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Objective: To carry out a cross-sectional study of 187 cognitively normal Chinese adults using 

the voxel-based morphometry (VBM) approach to delineate age-related changes in the white 

matter volume of regions of interest in the brain and further analyze their correlation with age.

Materials and methods: A total of 187 cognitively normal adults were divided into the 

young, middle, and old age-groups. Conventional magnetic resonance imaging was performed 

with the Achieva 3.0 T system. Structural images were processed using VBM8 and statistical 

parametric mapping 8. Regions of interest were obtained by WFU PickAtlas, and all realigned 

images were spatially normalized.

Results: Females showed significantly greater total white matter volume than males (t=2.36, 

P=0.0096, false-discovery rate [FDR] corrected). VBM demonstrated statistically significant age-

related differences in white matter volume between the young age-group and the middle age-group 

(P,0.05, FDR corrected) and between the middle age-group and the old age-group (P,0.05, 

FDR corrected). No interaction was found between age and sex on white matter volume (P.0.05, 

FDR corrected). Logistic regression analysis revealed nonlinear correlation between total white 

matter volume and age (R2=0.124, P,0.001). White matter volume gradually increased before 

40 years of age, peaked around 50 years of age, and rapidly declined after 60 years of age.

Conclusion: Significant age-related differences are present in white matter volume across 

multiple brain regions during aging. The VBM approach may help differentiate underlying normal 

neurobiological aging changes of specific brain regions from neurodegenerative impairments.

Keywords: brain, aging, magnetic resonance imaging, ROI, white matter volume, voxel-based 

morphometry

Introduction
Normal brain aging is a physiological process accompanied by declines in the 

function of multiple systems in the body, including age-related cognitive decline, 

which is manifested as a decline in executive function and memory.1 Investigation 

of age-related brain changes helps in understanding the evolution of degeneration 

and its mechanisms, and assists in the differentiation of the normal aging brain from 

neurodegenerative diseases. However, magnetic resonance imaging (MRI) study of 

brain aging has mostly focused on changes in the gray matter. The white matter is an 

important component of the human brain, and is responsible for transmitting neural 

communication between regions in the gray matter. Histopathologic studies reveal 

that brain aging is marked by loss of myelinated fibers, and bulk-volume loss of white 

matter is also demonstrated on MRI.2 The distribution of white matter shows regional 

differences. It has been shown the volume reduction is more apparent in the white 
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matter than in the gray matter, especially in the frontal lobe 

and corpus callosum. Jernigan et al3 observed a 26% reduc-

tion in white matter tissue volume relative to a 14% reduction 

in gray-matter tissue volume.4

The volume of the white matter is currently mostly deter-

mined by voxel-based morphometry (VBM), which shows 

morphological changes of the white matter by calculating the 

volume and density of the white matter. Through standardiza-

tion, segmentation, smoothing, and construction of models 

from smoothed images and by statistical parametric mapping 

(SPM), VBM can reveal focal differences in brain regions 

among people of different ages. VBM using structural brain 

MRI has been widely used for assessment of the normal aging 

brain and neurodegenerative diseases, such as Alzheimer’s 

disease. We hypothesized that age- and sex-related differ-

ences are present in white matter volume across multiple 

brain regions during aging and that VBM helps differentiate 

underlying normal neurobiological aging changes of specific 

brain regions from neurodegenerative impairments. In the 

current study, we carried out a cross-sectional study of 

187 cognitively normal Chinese adults of either sex using the 

VBM approach to delineate age- and sex-related changes in 

the white matter volume of regions of interest (ROIs) in the 

brain and further analyzed their correlation with age.

Materials and methods
subjects
Healthy volunteers were recruited between August 2013 and 

November 2013. The study protocol was approved by the 

institutional review board at the Second Hospital of Hebei 

Medical University. All participants received written and oral 

information prior to giving written consent, and the study was 

performed in accordance with the Helsinki II declaration. 

The inclusion criteria were as follows: 1) right-handedness; 

2) native Mandarin speaker; 3) good eyesight and hearing 

and speaking ability; 4) the Mini-Mental State Examination 

score .27; 5) no history of nervous system disease or mental 

illness, such as headache, dizziness, lethargy, seizure, or emo-

tional disturbance; 6) no previous cerebral surgery or trauma, 

no hypertension (.140/90 mmHg in those aged 60 years and 

above), diabetes, heart diseases, or other chronic diseases; 

7) no alcoholism (defined as consuming more than three 

alcoholic drinks a day), smoking (defined as three cigarettes 

per day), long-term medication, or drug addiction; 8) no 

contraindication for MRI, such as cardiac pacemaker, nerve 

stimulator, metal artery clip, or metal false tooth; 9) no his-

tory of seizure, convulsion, cerebritis, or meningitis; 10) no 

history of cerebral hypoxia or carbon monoxide or other toxin 

poisoning; and 11) no abnormality on conventional cerebral 

MRI, or the presence of hyperintensity signal ,2 according 

to the Wahlund scale,5 or number of scattered degenerative 

lesions fewer than five. The subjects were divided into a 

young age-group (20–40 years of age), a middle age-group 

(41–59 years of age), and an old age-group (60–78 years of 

age) as previously described.5–7

cerebral Mri
Conventional MRI was performed with the Achieva 3.0 

T system (Philips, Amsterdam, the Netherlands) using an 

eight-channel head coil, and included T
1
 fast field echo, 

axial T
1
-weighted imaging (T1WI), axial and sagittal 

T
2
-weighted imaging (T2WI), and axial T

2
 fluid-attenuated 

inversion recovery. The main parameters were as follows: 

axial T1WI, turbo spin echo (TSE) sequence repetition 

time (TR) 3,056 ms; echo time (TE) 7.6 ms; inversion time 

860 ms; axial T2WI, TSE sequence TR 500 ms; TE 80 ms; 

axial T
2
 fluid-attenuated inversion recovery, TR 9,000 ms; 

TE 140 ms; inversion time 2,600 ms. For these sequences, 

the slice thickness was 6.0 mm, slice interval 1.0 mm, matrix 

512×256, field of view (FOV) 230×220 mm, flip angle 90°, 

and number of excitations (NEX) 1. The parameters for 

sagittal T2WI were as follows: TSE sequence, TR 1,707 ms; 

TE 80 ms; slice thickness 6.0 mm; slice interval 1.0 mm; 

matrix 328×235, FOV 230×230×121 mm (length × width × 

height), and NEX 1.

T1W 3-D imaging
The patient was placed in the supine position and kept 

immobile. Sagittal high-resolution T1W 3-D T
1
 fast field 

echo was carried out with the axial scan parallel to the 

anterior commissure–posterior commissure line. The scan 

parameters were as follows: TR 7.8 ms, TE 3.8 ms, flip 

angle 8°, matrix size 252×227, voxel size 1×1×1 mm, FOV 

250×250×180 mm, slice thickness 1 mm, slice interval 

0 mm, number of slices scanned 180, scan time 2 minutes 

58 seconds, and NEX 1.

Voxel-based morphometry
Structural images were processed using the VBM toolbox 

(VBM8) (http://dbm.neuro.uni-jena.de/vbm) and statisti-

cal parametric mapping (SPM)8 (http://www.fil.ion.ucl.

ac.uk/spm; Wellcome Trust Centre for Neuroimaging, 

London, UK), which combines tissue segmentation, bias 

correction, and spatial normalization into a unified mode. 

Individual brains were normalized to tissue probability 

maps using the International Consortium for Brain Mapping. 
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The voxelization of structural images was 1.5×1.5×1.5 mm. 

The images were segmented into gray matter, white matter, 

and cerebrospinal fluid by using the new segmentation in 

SPM8. The optimally processed images were smoothed with 

an isotropic Gaussian kernel (full-width half-maximum =8 

mm). The total volume of the gray matter, white matter, and 

cerebrospinal fluid was determined, and the total intracranial 

volume was calculated from the sum of the volume of the gray 

matter, white matter, and cerebrospinal fluid. The effects of 

total gray-matter volume were removed to allow inferences 

between regional differences in white matter volume.

Measurement of volume using rOis
ROIs were obtained by WFU PickAtlas,8 and all realigned 

images were spatially normalized to the Montreal Neuro-

logical Institute echo-planar imaging template in SPM8.9 

We used the following ROIs (Figure 1): left and right frontal 

lobe, left and right parietal lobe, left and right temporal lobe, 

left and right occipital lobe, left and right cerebrum and 

corpus callosum, midbrain, pons, and medulla oblongata. 

The significance of group differences in each region was 

estimated by distributional approximations from the theory 

of random Gaussian fields.

statistical analysis
Data were expressed as means ± standard deviation and 

analyzed using SPSS software version 13.0 (SPSS Inc, 

Chicago, IL, USA). Sex-related differences in the white 

matter volume of the whole brain were examined using the 

t-test for two independent samples, with age and total intracra-

nial volume as covariates. Age-related differences in the white 

matter volume of the whole brain were examined by two-way 

analysis of variance. The total intracranial volume was used 

as the covariate, and absolute voxel values .0.1 mL were 

included in the analysis. The false-discovery rate (FDR) was 

used for comparison correction, and P,0.05 was considered 

Figure 1 region of interest templates bundled in WFU Pickatlas overlaid on the Montreal Neurological institute standard brain.
Notes: (A) Frontal lobe, (B) parietal lobe, (C) temporal lobe, (D) occipital lobe, (E) cerebellum, (F) corpus callosum, (G) mesencephalon, (H) pons, (I) medulla oblongata.
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Table 1 Demographic data of the study subjects

Young age Middle age Old age

n 64 71 52
age, years

Mean (sD) 30.28 (5.91) 49.06 (5.44) 65.42 (5.34)
range 22–40 41–59 60–78

sex
Male, n (%) 33 (51.6) 35 (49.3) 24 (46.2)

education, years
Mean (sD) 16 (1) 12 (4) 15.5 (5)

Abbreviation: sD, standard deviation.

Table 2 sex-related differences in white matter volume by voxel-
based morphometry

Coordinates 
(mm)

P-value  
(corrected) 

Z

x y z

Female . male
left insular lobe -38 -12 13 0 5.58
anterior lobe of left cerebellum -11 -61 -33 0 5.42
right limbic lobe 20 -31 -8 0 5.27
left superior frontal gyrus -20 36 -21 0 4.26
left occipital lobe -14 -82 31 0 4.10
right occipital lobe 21 -87 35 0 3.76
right frontal lobe 11 47 -26 0 3.63
right temporal lobe 47 -14 -39 0 3.49
right parietal lobe 44 -43 40 0 3.47

Male . female
Posterior lobe of right cerebellum 11 -55 -54 0 5.22
Posterior lobe of left cerebellum -30 -61 -56 0 4.91
straight gyrus of right frontal lobe 9 24 -21 0 3.64
left posterior superior temporal 
gyrus

-48 -54 19 0 3.71

straight gyrus of left frontal lobe -5 26 -15 0 3.29
right superior frontal gyrus 20 65 6 0.001 3.18
right external capsule of insular 
lobe

30 11 -3 0.001 3.10

left parietal lobe -38 -73 40 0.001 3.07
left middle frontal gyrus -42 18 27 0.002 2.94
left occipital lobe -6 -84 10 0.002 2.81

statistically significant. The cluster-level statistical threshold 

was set at 20 for statistically significant difference between 

brain regions. Correlation of changes in white matter of 

different brain regions during aging and age was studied by 

multiple-regression analysis in SPM. Age was an indepen-

dent variable,2 and the volume of white matter was used as a 

dependent variable in regression analysis.

Results
sex-related differences in white matter 
volume by VBM
A total of 187 subjects – 92 males and 95 females – were 

included in the study. Their mean age was 47.2 (range 20–78) 

years. The baseline and demographic data of the study sub-

jects are shown in Table 1. There was no statistical differ-

ence in education status (analysis of variance, P=0.077) or 

sex (χ2 test, P=0.490) among the three groups. Sex-related 

white matter volume of brain regions are shown in Table 2 

and Figure 2. Overall, females showed significantly greater 

total white matter volume than males (t=2.36, P=0.0096, FDR 

corrected). Females showed greater white matter volume in 

the medulla oblongata, pons, bilateral crus cerebri, bilateral 

medial temporal gyrus, bilateral anterior lobe of the cere-

brum, bilateral superior frontal gyrus, orbital gyrus of the left 

frontal lobe, bilateral parietal lobe, and genu of the cingulate 

gyrus. Males showed greater white matter volume of the 

bilateral posterior lobe of the cerebellum, bilateral external 

capsule of the insular cortex, bilateral straight frontal gyrus, 

and bilateral parietal lobe.

age-related differences in white matter 
volume by VBM
VBM demonstrated statistically significant age-related differ-

ences in white matter volume between the young age-group 

and the middle age-group (P,0.05, FDR corrected). Age-

related white matter volumes of brain regions are shown in 

Table 3 and Figure 3. Middle-aged subjects showed greater 

white matter volume than young subjects in the bilateral straight 

frontal gyrus, bilateral precentral gyrus, bilateral corona radiata, 

bilateral anterior limb of the internal capsule, right external 

capsule, right middle cerebellar peduncle, bilateral uncinate 

gyrus, bilateral lentiform nucleus, and right occipital lobe 

(P,0.001, uncorrected). Furthermore, the white matter volume 

of the corpus callosum peaked at the young age and remained 

stable, and apparent decline was observed after the subjects were 

70 years of age (Figure 3C). When uncorrected for multiple 

comparisons, female and male subjects showed significant dif-

ference in the left anterior and posterior lobe of the cerebellum, 

bilateral corona radiata, pons, left occipital gyrus, and genu of 

the corpus callosum (Figure 4 and Table 4). No interaction was 

found between age and sex on white matter volume in young 

and middle-aged subjects (P.0.05, FDR corrected).

VBM further revealed statistically significant age-related 

differences in white matter volume between the middle 

age-group and the old age-group (P,0.05, FDR corrected). 

Compared to middle-aged subjects, old subjects showed 

lower white matter volumes in bilateral medial and inferior 

temporal gyri, bilateral middle frontal gyri, left inferior fron-

tal gyrus, bilateral cerebra, and other brain areas, as shown 

in Table 5 and Figure 5. No interaction was found between 

www.dovepress.com
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Figure 2 White matter volume differences between female and male subjects.
Notes: Colored voxels show significantly different regions of interest between females and males. The numbers in the top left corner of each image indicate their position 
in the three-dimensional coordinate axis. The red color stands for female and blue stands for male. red indicates that females have higher white matter volume, and blue 
indicates that males have higher white matter volume. Data shown are after false-discovery rate correction.

Table 3 age-related white matter changes in brain regions between young adults and middle-aged adults by voxel-based 
morphometry

Brain region Coordinates (mm) P-value  
(uncorrected)

Z F

x y z

right lentiform nucleus 18 14 -11 0 6.56 51.48
right straight gyrus of the frontal lobe 11 30 -21 0 4.73 25.74
left lentiform nucleus -20 9 -6 0 5.02 29.04
left corona radiata -15 -6 21 0 5.01 28.95
left straight gyrus of the frontal lobe -5 29 -15 0 4.96 28.33
left precentral gyrus -35 -24 60 0 4.83 26.76
right precentral gyrus 36 -21 60 0 4.34 21.62
right middle cerebellar peduncle 15 -46 -23 0 4.30 21.25
left gyrus uncinatus -32 0 -29 0 3.93 17.76
right occipital lobe 26 -88 -9 0 3.45 13.80

age and sex on white matter volume in middle-aged and old 

subjects (P.0.05, FDR corrected). Statistically significant 

age-related differences in white matter volume were also 

noticed between the young age-group and the old age-group 

(P,0.05, FDR corrected). Compared to young subjects, old 

subjects showed lower white matter volumes in the bilateral 

frontal lobe, bilateral occipital lobe, and other brain areas, 

as shown in Figure 6 and Table 6. When not corrected for 

multiple comparison, females showed greater white matter 

volumes than males, including bilateral corona radiata, left 
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Figure 3 White matter volume changes between middle-aged adults and young adults.
Notes: (A) Different brain-area perspectives, statistical parametric mapping (sPM) results: height threshold F=7.499704 (P,0.05 [FDr]), extent threshold k=20 voxels; and 
(B) 3D brain mapping show main effect of age on white matter volume changes. Data shown are after false-discovery rate (FDr) correction. (C) White matter volume of 
the corpus callosum and age. R2=0.070, P,0.039.

external capsule, right cingulate gyrus, posterior limb of the 

left internal capsule, bilateral parahippocampal gyrus, and left 

middle frontal gyrus (Figure 7 and Table 7). No interaction 

was found between age and sex on white matter volume in 

young and middle-aged subjects (P.0.05, FDR corrected).

correlation of white matter volume 
and age
Logistic regression analysis use age2 as an independent 

variable and total white matter volume as a dependent vari-

able and total intracranial volume as a covariate revealed 

nonlinear correlation between total white matter volume and 

age (R2=0.124, P,0.001) (Figure 8). White matter volume 

gradually increased before 40 years of age, peaked around 

50 years of age, and rapidly declined after 60 years of age. 

When age or age2 were used as an independent variable and 

the white matter volume of each ROI used as a dependent 

variable, logistic regression analysis showed a nonlinear 

squared correlation between the white matter volume of most 

ROIs and age, particularly the white matter volume of the 

frontal lobe (R2=0.13, P,0.001) (Table 8 and Figure 9). No 

significant correlation was observed between the white mat-

ter volume of bilateral cerebri, midbrain, pons, and medulla 

oblongata and age.

www.dovepress.com
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Figure 4 sex-related white matter volume changes between young adults and middle-aged adults.
Notes: This figure reflects the comparison between middle-aged adults and young adults. When multiple alignment is not performed, age is treated as a covariant, and by 
comparing two groups (male group and female group), the results show the main effects of sex differences. colored voxels show that females have higher white matter 
volume. Data shown are before false-discovery rate correction.

Table 4 sex-related white matter changes between young and middle-aged adults by voxel-based morphometry

Brain region Coordinates (mm) P-value  
(uncorrected)

Z F

x y z

left anterior lobe of cerebellum -11 -63 -33 0 5.63 36.95
left corona radiata -36 -12 15 0 5.15 30.64
Pons -9 -13 -21 0 5.15 30.56
left posterior lobe of cerebellum -29 -60 -53 0 4.03 18.63
right corona radiata 20 -12 20 0 3.93 17.71
left middle occipital gyrus -30 -75 6 0 3.87 17.24
genu of corpus callosum -5 29 -3 0 3.7 15.82

Discussion
Structural changes may occur in multiple regions of the aging 

brain, leading to decline in neurocognitive function, which 

is manifested as decline in memory and executive function. 

Imaging studies by MRI and other techniques show that 

degenerative changes in the white matter are an important 

contributor to brain aging. It has been shown that compared 

to younger persons, elderly persons show apparent reduction 

in brain volume, with a 3% decrease in gray-matter volume 

and an 11% reduction in white matter volume, mainly in the 
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Figure 5 age-related white matter volume changes between middle-aged adults and old adults.
Notes: colored voxels show that middle-aged adults have higher white matter volume. Data shown are after false-discovery rate correction.

Table 5 age-related white matter changes between middle-aged and old persons by voxel-based morphometry

Brain region Coordinates (mm) P-value  
(uncorrected)

Z F

x y z

Medial gyrus of left temporal lobe -24 -36 0 0 5.72 39.8

Medial gyrus of right temporal lobe 26 -34 1 0 5.61 38.16

left thalamus -20 -19 -2 0 5.21 32.54

left posterior lobe of cerebellum -32 -46 -48 0 5.09 30.86

left anterior cingulate gyrus -16 30 29 0 4.19 20.89

Medulla oblongata 5 -51 -63 0 3.99 18.68

right posterior cingulate gyrus 15 -58 26 0 3.04 11.09

right frontal lobe 29 -43 28 0.002 2.86 9.91

right inferior temporal gyrus 42 -60 -6 0.003 2.75 9.22

www.dovepress.com
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Figure 6 White matter volume changes between young adults and old adults.
Notes: (A) Different brain-area perspectives, statistical parametric mapping (sPM) results: height threshold F=8.949160 (P,0.05 [FDr]), extent threshold k=0 voxels; and 
(B) 3-D brain mapping show main effect of age on white matter volume changes. Data shown are after false-discovery rate (FDr) correction.

Table 6 age-related white matter changes between young and old persons by voxel-based morphometry

Brain region Coordinates (mm) P-value  
(uncorrected)

Z F

x y z

right frontal lobe 18 12 -11 0 6.54 57.21
left anterior limb of internal capsule -9 12 3 0 6.03 47.10
left middle frontal gyrus -5 24 -17 0 3.84 17.64
left posterior limb of internal capsule -17 -21 1 0 5.79 42.79
left temporal lobe -23 -36 0 0 5.2 33.57
right posterior limb of internal capsule 12 -18 3 0 5.05 31.47
splenium of corpus callosum 3 -21 18 0 4.26 21.85
anterior cingulate gyrus -17 30 28 0 4.21 21.27
right occipital lobe 54 -48 -6 0 4.17 20.86
left postcentral gyrus -33 -16 64 0 4.16 20.76

frontal lobe and corpus callosum.10 White matter volume 

increases before the age of 50 years, and significantly declines 

after the age of 60 years.11,12 Changes in white matter volume 

differ by brain regions during aging. Schmidt et al13 found that 

white matter changes occur prior to reduction in brain volume 

in cognitively normal elderly persons. The current study used 

the VBM approach to delineate age-related changes in white 

matter volume in cognitively normal adults, and demonstrates 

widespread age-related differences in multiple regions of the 

human brain. Compared to young subjects, old subjects had 

markedly lower white matter volumes in multiple ROIs of 

the brain, such as the frontal lobe, the internal capsule, the 

splenium of the corpus callosum, the occipital lobe, and the 

left temporal lobe. This is partially consistent with findings 

by Giorgio et al,14 who demonstrated a linear negative 

association of white matter volume with advancing age in 

various brain regions like the internal capsule. We further 

demonstrated that changes in white matter volume occur early 

in the process, as middle-aged subjects showed significantly 

higher white matter volume than young subjects in multiple 

regions of the brain.

It remains inconclusive whether white matter volume cor-

relates with age, though studies have demonstrated brain atro-

phy in the aging brain.15,16 Our findings were that white matter 

volume of multiple ROIs of the brain changes with age and 

correlates with age, showing an inverse U-shaped curve. Our 

study reveals that white matter volume peaks around 50 years 

of age and starts a gradual decline thereafter. The reduction 
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Table 7 sex-related white matter changes between young and old persons by voxel-based morphometry

Brain region Coordinates (mm) P-value  
(uncorrected)

Z F

x y z

left corona radiata -36 -12 15 0 4.37 22.98
right parahippocampal gyrus 20 -34 -3 0 3.73 16.64
left crus cerebri -21 -21 -8 0 3.33 13.33
right cingulate gyrus 18 -1 39 0 3.46 14.34
right corona radiata 21 -9 24 0.001 2.99 10.89
left middle frontal gyrus -36 44 -9 0.001 3.13 11.84

Figure 7 sex-related white matter volume changes between young adults and old adults.
Notes: When multiple alignment is not used and age is used as a covariant, results show in two groups (male group and female group) that red means female have bigger 
white volume and blue means male have bigger white volume. colored voxels show that females have higher white matter volume. Data shown are before false-discovery 
rate correction.
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Table 8 correlation of age and white matter volume by region 
of interest (rOi) and sex

ROI Parameter

R2 P-value

Female
right Frontal lobe 0.100 0

Parietal lobe 0.064 0.043
Temporal lobe 0.086 0.016
Occipital lobe 0.096 0.010

left Frontal lobe 0.073 0.093
Parietal lobe 0.066 0.043
Temporal lobe 0.078 0.024
Occipital lobe 0.091 0

Male
right Frontal lobe 0.13 0.002

Parietal lobe 0.073 0.045
Temporal lobe 0.093 0.013
Occipital lobe 0.119 0.004

left Frontal lobe 0.107 0.007
Parietal lobe 0.084 0.020
Temporal lobe 0.097 0.011
Occipital lobe 0.095 0
corpus callosum 0.041 0.021

Figure 8 scatter plots and simple nonlinear regressions (quadratic, cubic) of white 
matter volume (WMV) on age for the whole white matter.

in white matter volume is accelerated in a squared equation, 

which is consistent with findings by other investigators.15,17 

Unlike the correlation of gray-matter volume and age, 

there have been controversies in reports on the correlation 

of white matter volume and age. One study indicated that 

white matter volume in persons 70 years of age was only 

reduced by approximately 6% compared to persons 30 years 

of age, but declined by as much as 25% in persons 80 years 

of age.18 Shankar19 found that white matter volume was on 

the rise before the age of 40 years and thereafter declined 

at an annual rate of 0.5%, which was accelerated after  

70 years of age. Another study showed a peak of white matter 

volume around the age of 40 years, which started to decline in 

a squared equation after 50 years of age.20 Some other stud-

ies, however, found no apparent correlation between white 

matter volume and age,21 a negative correlation between 

white matter volume and age,22 or focal reduction of white 

matter volume with age.23

Our VBM revealed that the bilateral frontal lobe and bilat-

eral temporal lobe were the earliest brain regions to manifest 

reduction in white matter volume, while the occipital lobe 

was the last brain region to show changes in white matter 

volume. This is consistent with the asynchrony of white 

matter development. The white matter in humans exhibits 

spatiotemporal heterogeneity in its development, and myeli-

nation differs temporally across brain regions. Myelination 

occurs last in the frontal lobe, while it starts earlier in the 

occipital lobe. In the frontal lobe, the myelin sheath is thinner 

and the repair mechanism less efficient, and oligodendrocytes 

are prone to metabolic insults. Therefore, the bilateral frontal 

lobe is the most vulnerable region in the brain, while the 

occipital lobe shows slower decline in white matter volume. 

We also found that the white matter volume of the corpus 

callosum peaked at young age and remained stable until 70 

years of age, when it started apparent decline. The splenium 

and genu of the corpus callosum showed noticeable reduc-

tions in white matter volume in old persons. Our findings 

indicate that different brain regions show uneven changes 

in white matter volume. Future studies tracking white matter 

volume changes over time may be required to delineate the 

spatiotemporal pattern of white matter volume changes.

Sex-related white matter changes associated with aging 

remain ill defined. Several studies have shown that changes in 

white matter volume did not correlate with sex.24,25 Allen et al15  

found that males showed greater correlation of total white 

matter volume with age than females. Another study revealed 

that females had apparently higher total white matter volume 

than males, while males had higher white matter volume in 

focal regions compared to females.21 The current study found 

that females showed markedly higher white matter volume in 

multiple brain regions, including the parietal lobe, bilateral 

medial temporal gyri, left occipital lobe, and bilateral anterior 

lobes of the cerebrum. Our findings are not consistent with 

Voineskos et al, who found that females had greater reduction 

in white matter volume of the parietal lobe.26 It was found that 

males had more marked atrophy of the temporal lobe than 

females during aging.27 Brain metabolism shows sex-related 

difference in certain brain regions, such as the temporal lobe, 
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the parietal lobe, and the cerebrum,28 but no study has been 

done to characterize sex-related differences in white matter 

volume during aging. It remains undefined if sex plays a role 

in white matter volume changes during aging.

Age-related white matter changes first occur in the frontal 

lobe and the precentral and postcentral sulci. These brain areas 

are associated with memory, cognition, and sensation. As one 

ages, the temporal lobe, especially the hippocampus, begins 

to show age-related changes, leading to impaired memory. 

Deeper brain structures like the brain stem that are related 

to basic life activities do not exhibit apparent age-related 

changes, or age-related changes develop much later in life. The 

relation between white matter changes and neuropsychiatric 

disorders has been pursued by investigators. For example, 

white matter changes have been documented during transition 

of the prodromal phase of schizophrenia.29 Wright et al inves-

tigated 50 schizophrenia patients by diffusion tensor imaging, 

and observed a significant age-related decline in white matter 

blood perfusion.30 Reppermund studied 381 subjects aged 

between 72 and 92 years, and found that reduced white mat-

ter integrity was associated with late-life depression.31 They 

showed that white matter changes in the superior frontal gyrus, 

posterior thalamic radiation, superior longitudinal fasciculus, 

and body of the corpus callosum predicted depression at 

follow-up. Our current study also demonstrated age-related 

changes in these brain regions. It is worthwhile to explore the 

relation between age-related white matter changes and the risk 

of neuropsychiatric disorders in future studies.

Studying changes in white matter volume that occur in 

the normal brain with aging is important for understanding 

the mechanisms leading to these changes, and for better 

Figure 9 Plots of white matter volume (WMV) versus age (including best-fit regression lines).
Notes: (A) Frontal lobe; (B) occipital lobe.

characterization of neurodegenerative disorders whose 

risk increases with advancing age. However, there are 

apparent limitations for the use of VBM for studying white 

matter volume changes. The white matter lacks features to 

yield consistency in registration, and there is also a lack 

of uniform standards for measuring white matter volume, 

rendering comparison across studies difficult. The findings 

of the current study may also differ from those of earlier 

studies, because these studies may have used different 

methods, such as diffusion tensor imaging or (because 

of the differences in segmentation) smoothing and con-

struction of models from smoothed images. Nevertheless, 

cerebral aging is a complex and heterogeneous process 

that is associated with a high degree of interindividual 

variability. Moreover, our population was highly selected, 

and may not represent the typical aging population, and 

the conclusions of the study should be interpreted with 

caution. Our study of a large cohort of cognitively normal 

subjects aged 20–78 years provided SPM of changes in 

white matter volume of ROIs of the brain and characterized 

the pattern of loss and preservation of brain regions during 

aging. We demonstrated significant age-related differences 

in changes in white matter volume across multiple brain 

regions during aging. These data suggest that the VBM 

approach may provide an emerging paradigm in the normal 

aging brain that may help in differentiating underlying nor-

mal neurobiological aging changes of specific brain regions 

from neurodegenerative impairments.
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