as frontal and parietal regions. Using multivariate

pattern analysis that accounted for the interrelationships

among brain regions, Su et al. (2012) reported that the

precentral and postcentral gyri (see also Seidler et al.

2010), along with the caudate, showed the most volume

decline during aging.

The pattern of GM volume change in the aging brain is

generally examined using voxel-based morphometry

(VBM, Ashburner and Friston 2000). VBM identifies dif-

ferences in the local composition of brain tissue while

discounting large scale differences in gross anatomy and

position. The correlation between GM volumes and age

informs cerebral morphometrical changes during aging. On

the basis of these previous studies, we expect to see age-

related decrease of GM volumes predominantly in the

frontal and parietal regions.

Age-related changes in cerebral functions can be

investigated by using behavioral tasks and contrasting

events of interest to target a specific cognitive capacity. For

example, a notable observation concerns compensatory

activity in older people performing a cognitive task (Re-

uter-Lorenz and Cappell 2008), which could be accompa-

nied with under-activation in task-related regions (Park

et al. 2004). Other studies suggested that older adults use

the compensatory mechanism to improve performance only

up to a ceiling, when further increase in task difficulty fails

to increase brain activations (Nagel et al. 2009, 2011). Our

recent work suggests that the psychological construct of the

task affects the pattern of activation in the aging brain (Hu

et al. 2012); age-related decreases and increases in cerebral

activations are each associated with constructs that are

dominated by internally and externally driven processes.

An alternative that allows investigators to probe the

functional integrity of the entire brain is to make use of the

low-frequency blood oxygenation level-dependent (BOLD)

signals, which can be derived from the time series collected

when participants perform a cognitive task (Zhang and Li

2010, 2012a) or are at rest (Margulies et al. 2010; Rosazza

and Minati 2011). There is growing evidence that the low-

frequency BOLD signals, the ‘‘spontaneous’’ activity,

reflect the intrinsic functional connectivity of the brain

(Biswal et al. 1995; Fair et al. 2007; Fox and Raichle

2007). The spontaneous fluctuations are present in many

neuroanatomical systems, including the motor, visual,

auditory, default mode, memory, language, dorsal and

ventral attention systems (Fox and Raichle 2007). Such

low-frequency BOLD signals, as reflected in the fractional

amplitude of low-frequency fluctuations (fALFFs) (Zou

et al. 2008; Zhang and Li 2010), may therefore inform task-

independent functional changes and complement morpho-

metric analysis of structural changes associated with aging.

In the current study, our aim is to examine to what

extent cerebral GM volumes and fALFF show a similar

pattern of changes during healthy aging. Our previous work

showed that aging is associated with decline in the capacity

of inhibitory control, as measured by the stop signal

reaction time (SSRT) in the stop signal task (Hu et al.

2012), and that inhibitory control is reflected by the acti-

vation of the pre-supplementary motor area (pre-SMA, Li

et al. 2006; Chao et al. 2009; Duann et al. 2009). An

additional aim is to thus examine whether the structural and

functional alterations in the pre-SMA may account for

differences in cognitive functioning during aging.

Methods

Participants

One-hundred and eleven healthy adults (65 females),

between 18 and 72 years of age, participated in this study

(Table 1). Participants met the following criteria for

inclusion: right-handed, able to read and write English; no

current or history of diagnosis of any Axis I psychiatric or

substance (except nicotine) use disorders (First et al. 1995);

no current use of psychotropic medications; no significant

current medical including neurological, cardiovascular,

endocrine, renal, hepatic, or thyroid disorders. Women who

were pregnant or breast feeding were not recruited. All

participants older than 60 years of age were assessed with

the Mini Mental State Examination and showed a score

above 28 (Folstein et al. 1975). Participants tested negative

for cocaine, amphetamines, opioids, and benzodiazepines

prior to fMRI. They were further required to be free of

MRI-contraindications based on the Yale Magnetic Reso-

nance Research Center’s safety guidelines. Participants

were assessed for alcohol use in the past year, including the

average frequency of drinking and number of drinks per

occasion, framed on a monthly basis (Bednarski et al.

2012). All participants signed a written consent after they

were given a detailed explanation of the study in accor-

dance with a protocol approved by the Yale Human

Investigation Committee.
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All participants performed a stop signal task or SST

(Logan et al. 1984; Chao et al. 2009; Li et al. 2009; Hu and

Li 2012). In the SST, two types of trials, ‘GO’ and ‘STOP’,

were randomly presented with an inter-trial-interval (ITI)

of 2 s (the time between the end of the previous trial and

the start of the current trial). A fixation dot appeared on the

screen to signal the beginning of each trial. The dot was

replaced by a circle—the go signal—after a ‘fore-period’,

which varied from 1 to 5 s (with uniform distribution, Li

et al. 2005). The randomized fore-period minimized

anticipation and allowed jittering of events of interest.

Participants were instructed to press a button on a hand-

held button box using the right index finger when they saw

the circle. The circle disappeared at button press or after

1 s if the participant failed to respond.

In approximately one quarter of the trials, the circle was

followed by a ‘cross’—the stop signal. Participants were

instructed to withhold button press when they saw the stop

signal. The trial terminated at button press or after 1 s if the

participant successfully inhibited the response. The time

between the go and stop signals, the stop signal delay (SSD),

started at 200 ms and varied from one stop trial to the next

according to a staircase procedure, increasing or decreasing

by 67 ms each following a stop success and stop error. With

the staircase procedure we anticipated that participants

would succeed in withholding the response half of the time.

A critical SSD was computed for each participant that

represented the time delay required for the participant to

successfully withhold a response in half of the stop trials

(Levitt 1971). SSDs across stop trials were grouped into

runs (sequences of trials), with each run defined as a

monotonically increasing or decreasing series. We derived

a mid-run estimate by taking the middle SSD of every

second run. The critical SSD was computed by taking the

mean of all mid-run SSDs. It was reported that, except for

experiments with a small number of trials (less than 30),

the mid-run estimate was close to the maximum likelihood

estimate of X50 (50 % SS in the SST, Wetheril et al. 1966).

The SSRT was then computed for each participant by

subtracting the critical SSD from the median go trial

reaction time (Logan et al. 1984).

Participants were trained briefly on the task before

imaging to ensure that they understood the task. They were

instructed to quickly press the button when they saw the go

signal while keeping in mind that a stop signal might come

up in some trials. In the scanner, they completed four

10-min sessions of the task, with approximately 100 trials

in each session.

Imaging protocol and spatial pre-processing

of brain images

Conventional T1-weighted spin-echo sagittal anatomical

images were acquired for slice localization using a 3T

scanner (Siemens Trio). Anatomical images of the func-

tional slice locations were obtained with spin-echo imaging

in the axial plan parallel to the Anterior Commissure–Pos-

terior Commissure (AC–PC) line with TR = 300 ms,

TE = 2.5 ms, bandwidth = 300 Hz/pixel, flip angle =

60�, field of view = 220 9 220 mm, matrix = 256 9 256,

32 slices with slice thickness = 4 mm and no gap. A single

high-resolution T1-weighted gradient-echo scan was taken

for each participant. One hundred and seventy-six slices

parallel to the AC–PC line covering the whole brain were

acquired with TR = 2,530 ms, TE = 3.66 ms, band-

width = 181 Hz/pixel, flip angle = 7�, field of view =

256 9 256 mm, matrix = 256 9 256, 1 mm3 isotropic

voxels. Functional BOLD signals were then acquired with a

single-shot gradient-echo echo-planar imaging (EPI)

sequence. Thirty-two axial slices parallel to the AC–PC line

covering the whole brain were acquired with TR =

2,000 ms, TE = 25 ms, bandwidth = 2,004 Hz/pixel, flip

angle = 85�, field of view = 220 9 220 mm, matrix =

64 9 64, 32 slices with slice thickness = 4 mm and no gap.

Three hundred images were acquired in each run for a total

of 4 runs.

Data were analyzed with Statistical Parametric Mapping

(SPM8, Wellcome Department of Imaging Neuroscience,

University College London, UK). Images from the first five

TRs at the beginning of each trial were discarded to enable

the signal to achieve steady-state equilibrium between

radio frequency pulsing and relaxation.

In the pre-processing of BOLD data, images of each

participant were realigned (motion-corrected) and cor-

rected for slice timing. A mean functional image volume

was constructed for each participant for each run from the

realigned image volumes. These mean images were co-

registered with the high-resolution structural image and

then segmented for normalization to an MNI (Montreal

Neurological Institute) EPI template with affine registra-

tion followed by non-linear transformation (Friston et al.

1995; Ashburner and Friston 1999). Finally, images were

smoothed with a Gaussian kernel of 8 mm at Full Width at

Half Maximum.

Table 1 The number of subjects broken down by age and gender

Age All Men Women

18–19 3 3 0

20–29 63 20 43

30–39 18 8 10

40–49 8 4 4

50–59 11 7 4

60–69 7 4 3

C70 1 0 1
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Voxel-based morphometry

Voxel-based morphometry was performed using the

VBM8 toolbox (http://dbm.neuro.uni-jena.de/vbm/) pack-

aged in Statistical Parametric Mapping 8 (Wellcome

Department of Imaging Neuroscience, University College

London, UK). T1-images were first co-registered to the

Montreal Neurological Institute or MNI template space

using a multiple stage affine transformation, during which

the 12 parameters were estimated. Co-registration started

with a coarse affine registration using mean square dif-

ferences, followed by a fine affine registration using

mutual information. In this step, coefficients of the basis

functions that minimize the residual square difference

(between individual image and the template) were esti-

mated. After affine transformation, T1-images were cor-

rected for intensity bias field and a local means denoising

filter was applied, to account for intensity variations

(inhomogeneity) and noise caused by different positions

of cranial structures within MRI coil; finally, they were

segmented into cerebrospinal fluid, gray and white mat-

ters, using an adaptive maximum a posteriori (MAP)

method with k-means initializations, as implemented in

VBM8, generating tissue class maps (which included the

gray matter or GM maps). Segmented and the initially

registered tissue class maps were normalized using Dar-

tel, a fast diffeomorphic image registration algorithm of

SPM. As a high-dimensional non-linear spatial normali-

zation method, Dartel generates mathematically consistent

inverse spatial transformations. We used the standard

customized tissue probability maps (TPMs), constructed

from 550 healthy subjects to drive the Dartel normaliza-

tion. Normalized GM maps were modulated to obtain the

absolute volume of GM tissue corrected for individual

brain sizes. Finally, the GM maps were smoothed by

convolving with an isotropic Gaussian kernel. Smoothing

helps to compensate for the inexact nature of spatial

normalization and reduces the number of statistical

comparisons (thus making the correction for multiple

comparisons less severe); however, it reduces the accu-

racy of localization. Most VBM studies used a kernel size

of FWHM = 12 mm. We used a smaller kernel size of

FWHM = 8 mm to achieve localization accuracy.

Fractional amplitude of low-frequency fluctuation

To account for the power spectrum density of the low-fre-

quency fluctuation, Zang et al. (2007) developed an index—

the amplitude of low frequency fluctuation (ALFF)—in

which the square root of power spectrum was integrated in a

low-frequency range in order to examine the regional

intensity of spontaneous BOLD fluctuations. Because the

ALFF appeared to be sensitive to the physiological noise

(Zou et al. 2008), we carried out a fractional ALFF (fALFF)

analysis on the task-residual data as in a previous study

(Zhang and Li 2010). Briefly, filtered task-residual time

series were transformed into the frequency domain using the

fast Fourier transform (FFT). Since the power is proportional

to [amplitude]2 at a given frequency, the power spectrum

obtained by FFT was square rooted to obtain the amplitude.

A ratio of the amplitude averaged across 0.009–0.08 Hz to

that of the entire frequency range (0–0.25 Hz) was computed

at each voxel to obtain the fALFF, creating an amplitude

map for the whole brain, which was then normalized: nor-

malized fALFF = (fALFF - global mean fALFF)/stan-

dard deviation of global mean.

Previous research suggested that head motions alter

BOLD signals and frames with high head motions should

be removed in functional connectivity analyses (Power

et al. 2012; Van Dijk et al. 2012). Thus, in additional

analyses, we removed flagged frames in computing fALFF.

In particular, we obtained an index that represents instan-

taneous head motion, the framewise displacement (FD),

computed as the sum of the absolute values of the deriv-

atives of the six realignment parameters. We then removed

frames with FD greater than 0.5 mm in this additional

analysis (Power et al. 2012).

Linear correlation with age: GM volume and fALFF

In group analyses, we regressed the GM volume and

fALFF each with age across all participants with recent

alcohol use as a covariate. Past research has shown effects

of alcohol use on cerebral morphometry, such as volume

reduction in the frontal and parietal regions (Jernigan et al.

1991; Kril et al. 1997; Harper 2007). Thus, to reduce

possible confounds of alcohol use, we employed the

average number of drinks (frequency of drinking 9 num-

ber of drinks per occasion) per month in the previous year

as a covariate in the regressions.

Between-subject correlation of GM volume and fALFF

In addition to whole brain regression against age, we

extracted the GM volume and fALFF by averaging across

voxels in each of the 116 brain areas as defined in auto-

mated anatomical labeling (AAL) atlas (Tzourio-Mazoyer

et al. 2002). We correlated the GM volume and fALFF

across all participants for each AAL area with linear

regressions, and used an alpha of 0.05/116 = 0.00043 to

control for multiple testing.
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Results

Behavioral performance

On average, participants responded in 97.7 % of the go trials

with a median go trial reaction time (goRT) of 657 ± 120 ms

(mean ± SD). They made errors in about half of the stop trials

(SS = 52.5 %) and showed a SSRT of 227 ± 45 ms. These

results suggested that their overall performance was ade-

quately tracked by the staircase procedure. Of interest here was

the age-related change in SSRT (r = 0.3245, p = 0.0005,

Pearson’s regression; Hu et al. 2012). No other performance

measures were significantly correlated with age.

Voxel-based morphometry

The regression of GM volume with age across participants

showed negative correlation in bilateral insula, putamen,

pre-SMA/SMA, bilateral precentral gyri, left postcentral

gyrus, left inferior parietal lobule (IPL), middle cingulate

cortex (MCC), middle frontal gyrus (MFG) and cerebel-

lum, at p \ 0.05 corrected for family-wise error (FWE) of

multiple comparisons (Table 2; Fig. 1).

Fractional amplitude of low-frequency fluctuations

The fALFF was negatively correlated with age in inferior

and middle temporal gyri (ITG/MTG), pre-SMA extending

to the anterior cingulate cortex (ACC) and dorsal lateral

prefrontal cortex (DLPFC), posterior cingulate cortex

(PCC), MFG, IPL, postcentral gyrus, and cuneus/precuneus

(cluster p \ 0.05 corrected for FWE) (Table 3; Fig. 2). In

additional analyses we removed image frames with

excessive head motions before regressions. The results

showed a negative correlation with fALFF in largely

identical structures (Supplementary Figure 1).

Between-subject correlation of GM volume and fALFF

In between-subject correlations of GM volume and fALFF,

five of the 116 AAL areas showed a significant correlation

after Bonferroni correction (p = 0.05/116 = 0.00043):

bilateral pre-SMA/SMA (rleft = 0.3527, pleft = 0.0001,

rright = 0.3749, pright = 0.0001), mid cingulate cortex (MCC)

(rleft = 0.4497, pleft = 0.0000, rright = 0.4367, pright =

0.0000), and the right caudate (r = 0.3358, p = 0.0003).

Alternative analyses: comparison between middle

and old age groups

In addition to simple regression against age, we also

examined specifically differences between the middle and

old age groups. We combined individuals between 30 and

49 years of age as the middle age group and those 50 years

or over as the old age group, and conducted a two sample

t test on group difference for all of the regions of interest as

well as individual regions each for GM volume and fALFF.

These results are presented in the Supplement (Supple-

mentary Figures 2, 3, and 4).

Areas showing overlapping changes in GM volume

and fALFF

Our between-subject ALL mask-based analyses suggested

that, while the great majority of brain regions did not show

correlations between GM volume and fALFF, a few areas

showed such correlations, including the bilateral pre-SMA/

SMA, MCC, and the right caudate. We thus examined

whether these regions could also be captured by voxel-wise

age regressions conducted separately for GM volume and

fALFF. We performed an intersection or inclusion opera-

tion of the GM (Fig. 1) and fALFF (Fig. 2) maps using

MarsBar. Figure 3 shows areas that overlapped between

the two regressions, which included two clusters in the pre-

SMA/SMA (anterior pre-SMA and posterior pre-SMA

extending to SMA), and a few smaller clusters in the MCC,

bilateral DLPFC, and bilateral MFG. As expected, the GM

volume and fALFF of the pre-SMA/SMA (combinations of

the two clusters) were significantly correlated across par-

ticipants (r = 0.3906, p = 0.0000).

Correlations with SSRT

To examine the relationship between structural/functional

changes and cognitive functions in aging, we correlated the

SSRT with the GM volume and fALFF of all overlapping

regions. Results showed that SSRT was significantly

Table 2 Areas of gray matter (GM) volume negatively correlated

with age, with the quantity of recent drinking as a covariate

Side Region Cluster size

(# voxels)

Z value MNI coordinate

X Y Z

L Insula 13,512 Inf -42 16 -8

L/R Pre-SMA/SMA 8,482 7.01 -3 55 32

R Insula 3,857 6.73 46 15 -7

L Postcentral G 500 6.56 -50 -14 52

R Precentral G 744 6.51 52 12 37

L IPL 213 5.48 -45 -38 52

L/R MCC 379 5.11 -3 -21 41

L Pre-SMA 66 5.06 -8 3 71

R MFG 24 4.96 30 -8 65

L Precentral G 11 4.84 -45 -5 53

R Cerebellum 77 4.79 28 -53 -34

SMA supplemental motor area, IPL inferior parietal lobule, MCC mid

cingulate cortex, MFG middle frontal gyrus, G gyrus

Brain Struct Funct (2014) 219:983–994 987

123



correlated with the anterior pre-SMA in GM volume

(r = -0.2671, p = 0.0046), after Bonferroni correction

(p = 0.05/7 = 0.0071); it was also significantly correlated

with the fALFF of posterior pre-SMA extending to SMA

(r = -0.3251, p = 0.0005) and the combination of the two

clusters of pre-SMA/SMA (r = -0.2953, p = 0.0017)

(Fig. 4). SSRT was not significantly correlated with the

GM volume or fALFF of any other areas.

Discussion

Structural brain correlates of aging: GM volume

Our results showed that aging is associated with decreased

GM volume in frontal and parietal lobes, including the pre-

SMA, SMA, ACC, DLPFC, and IPL, as well as bilateral

insula, putamen, and postcentral gyrus. These results are

consistent with the idea that the frontal and parietal regions

are most vulnerable to aging (Sowell et al. 2003), as well as

age-related decline in GM volumes of sensorimotor and

subcortical regions (Good et al. 2001; Su et al. 2012).

The decrement of GM volume, especially in the frontal

regions, begins in early adulthood and continues through

the life span. In a study of two cohorts of participants with

a wide age range, Bergfield et al. (2010) reported a con-

sistent pattern of changes in GM volume in association

with healthy aging. This network includes the bilateral

medial frontal cortices (including pre-SMA and SMA),

insula/perisylvian cortex, and ACC. In addition, GM vol-

umes in bilateral DLPFC, IPL, and caudate were also found

to decrease with aging. Giorgio et al. (2010) found

Fig. 1 Decrement of gray

matter (GM) volume with aging,

with the quantity of recent

drinking accounted for in a

linear regression. Areas include

bilateral insula, putamen, pre-

supplementary motor area (pre-

SMA)/SMA, mid cingulate

cortex, right middle frontal

gyrus, left precentral gyrus, and

left inferior parietal lobule. All

clusters survived p \ 0.05

corrected for family-wise error

(FWE) of multiple comparisons.

Color bar represents voxel T

value
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age-associated GM volume reduction in extensive areas

including the superior/middle frontal gyri (including SMA,

preSMA, and DLPFC) and postcentral gyrus, in addition to

subcortical structures such as the caudate nucleus, palli-

dum, and hippocampus. Taki et al. (2011) observed a sig-

nificant GM volume deduction with age in the precentral

gyrus, postcentral gyrus, middle frontal gyrus, and insula

(also in Good et al. 2001; Grieve et al. 2005) as well as in

mid and posterior cingulate cortices (Taki et al. 2012). It

was shown that the limbic system including the mid-cin-

gulate cortex (MCC) declines rapidly from childhood to

early adulthood and remains steady in volume afterwards

(Grieve et al. 2005). Thus, the observation of a negative

correlation of MCC volume with age appears to reflect a

greater number of participants in their early adulthood in

the current study. In sum, the current results are consistent

with a large body of aging morphometrics literature, with

the notable exception of the hippocampus.

Hippocampus is critical to memory function, which

declines in the elderly. There is discrepancy as to the effect

of age on hippocampal structures; some studies reported a

prominent age effect (Raz et al. 2005; Giorgio et al. 2010),

while others did not (Good et al. 2001; Grieve et al. 2005;

Folstein and Folstein 2010). There are a few possible

explanations for this inconsistency. First, the volume of

hippocampus increases until the age of 40 and starts to

decrease afterwards, with a speeded decline after the age of

50 (Long et al. 2012). In our sample, 76 % of our partic-

ipants were under age 40 and only 1 participant was over

70. Thus, our cohort may not have an adequate age range to

capture age-related changes in hippocampal volumes.

Second, GM volume reduction in the hippocampus is

associated with memory decline (Kramer et al. 2007), as

occurs in people with amnestic mild cognitive impairment

(MCI) or Alzheimer’s disease (Kantarci and Jack 2003;

Fellgiebel and Yakushev 2011). Folstein and Folstein

(2010) compared the hippocampal volume in two elderly

cohorts and observed hippocampal volume decrement in

dementia patients but not in healthy controls. Our older

participants in the current study appeared to be intact in

their cognitive status, as assessed by MMSE, and thus may

not show changes in hippocampal volumes. Third, and

more broadly, one could consider the differences between

longitudinal and cross-sectional studies. Longitudinal

studies (e.g., Raz et al. 2005) focus on within-subject

comparisons and might be more sensitive than cross-sec-

tional studies (e.g., Good et al. 2001; Grieve et al. 2005),

where between-subject variability introduces additional

noise, in picking up changes in cerebral volumes.

Functional brain correlates of aging: fALFF

The fALFF is negatively correlated with age in the PCC,

ACC, pre-SMA, DLPFC, IPL, and middle temporal gyrus

(MTG). This result is consistent with Biswal et al. (2010)

where they reported age-related decreased fALFF in the

PCC. In addition, previous research on functional connec-

tivity also reported that whole-brain connectivity in the

PCC decreases as age increases (Littow et al. 2010; Jones

et al. 2011). The anterior frontal network is involved in

many cognitive functions including attention, execution

control, and speed of information processing (Buckner

2004; Eckert 2011). It is plausible that the age-related

decrement of the intrinsic activity in the anterior frontal

network reflects a general decline of cognitive ability during

aging, as we also observed for the SSRT (see below). To our

knowledge, there have been only a few studies on the

effects of age on changes in the amplitude of low-frequency

fluctuation of BOLD signals. Reduced ALFF in the visual

cortex was observed in older compared to younger adults

during visual checkerboard stimulation (Yan et al. 2011).

Patients with MCI showed decreased ALFF/fALFF in pre-

frontal and left parietal regions, compared to age-matched

healthy participants (Han et al. 2012), and recent studies

have suggested the importance in assessing executive dys-

function in addition to memory impairment in individuals

with MCI (Morris 2012). Our results add to these earlier

studies by showing age-related decrease in fALFF in mul-

tiple cortical and subcortical structures.

Correlation of anatomical and functional changes

in aging

The effects of age on structural and functional changes are

each shown in the regression of GM volume and fALFF

Table 3 Areas of fractional amplitude of low-frequency fluctuation

(fALFF) negatively correlated with age, with the quantity of recent

drinking as a covariate

Side Region Cluster

size

Z value MNI coordinate

X Y Z

L ITG 107 5.69 -57 -52 -11

L/R Pre-SMA/ACC/

DLPFC

867 5.18 0 5 55

L/R PCC 155 5.15 -3 -37 37

L MFG 116 5.04 -24 14 58

R IPL 248 4.76 54 -43 55

R MTG/ITG 63 4.70 57 -52 -11

L DLPFC 252 4.63 -33 35 37

L Postcentral G 46 4.39 -63 -25 37

L/R Cuneus/precuneus 95 4.04 -6 -79 43

ITG inferior temporal gyrus, SMA supplementary motor area, ACC

anterior cingulate cortex, DLPFC dorsal lateral prefrontal cortex,

PCC posterior cingulate cortex, MFG middle frontal gyrus, IPL

inferior parietal lobule, MTG middle temporal gyrus, G gyrus
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with age. A notable finding is that areas including the pre-

SMA/SMA, MCC, bilateral DLPFC, and bilateral MFG

showed significant negative correlation with age in both

regressions (Fig. 3), suggesting a concurrent change in

structure and function during aging. On the other hand, the

majority of brain regions do not demonstrate a similar age

effect in the changes of GM volume and fALFF. In a recent

work, Han et al. (2012) compared the GM volumes and

ALFF/fALFF between patients with amnestic MCI and

age-matched healthy controls. The patient group showed

decreased GM volumes in bilateral prefrontal and PCC

areas, and decreased ALFF/fALFF in prefrontal and left

parietal areas. These investigators concluded that it is

essential to examine both anatomical and functional

changes as they complement each other in our under-

standing of the effects of aging on the brain. Our current

results support this idea and highlight an intriguing

possibility that prefrontal brain regions, especially those

that are critical for executive functions, show concurrent

age-related changes in structure and function.

Age-related correlates of the decline in inhibitory

control

A second goal of this study is to examine whether the

structural and functional alterations account for differences

in stop signal performance during aging. Results revealed a

negative correlation between SSRT and the GM volume of

pre-SMA, consistent with the finding that age-related

changes in different cerebral regions especially in the

frontal network affect processing speed (Eckert 2011).

More generally, aging is associated with declining pro-

cessing speed across multiple cognitive domains, including

sensory-motor mapping and high-level executive

Fig. 2 Brain regions with age-

related decrease in the fractional

amplitude of low-frequency

fluctuation (fALFF), controlling

for the quantity of recent

drinking. Areas include the

bilateral inferior and middle

temporal gyri, pre-

supplementary motor area

extending to anterior cingulate

cortex and dorsal lateral

prefrontal cortex, postcingulate

cortex, left middle frontal gyrus,

right inferior parietal lobule, left

postcentral gyrus, and bilateral

cuneus/precuneus. All clusters

survived p \ 0.05 corrected for

family-wise error (FWE) of

multiple comparisons. Color

bar represents voxel T value
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Fig. 3 Areas overlapped in the

regression of age with GM

volume and with fALFF,

including the anterior pre-

supplementary motor area

(SMA) and posterior pre-SMA

extending to SMA, bilateral

dorsal lateral prefrontal cortices,

bilateral middle frontal gyri, and

mid cingulate cortex. All

clusters survived p \ 0.05

corrected for family-wise error

(FWE) of multiple comparisons.

The inset shows the two clusters

(blue), anterior pre-SMA and

posterior pre-SMA/SMA, in a

sagittal section at x = 2

Fig. 4 Negative correlation of SSRT with a the GM volume of anterior pre-supplementary motor area (SMA) and b the fALFF of the

combination of two clusters in the pre-SMA/SMA. Each data point represents one subject
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mechanisms, and structural changes in medial frontal

(including pre-SMA) and lateral frontal cortices. Our pre-

vious work suggested that higher task-evoked BOLD sig-

nals of the pre-SMA is associated with a greater capacity in

inhibitory control (Li et al. 2006; Chao et al. 2009; Duann

et al. 2009; Zhang and Li 2012b), and that such capacity

declined significantly with age (Hu et al. 2012). Therefore,

the significant correlation between SSRT and the GM

volume/fALFF of the pre-SMA/SMA further underscores

the importance of this medial prefrontal region in age-

associated changes in inhibitory control.

Limitations of the study

An important limitation of the study is that our cohort con-

tained only eight participants older than 60 years of age. Thus,

although the findings address the effects of age on GM volume

and fALFF, they may not capture the changes that are most

prominent in the elderly population. Second, physiological

noises such as those resulting from respiration and heart beat

are known to affect low-frequency BOLD signals (Birn et al.

2008; Chang and Glover 2009; Chang et al. 2009). Since we

did not collect respiratory and cardiovascular data, we do not

know how much the current results are influenced by these

physiological noises. On the other hand, the brain areas that

are mostly affected by the physiological noise appear to be

those in the default mode network (Birn et al. 2006), while our

main findings of the effects of age on GM volume and fALFF

are in the prefrontal regions. With these caveats, the current

findings need to be replicated in future work.

Conclusions

The current study explored the relationship between the

anatomical and functional changes during healthy aging.

We found that age-related decrement in GM volume and

low-frequency BOLD signals overlaps in the frontal brain

areas. The structural and functional alterations in the pre-

SMA are associated with the decline in response inhibition

associated with aging.
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