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Abstract

Objectives—To analyze the mechanical properties in different regions of the brain in healthy 

adults in a wide age range: 26 to 76 years old.

Methods—We used a multifrequency magnetic resonance elastography (MRE) protocol to 

analyze the effect of age on frequency-dependent (storage and loss moduli, G’ and G”, 

respectively) and frequency-independent parameters (μ1, μ2 and η, as determined by a standard 

linear solid model) of the cerebral parenchyma, cortical gray matter (GM), white matter (WM) and 

subcortical GM structures of 46 healthy male and female subjects. The multifrequency behavior of 

the brain and frequency-independent parameters were analyzed across different age groups.

Results—The annual change rate ranged from −0.32% to −0.36% for G’ and −0.43% to −0.55% 

for G” for the cerebral parenchyma, cortical GM and WM. For the subcortical GM, changes in G’ 

ranged from −0.18% to −0.23%, and G” changed −0.43%. Interestingly, males exhibited decreased 

elasticity, while females exhibited decreased viscosity with respect to age in some regions of 

subcortical GM. Significantly decreased values were also found in subjects over 60 years old.

Conclusion—Values of G’ and G” at 60 Hz and the frequency-independent μ2 of the caudate, 

putamen and thalamus may serve as parameters that characterize the aging effect on the brain. The 

decrease in brain stiffness accelerates in elderly subjects.
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Introduction

Protected by the skull, the human brain is an organ that is not accessible via palpation. 

Conventional neuroimaging techniques, including computed tomography (CT) and magnetic 

resonance imaging (MRI), can accurately characterize the morphologic features of the brain 

but do not typically provide information on the mechanical properties of the brain.

Elastography is an emerging technique to noninvasively measure the mechanical properties 

of soft tissues located deep in the human body [1]. Elastography together with phase-

contrast MRI, known as magnetic resonance elastography (MRE) [2,3], can noninvasively 

measure the mechanical properties of brain tissue [4–7]. A number of studies have reported 

the storage and loss moduli (G’ and G”, respectively), which are typical measurements of 

the mechanical properties of the brain, in healthy subjects and in patient groups [4,7–11]. In 

some studies, the results were reported as the shear stiffness and damping ratio, which are 

also calculated based on values of G’ and G” [12–14]. Typically, these research studies used 

a frequency of vibration at 60 Hz; however, some used different frequencies, ranging from 

25 Hz to 62.5 Hz [15]. The reported results are heterogeneous. It is extremely difficult to use 

existing literature data from different studies to evaluate age dependence because the results 

are dependent on the particular measurement method, reconstruction algorithm and 

symmetry assumptions of each study. The frequency-dependent features of the storage and 

loss moduli also cause heterogeneity in the results [4,16].
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One approach that has been proposed to overcome this limitation is to use a multifrequency 

MRE protocol, apply a viscoelastic model and extract frequency-independent parameters to 

describe the mechanical properties of the brain tissue [15,17–20]. By using such a model, 

the resulting parameters describing viscoelastic properties are frequency-independent, 

facilitating direct comparisons across different research groups and adding to our 

understanding of the mechanical properties of the brain.

Variations in the viscoelastic properties of the brain have been observed in different age 

categories and in different anatomical regions of the brain by previous MRE studies. The 

stiffness of the brain and its lobes decreased continuously with age [9,11,15,21]. The 

evolution of the viscoelastic properties of the brain varies with age for different anatomical 

regions. For instance, subcortical gray matter, such as the caudate and putamen, is 

significantly stiffer in adolescents than in adults, while the hippocampus and amygdala are 

softer [12–14]. These differences may relate to different developmental states of brain 

structures [22,23]. The viscoelastic properties of the subcortical gray matter remain a hot 

topic, which was not specifically focused on previously or analyzed only with single-

frequency MRE protocols but without frequency-independent parameters.

In this study, we used a multifrequency MRE protocol [24–26] to analyze the mechanical 

properties in different regions of the brain in healthy adults for a wide range of ages.

Subjects and Methods

Subjects

This study was approved by our local ethics committee. Written informed consent was 

obtained from all subjects prior to enrollment. A sample size calculation determined that at 

least 37 subjects were required in the study to have 80% power, assuming a Pearson 

correlation coefficient (r) of 0.4, and testing with a one-sided 95% confidence interval (CI). 

The calculation was based on the “pwr” package (version 1.2–2) in R Software (version 

3.6.1, Stata Corp).

A total of 46 healthy subjects (22 males, 24 females) ranging from 26 to 76 years old were 

enrolled and included in this study. Subjects with a history of neurological or psychiatric 

disorders, head trauma, stroke, brain tumor, or claustrophobia were excluded.

Data acquisition

MRI data were acquired using a published and fully applied multifrequency MRE protocol 

[20,24,25] on a 3T scanner (General Electric 750, GE Healthcare) with a 32-channel phased 

array coil. Subjects were scanned in a supine position. The following sequences were 

acquired: (1) high-resolution structural images using the 3D-BRAVO sequence: 196 slices, 

field of view=24×24 cm, TR/TE=9.3/3.7 ms, TI=400 ms; matrix=256×256, and flip 

angle=13°, and (2) MRE data using a two-dimensional echo planar imaging (EPI) pulse 

sequence [27]: 48 transverse slices, slice thickness=3 mm, field of view=24×24 cm, TR/TE= 

2000 ms/min full (e.g., frequencies of vibration/TE=40 Hz/74.5 ms, 60 Hz/62.0 ms, 80 Hz/

51.6 ms, and 90 Hz/59.2 ms)(TE should change by changing the MRE frequency so it 

should not be the same for all actuation frequencies), matrix 128×128, and motion encoding 
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gradient (MEG) strength=35 mT/m. Shear waves were generated by an activation pillow 

developed and provided by the Mayo Clinic (Mayo Clinic) and excited by a remote acoustic 

active driver. The activation pillow was placed underneath the subject’s head and induced 

skull vibrations, thus transmitting shear waves inside the brain. According to the protocol, 

vibration frequencies for the activation pillow were set as 40 Hz, 60 Hz, 80 Hz and 90 Hz 

[20,24,25]. We performed algebraic direct inversion without phase unwrapping by following 

the methods presented in previous studies. The total scan time was approximately 25 

minutes per subject.

Data processing

Anatomical reconstruction and segmentation

We applied an automated, region-specific parameter extraction tool (Simpleware, Synopsys 

https://www.synopsys.com/simpleware.html) to register the brain of each subject to a widely 

used atlas. Briefly, we utilized the SPM 12 software package and registered high-resolution 

structural images of each subject to the Montreal Neurological Institute (MNI152) template. 

The MRE results of the same subject were also registered to his or her corresponding 

reference structural images. Gray matter (GM), white matter (WM) and cerebrospinal fluid 

(CSF) areas and subcortical GM structures (including the bilateral amygdala, hippocampus, 

caudate, putamen, pallidum and thalamus) were automatically segmented using the 

automated anatomical labeling (AAL) atlas [29]. The frequency-dependent and frequency-

independent MRE parameters were calculated and recorded only for the voxels in either 

gray or white matter or in both. Voxels containing any CSF were removed.

Frequency-dependent parameters: storage and loss moduli

A two-dimensional direct inversion technique was applied to calculate the elastograms from 

the MRE data [30]. Frequency-dependent parameters included storage and loss moduli (G’ 

and G”, respectively; the formulas for G’ and G” are listed below) [4]. G’ is the real 

component of the shear modulus. It is a measure of the restoration of mechanical energy and 

describes the elastic behavior of the brain. G” is the imaginary component of the shear 

modulus. It describes the viscous behavior of the material by measuring the energy 

dissipation in tissue as a result of the mechanical friction inherent to the material [4]. Both 

G’ and G” values for each cerebral subcortical GM region were recorded for all four 

activation frequencies.

G′ = μ1 +
μ2η2ω2

μ22 + η2ω2 G″ =
μ22ηω

μ22 + η2ω2

Frequency-independent parameters: μ1, μ2 and η

We applied a standard linear solid model to calculate frequency-independent material 

properties [20,24]. Previous studies demonstrated that among different linear viscoelastic 

material models, the standard linear solid model represented the brain responses in the 

frequency ranges included in this study the best, along with the Maxwell model. This study 

also checked optimization bias by considering a 3-parameter model and confirmed that the 

Lv et al. Page 4

Eur Radiol. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.synopsys.com/simpleware.html


Bayesian information criterion was still the lowest for the standard linear solid model. 

Briefly, the standard linear solid model consists of a spring with an elastic shear stiffness μ1, 

as well as a parallel arranged spring and damper with a viscoelastic shear stiffness μ2 and 

viscosity η, respectively. This model yields the following complex shear modulus G in the 

frequency domain:

G =
μ1μ2 + iωη μ1 + μ2

μ2 + iωη

In our study, the four activation frequencies, ω, were set to 40, 60, 80 and 90 Hz. The trends 

of the storage and loss moduli at extreme frequency values are such that the storage modulus 

is G’ = μ1 for frequencies ω → 0 and G’ = μ1 + μ2 for frequencies ω → ∞ [31]. The loss 

modulus G” is the highest with the frequency ω associated with the inverse relaxation time 

μ2/η. Based on this model, we calculated μ1, μ2 and η for the different brain regions of 

interest. Quality controls were ensured as in previous studies [20,24,25].In brief, we have 

checked confidence maps provided by the MRE sequence and used a 80% threshold in each 

case. Consequently, we have excluded regions and voxels that fall outside of this confidence 

range.

Statistical analysis

The demographic data of the enrolled subjects were recorded and summarized. Brain 

volume changes were measured as a function of age. Frequency-dependent (storage moduli 

G’ and loss moduli G”) and frequency-independent (μ1, μ2 and η) parameters were 

calculated for each activation frequency. We calculated the values in the ① cerebral 

parenchyma (including all of the GM and WM, excluding CSF), ② cortical GM, ③ WM 

and ④ subcortical GM as a whole. We then recorded the value of each region of interest 

(ROI) in the subcortical GM (⑤ hippocampus, ⑥ amygdala, ⑦ caudate, ⑧ putamen, ⑨ 
pallidum and ⑩ thalamus). We averaged the values on the right and left sides together, since 

they were not significantly different. The voxels used for consideration in the ROIs for the 

various structures were only those that contained gray or white matter; voxels that contained 

CSF were excluded. Since the ratio of G”/G’ is quantitatively related to the fluid-to-solid 

fractional composition, we calculated this ratio in the ROIs mentioned above. We also 

developed mixed linear models to estimate multifrequency data, including confounding 

variables such as age and sex. Mixed linear models were performed using R Software 

(version 3.6.1, Stata Corp).

Correlation and linear regression analyses were conducted to determine the changes in 

frequency-dependent and frequency-independent MRE parameters as a function of age for 

the ten ROIs. Since viscoelastic mechanical properties may be affected by brain volume, 

corresponding brain volumes were used as covariates. All calculations were performed using 

SPSS 16.0 software (SPSS, Inc.). The level of significance was set as P<0.05. The R2 values 

for the linear regression models for subcortical GM ROIs were reported. For the linear 

regression, the standard deviations were used as a weighting parameter. Furthermore, we 

compared the differences in these representative values among age groups (20–39, 40–59, 
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over 60 years old) by using one-way analysis of variance (ANOVA) with a least significant 

difference (LSD) post hoc test. Thresholds were set at P<0.05.

Results

Subject population

Forty-six healthy adult volunteers ranging from 26 to 76 years old were recruited and 

enrolled in this study (mean age 47.0 years, standard deviation (SD) 16.1 years; 22 males, 

age range 26 to 76 years, 46.4±17.0 years; 24 females, age range 26 to 72 years, 47.6±15.5 

years). Details about the subjects are listed in Table 1.

Changes in brain volume with respect to age

Table 2 shows the expected decrease in whole cerebral parenchyma, cortical GM, WM and 

subcortical GM volumes with age. We observed a loss of 2.59 cm3/year of whole cerebral 

parenchyma tissue (R2=0.17, P=0.004) and a loss of 2.03 cm3/year of cortical GM tissue 

(R2=0.30, P<0.001). Volume changes in the WM and the whole subcortical GM regions 

were not statistically significant.

Changes in brain mechanical properties with respect to age

Supplementary Table 1 lists the brain mechanical properties of the different brain regions in 

the group of all subjects, males and females. In general, the values of G’, G”, μ1 and μ2 were 

higher in females than in males. However, there was no statistical significance among the 

sexes. The results were further analyzed by linear regression to assess the relationship 

between the mechanical properties of the brain and age. Brain volume was normalized for 

calculation. Changes in the mechanical properties of the brain with respect to age were 

analyzed in cerebral parenchyma, cortical GM, WM and subcortical GM regions 

(Supplementary Table 2). All of the frequency-dependent and independent parameters of the 

cerebral parenchyma, cortical GM and WM showed strong negative correlations with age. 

The changes in frequency-dependent parameters showed a stronger correlation with age (R2 

up to 0.66 in all subject groups); changes in frequency-independent parameters showed a 

weaker correlation with age (R2 up to 0.50). However, for the subcortical GM, only the 

storage modulus at 60 Hz and 80 Hz, the loss modulus at 60 Hz, μ2 and η were significantly 

correlated with age. The R2 values ranged from 0.09 to 0.21 for results with statistical 

significance. The R2 values were higher in most cases when divided by sex, indicating that 

changes in the mechanical properties were different in males and females.

Absolute annual changes in G’ and G” values as well as the G”/G’ ratio were higher when 

the activation vibration frequency was higher (Figure 1a), but the annual change rates were 

relatively similar for all frequencies. The annual percentage change rates ranged from 

−0.32% to −0.36% for G’ and from −0.43% to −0.55% for G” for the cerebral parenchyma, 

cortical GM and WM. The annual percentage change rates for subcortical GM ranged from 

−0.18% to −0.23% for G’ and from −0.21% to −0.43% for G”. Figure 1b roughly shows the 

effect of age on the values of G’ and G”. The average annual percentage change rate of the 

G”/G’ ratio was −0.18% for cortical GM, −0.16% for subcortical GM and −0.13% for WM. 
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The results of mixed linear model analysis showed that different frequencies give 

significantly different results (Supplementary Table 4).

Changes in mechanical properties with respect to age differed in different subregions of the 

subcortical GM (Supplementary Table 5). For all subjects, mechanical parameters in the 

hippocampus, amygdala and globus pallidum were relatively stable with age. In contrast, 

several mechanical parameters varied with age in the caudate nucleus, putamen and 

thalamus. Mainly, the viscoelastic parameters were G’ at 60 Hz, 80 Hz, 90 Hz, and G” at 60 

Hz, 80 Hz, μ2 and η. The corresponding complex moduli linearly decreased with age from 

−0.22% to −0.73% per year, with R2 ranging from 0.09 to 0.34 (P<0.05). Differences were 

also identified in males and females. (Supplementary Tables 2, 3, and 5). The average annual 

percentage change rates in females were lower than those observed in males in most of the 

analyzed brain regions. Interestingly, significant results were identified in G” at 60 Hz in the 

hippocampus and amygdala and at 80 Hz in the caudate nucleus, putamen, and globus 

pallidum in females but not in males. There were no significant changes in the G”/G’ ratio in 

subregions of the subcortical GM.

The results with the most prominent R2 in the subcortical GM were the G’ of the putamen at 

60 Hz, the G” of the caudate and thalamus at 60 Hz, and the μ2 of the caudate and thalamus. 

Significant differences in these five mechanical properties were also found among age 

groups (Figure 2). Specifically, decreased mechanical properties in subjects over 60 years 

old were statistically significant. In contrast, there were no significant differences between 

subjects under 59 years of age.

Discussion

MR elastography results are influenced by the activation vibration frequency. Indeed, almost 

all biological tissues display frequency-dependent viscoelastic behavior. The activation 

frequency can be set at a wide range from almost 20 Hz to 100 Hz. In previous studies, the 

activation frequency for MRE of the brain was often set at 50 or 60 Hz [9,11–15]. It has 

been demonstrated that the shear modulus increases when the vibration frequency increases 

[15,17,18,20,25]. In addition, different measurement methods, reconstruction algorithms and 

symmetry assumptions of different research groups make cross-study comparisons 

challenging. Recently, multifrequency MRE protocols have been reported [20,24–26] to 

extract frequency-independent parameters to characterize the mechanical properties of the 

brain. In this study, we used one such multifrequency MRE protocol [20]. Using this 

protocol, we present a detailed characterization of the viscoelastic mechanical properties 

(frequency-dependent parameters, G’ and G”; frequency-independent parameters, μ1, μ2 and 

η) of different regions in a group of healthy adults with a wide range of ages. The 

multifrequency behavior of the brain as well as the directly comparable frequency-

independent values can be analyzed using this protocol. Importantly, the frequency-

independent parameters may serve as standardized baseline values that facilitate direct 

comparison across results from different research groups. These parameters might also be 

used for specific clinical applications, i.e., acquiring data from patients with brain tumors to 

avoid an overlap of frequency-dependent parameters between different tumor types [16].
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In this study, we observed similar changes in the mechanical properties of the brain with 

respect to age compared to previously published articles [9,11,15,21]. We observed similar 

annual changes and a similar ratio of G’ and G” in the whole brain at a vibration frequency 

of 60 Hz, as well as similar changes in frequency-independent parameters when applying the 

same viscoelastic model [15]. Interestingly, the G”/G’ ratio changes were similar in both 

cortical and subcortical GM (−0.18%, −0.16%, respectively) but different in WM (−0.13%), 

indicating different patterns of fluid-to-solid fractional composition alteration over age. 

Specifically, our research focused on the effect of aging on the viscoelastic mechanical 

properties of the subcortical GM and different subregions of the subcortical GM 

(hippocampus, amygdala, caudate, putamen, pallidum, thalamus) in vivo. The application of 

an automatic, region-specific parameter extraction tool ensured the quality of the study 

results.

We found the brain volume decreased by 0.24% per year, which is consistent with previous 

studies [21]. The results of viscoelastic mechanical properties may be affected by the 

decreased brain volume. To exclude this confounding factor, we added the brain volume as a 

covariate in the linear regression models. After adjusting for brain volume loss with age, we 

found that the absolute changes in G’ and G” of the cerebral parenchyma, cortical GM, WM 

and subcortical GM regions increased with increasing vibration frequency. However, 

interestingly, the annual percentage change rates were relatively similar for all frequencies. 

The viscoelastic properties of the brain varied depending on the anatomical region, including 

the different regions of the subcortical GM, which was the original focus of our study. 

Interestingly, the annual change rates (%) were relatively similar for all frequencies. This 

indicates that the decrease in mechanical properties may be a stable value that can reflect 

changes in the brain more objectively.

Overall, the subregions of the subcortical GM showed decreasing frequency-dependent or 

frequency-independent values with age, which was also observed in a recently published 

study [11]. The values of the amygdala, hippocampus and pallidum mainly varied with age, 

while parameters of the caudate, putamen and thalamus showed a stronger correlation with 

age. Recently, it was reported that the amygdala and hippocampus exhibited separate 

stiffness and damping ratio patterns among subcortical GM subregions in an adolescent 

group [12]. Relatively higher standard deviations of stiffness and damping ratio values for 

the amygdala, hippocampus and pallidum were also observed in adults [12,13], which may 

additionally decrease the correlation and regression significance. The subregions of the 

subcortical GM for which changes in mechanical properties were the most correlated with 

age were the caudate, putamen and thalamus. The parameters that showed the highest 

correlation were G’ and G” at 60 Hz, as well as frequency-independent μ2. These values and 

their changes in the caudate, putamen and thalamus may serve as objective parameters that 

can be compared between healthy subjects and patient groups. Additionally, the results 

indicated that changes in the mechanical properties were different in males and females. 

Interestingly, for different regions of subcortical GM, the results with significance were 

identified in one sex but not another. This also indicated that males are characterized by 

decreased elasticity, while females exhibit decreased viscosity corresponding with age in 

some regions of subcortical GM. In addition, we found that the average changes in the 

annual rates were lower in females than in males in most of the analyzed brain regions.
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Most of these mechanical properties were significantly lower between subjects over 60 years 

old and subjects between 40–59 years old. In contrast, there were no significant differences 

between subjects under 59, as shown in Figure 2. This may indicate that the decrease in 

brain stiffness is accelerated in elderly subjects.

A good understanding of the natural evolution of the viscoelastic properties of the brain is 

necessary to identify and interpret changes observed in pathological conditions, i.e., to 

differentiate a change that is expected in the patient’s age group versus a pathological 

change [32–38]. For instance, Streitberger et al. found that the elasticity of the white matter 

and of the thalamic regions in patients with neuromyelitis optica was significantly reduced 

[35]. Decreased viscosity in the hippocampus was observed in an animal model of 

Alzheimer’s disease [32]. This may be due to different patterns of demyelination, 

cytoskeletal crosslinking and axonal organization in normal aging and pathological changes 

[7,39]. This understanding may increase our comprehension of the frequency-dependent 

response of the human brain [40,41].

There are several limitations. First, the imaging quality of the recently developed 3D MRE is 

supposed to be superior to that of the 2D MRE used in this study. It would be valuable to 

assess signal-to-noise or phase-to-noise ratios to ensure imaging quality.

A frequency of 90 Hz was one of the vibration options. Waves at 90 Hz may not penetrate 

deep enough to the center of the brain. Frequency-independent parameters may be more 

vulnerable to noise since they require two sets of calculations. It is necessary to measure 

their repeatability in subsequent studies.

The linear regression results may not fully characterize the features of change over age. 

Theoretically, the influence of aging should be studied longitudinally with the same subjects. 

Subjects younger than 26 years old are needed in further studies since the influence of age 

on the mechanical properties of the brain is particularly important in teenagers [42].

In conclusion, we used a multifrequency MRE protocol to assess the changes in the 

mechanical properties of the brain with age. We found different types of changes in different 

subregions of the subcortical GM in males and females. Values of G’, G” at 60 Hz and 

frequency-independent μ2 of the caudate, putamen and thalamus may serve as parameters to 

characterize the aging effects on the brain. The decrease in brain stiffness accelerates in 

elderly subjects. The frequency-independent parameters may serve as standardized baseline 

values that facilitate direct comparison across results from different research groups. Our 

research contributes to the understanding of the mechanical properties of the brain.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AAL automated anatomical labeling

ANOVA analysis of variance

CSF cerebrospinal fluid

CT computed tomography

G’ storage moduli

G” loss moduli

GE General Electric

GM gray matter

LSD least significant difference

MEG motion encoding gradient

MNI Montreal Neurological Institute

MRE magnetic resonance elastography

MRI magnetic resonance imaging

ROI region of interest

SD standard deviation

SEM standard error of the mean

WM white matter
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Key points

• We used a multifrequency MRE protocol to assess changes in the mechanical 

properties of the brain with age.

• Frequency-dependent (storage moduli G’ and loss moduli G”) and frequency-

independent (μ1, μ2 and η) parameters can be quantitatively measured by our 

protocol.

• The decreased value of viscoelastic properties due to aging varies in different 

regions of subcortical GM in males and females.

• The decrease in brain stiffness is accelerated in elderly subjects over 60 years 

old.
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Figure 1. The effects of vibration frequency and age on G’ (a) and G” (b).
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On the grayscale figures, the brighter the voxels, the higher the value of the results. It can be 

roughly discerned that the values of G’ and G” were higher when the activation vibration 

frequency was higher. The ages of the patients were 27, 51 and 72 years old, respectively. 

The values of G’ and G” also decreased with age.
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Figure 2. Linear regressions of the annual changes and differences among age groups of the 
subcortical GM mechanical properties.
The age-related decrease in brain viscoelasticity was most prominent in the caudate, 

putamen and thalamus, mostly revealed by values of G’ and G” at 60 Hz as well as μ2. 

Differences in the mechanical properties of these brain regions among age groups are also 

shown on the right side (ANOVA and post hoc, P<0.05). A: G” at 60 Hz in the caudate. B: 

Frequency-independent μ2 in the caudate. C: G’ at 60 Hz in the putamen. D: G” at 60 Hz in 

the thalamus. E: μ2 in the thalamus. G’, storage modulus; G”, loss modulus.
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Table 1.

Characterization of enrolled subjects.

Age Total number Gender (male/female) Years of age (all) Years of age (male) Years of age (female)

20–39 20 11/9 31.5±4.2 31.5±3.9 31.4±4.7

40–59 13 5/8 50.3±6.8 52.0±6.3 49.3±7.2

60+ 13 6/7 67.6±4.8 68.8±5.5 66.6±4.3
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Table 2.

Brain volume changes with age.

Average volume 
(cm3)

Annual 
changes 

(cm3)

95% CI of 
Annual Changes

Annual 
changes% R2 P Linear regression

Cerebral 
parenchyma

all 1020.1±100.7 −2.59 −4.324 to −0.858 −0.24 0.17 0.004* Y = −2.59*X + 1142.0

male 1086.2±83.2 −3.01 −4.810 to −1.205 −0.26 0.38 0.002* Y = −3.01*X + 1226.0

female 959.6±74.1 −1.81 −3.765 to −0.139 −0.18 0.14 0.07 Y = −1.81*X + 1046.0

Cortical GM

all 568.6±59.1 −2.03 −2.962 to −1.095 −0.32 0.30 <0.001* Y = −2.03*X + 663.5

male 603.4±52.1 −2.27 −3.229 to −1.311 −0.34 0.55 <0.001* Y = −2.27*X + 708.6

female 535.7±45.7 −1.59 −2.687 to −0.502 −0.27 0.29 0.006* Y = −1.59*X + 611.6

WM

all 409.3±42.9 −0.50 −1.305 to 0.288 −0.12 0.04 0.205 Y = −0.50*X + 433.2

male 437.8±33.6 −0.67 −1.539 to 0.193 −0.15 0.12 0.12 Y = −0.67*X + 469.0

female 383.3±33.0 −0.19 −1.124 to 0.749 −0.05 0.01 0.68 Y = −0.19*X + 392.2

Subcortical GM

all 42.7±3.6 −0.05 −0.121 to 0.012 −0.11 0.06 0.107 Y = −0.05*X + 45.3

male 45.1±3.5 −0.06 −0.156 to 0.027 −0.13 0.10 0.16 Y = −0.06*X + 48.1

female 40.6±2.1 −0.05 −0.105 to 0.107 −0.13 0.14 0.07 Y = −0.05*X + 38.2

Data are presented as mean ± SD. The level of significance was set as P<0.05.
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