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ABSTRACT
Aging and neurodegeneration impact structural brain integrity and can result in changes to behavior and cognition. Personality, a 
relatively stable trait in adults as compared to behavior, in part relies on normative individual differences in cellular organization of 
the cerebral cortex, but links between brain structure and personality expression have been mixed. One key finding is that personal-
ity has been shown to be a risk factor in the development of Alzheimer's disease, highlighting a structure–trait relationship. Magnetic 
resonance elastography (MRE) has been used to noninvasively study age-related changes in tissue mechanical properties because 
of its high sensitivity to both the microstructural health and the structure–function relationship of the tissue. Recent advancements 
in MRE methodology have allowed for reliable property recovery of cortical subregions, which had previously presented challenges 
due to the complex geometry and overall thin structure. This study aimed to quantify age-related changes in cortical mechanical 
properties and the relationship of these properties to measures of personality in an older adult population (N = 57; age 60–85 years) 
for the first time. Mechanical properties including shear stiffness and damping ratio were calculated for 30 bilateral regions of the 
cortex across all four lobes, and the NEO Personality Inventory (NEO-PI) was used to measure neuroticism and conscientiousness in 
all participants. Shear stiffness and damping ratio were found to vary widely across regions of the cortex, upward of 1 kPa in stiffness 
and by 0.3 in damping ratio. Shear stiffness changed regionally with age, with some regions experiencing accelerated degradation 
compared to neighboring regions. Greater neuroticism (i.e., the tendency to experience negative emotions and vulnerability to stress) 
was associated with high damping ratio, indicative of poorer tissue integrity, in the rostral middle frontal cortex and the precentral 
gyrus. This study provides evidence of structure–trait correlates between physical mechanical properties and measures of person-
ality in older adults and adds to the supporting literature that neurotic traits may impact brain health in cognitively normal aging.

1   |   Introduction

In the brain, changes to tissue structure and composition 
occur in both healthy aging and age-related neurodegenerative 

conditions. In the case of Alzheimer's disease, degradation in 
the brain is linked to functional impairments, such as memory 
dysfunction, and can lead to long term emotional and financial 
burden on the patient and caregiver(s) and increased strain on 
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the medical system (Mouton et al. 1998; Pini et al. 2016; Wilson 
et al. 2012). Standard imaging MRI techniques have been used 
to measure volume loss and cortical thinning as a method for 
studying aging and neurodegeneration in the brain (Fjell and 
Walhovd  2010; Lockhart and DeCarli  2014); however, these 
morphological measures are only indirectly related to the bio-
logical changes happening on the microstructural level that are 
not captured by standard techniques. This has created incon-
sistencies in apparent magnitude of age-related degradation and 
the location of where the most degradation is occurring (Fjell, 
Westlye, et al. 2009), highlighting the opportunity to study tis-
sue microstructural properties directly to provide increased 
sensitivity to early or more subtle changes with age. In the cor-
tex specifically, additional work is needed to study variation in 
age-related structural changes, especially given that individual 
cortical subregions are associated with specific behaviors, traits, 
and processes.

Personality is a unique set of traits that shape how a person adapts 
to life, encompassing their behavior, interests, values, cognitive 
patterns, and emotional tendencies. Previous studies have shown 
that personality traits are relatively stable, with only moderate 
changes across the lifespan, especially as children move into 
adulthood, but that they do not change significantly in middle 
age or beyond (Costa, McCrae, and Löckenhoff  2019; Debast 
et  al.  2014; Roberts and DelVecchio  2000; Terracciano, Costa, 
and McCrae 2006). Dimensions of personality, specifically neu-
roticism, have also been reported as risk factors for Alzheimer's 
disease, indicating possible microstructural level changes hap-
pening in associated regions well before detectable degenera-
tion occurs (Segerstrom  2020; Terracciano et  al.  2014). While 
the specifics regarding the association between personality and 
Alzheimer's disease are unknown, researchers hypothesize that 
either personality can create a predisposition for Alzheimer's 
disease through behavioral choices that create negative con-
sequences for brain health or that personality can create in-
flammation driving a pathoplastic response (Segerstrom 2020). 
Conscientiousness, one of the five major personality domains 
along with neuroticism, has also been linked to brain structure 
in the frontal lobe, particularly, the orbitofrontal and prefron-
tal cortices (Lewis et  al.  2018; Riccelli et  al.  2017). However, 
studies considering structure–trait relationships in the cortex to 
identify the neuroanatomical correlates of personality traits are 
hampered by apparent low sensitivity of common neuroimaging 
techniques. For example, recent reviews have noted inconsis-
tent results among studies relying on volumetric MRI (Avinun 
et al. 2020; Chen and Canli 2022). For studying both age-related 
brain tissue degeneration and structure–trait relationships in 
the cortex, improved imaging techniques are needed to more 
sensitively assess the tissue of interest.

A recent technique that adds sensitivity to studying the struc-
ture of the brain is magnetic resonance elastography (MRE) 
(Muthupillai et  al.  1995). MRE utilizes phase contrast imag-
ing to estimate the mechanical properties of a tissue of interest 
(Manduca et al. 2001). Frequently reported properties are shear 
stiffness and damping ratio, which aim to quantify structural 
integrity of the tissue and are sensitive to changes on the mi-
crostructural scale (Manduca et al. 2021; Sack et al. 2013). Both 
stiffness and damping ratio have been shown to dynamically 
change during periods of known structural remodeling in the 

brain including growth and development, aging, and neuro-
logical disease onset (Hiscox et al. 2021; McIlvain et al. 2022). 
When considering advancement into older age specifically, 
widespread softening is seen across the brain, with the magni-
tude of age-related softening being dependent on region (Hiscox 
et al. 2021). Changes in shear stiffness have been shown to align 
with notable age-related effects present during this period in-
cluding myelin degradation (Schregel et al. 2012). In the specific 
case of neurodegeneration seen with aging, MRE has shown to 
be sensitive to typical aging, mild cognitive impairment, and 
Alzheimer's disease, with accelerated softening seen in the latter 
cases (Delgorio et al. 2023; Hiscox et al. 2018; Hiscox, Johnson, 
McGarry, Marshall, et al. 2020; Hiscox 2018; Murphy et al. 2011, 
2016; Pavuluri et  al.  2023; Sack et  al.  2009, 2011) presumably 
due to the hallmark pathology known to occur with the disease 
(Munder et al. 2018).

Until recently, work using MRE has been limited to studying the 
cortex as a larger region without significant regional differen-
tiation (Hiscox, McGarry, and Johnson 2022). This has limited 
the utility of MRE as a tool for investigating the ways in which 
the mechanical properties of distinct anatomical regions of the 
cortex may contribute to neuropsychological outcomes. Due to 
the small size of individual cortical subregions, the complex 
geometry of these regions, and the proximity of these regions 
to both the stiffer white matter and neighboring cerebrospinal 
fluid (CSF), established MRE processing algorithms proved 
insufficient to resolve individual cortical structures. Recent 
technique advancements have overcome these limitations and 
improved scan resolution. For small, challenging regions, addi-
tional parameters are added to the inversion algorithm to pri-
oritize homogeneity within the region and limit the influence 
of surrounding tissue and CSF on property estimates, which 
was validated by Hiscox, McGarry, and Johnson (2022). These 
advancements allow for reliable property recovery in small 
subregions, which is of particular interest for studying the asso-
ciations between mechanical properties of these regions along-
side personality traits.

Notably, MRE has shown promise in providing unique in-
sight into structure–function relationships in the brain, with 
an emphasis on the relationship between mechanical proper-
ties of the hippocampus and performance on behavioral tests 
of memory function (Delgorio et  al.  2022; Hiscox, Johnson, 
McGarry, Schwarb, et al. 2020; Johnson et al. 2018; Pavuluri 
et  al.  2024; Schwarb et  al.  2016, 2017, 2019). Furthermore, 
differences in the impact of aging on the mechanical proper-
ties of hippocampal subfields have been identified (Delgorio 
et  al.  2021), and these changes were also linked to memory 
performance (Delgorio et al. 2022), showing that mechanical 
structure–function relationships in the brain can be identified 
in small anatomical regions by using high-resolution MRE 
with specialized inversion methods. Given the variability in 
both structure and function of the cortex, there is interest 
in understanding if similar regional differences are present 
during the healthy aging process and how this impacts the 
function of the cortex. Preliminary studies have observed as-
sociations between MRE of cortical regions and risk-taking 
behavior and fluid intelligence measures (Johnson et al. 2018; 
McIlvain et al. 2020), which can be enhanced with methods 
optimized for the cortex.
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The purpose of this cross-sectional study was to (1) determine 
the regional effects of aging on the mechanical properties of the 
cortex and (2) examine the relationship between regional me-
chanical properties and personality traits, which reflect a rel-
atively stable and characteristic pattern of thoughts, feelings, 
and behaviors. Specifically, we examined associations with 
neuroticism and conscientiousness from the NEO Personality 
Inventory (NEO-PI). We hypothesized that apparent age-related 
softening would been seen across the cortical regions, but the 
magnitude of softening would vary by region and highlight the 
regions that experience accelerated degradation. Based on prior 
work we hypothesized that dimensions of personality would 
be linked to differences in mechanical properties in the frontal 
lobe: particularly in the medial prefrontal cortex, anterior cin-
gulate gyrus, and precentral cortex, which previous work has 
identified as structural correlates of personality (Mincic  2015; 
Ormel et al. 2013; Owens et al. 2019; Servaas et al. 2013). Also, it 
was expected based on previous work that shear stiffness would 
be sensitive to aging effects, while damping ratio would capture 
individual differences in personality and behavior.

2   |   Methods

2.1   |   Participants

Fifty-seven healthy older adults completed both an imaging 
session on a 3T Siemens Prisma MRI scanner with 64-channel 
head coil (Siemens Medical Solutions; Erlangen, Germany) and 
a behavioral assessment. Participants were aged 60–85 years 
(mean: 69 ± 5.6 years, 18 male/39 female). All participants were 
screened for previous history of neurological conditions, head 
trauma, and contraindications for receiving an MRI (including 
claustrophobia, metal implants, pregnancy). This study was ap-
proved by the Institutional Review Board at the University of 
Delaware. All participants reviewed the study protocol and pro-
vided written informed consent.

2.2   |   MRI Collection and Processing

The MRI session included both structural and MRE scans. 
MRE involves delivering vibrations to the occipital portion of 
the head, which creates micron level displacements that are im-
aged using a phase contrast MRI sequence. Vibrations for the 

MRE sequence were applied at 50 Hz using a pneumatic actua-
tor (Resoundant; Rochester, Minnesota), as shown in Figure 1. 
High resolution MRE data were collected following the protocol 
detailed by Delgorio et al. (2021) using a 3D multiband, multi-
shot spiral MRE sequence with 1.25 mm3 isotropic resolution 
(Johnson, Holtrop, et  al.  2016). Imaging parameters included: 
240 × 240 mm2 field of view, 192 × 192 imaging matrix, 96 slices, 
1.25 mm slice thickness, TR/TE = 3360/70 ms, with a total scan 
time of 10 min 45 s.

The structural scan was a T1-weighted MPRAGE (magneti-
zation prepared rapidly acquired gradient echo) with a res-
olution of 0.9 × 0.9 × 0.9 mm3 (TE: 2.32 ms, TR: 1900 ms, and 
TI: 900 ms). The T1-weighted MPRAGE was segmented into 
anatomical regions with FreeSurfer to obtain binary masks 
of the regions of interest (Fischl 2012). A total of 30 regions 
covering the entire cerebral cortex were extracted following 
the Desikan–Killiany Atlas and assessed bilaterally (Desikan 
et  al.  2006). Several example regions of interest are shown 
in Figure 2 overlayed on MRE property maps. Regional vol-
ume and cortical thickness measures were generated from 
FreeSurfer to use as morphometric measures for comparison 
with MRE.

2.3   |   Mechanical Property Estimation With 
Nonlinear Inversion

Displacement data obtained from the MRE scan was used to cal-
culate tissue mechanical properties using the nonlinear inver-
sion algorithm (NLI) (McGarry et al. 2012). To reliably recover 
properties from the cortex regions, we applied spatial filtering 
and soft prior regularization (SPR) in accordance with the pro-
tocol described by Hiscox, McGarry, and Johnson  (2022). The 
spatial filtering parameter in NLI was set to 0.9 mm, which re-
duces smoothing across subzones between global iterations in 
comparison with higher values (Delgorio et al. 2021). This low 
spatial filtering value reduces regularization and smoothing of 
estimated properties across the cortex and is achievable due to 
the small voxel size of the MRE data collected. SPR (McGarry 
et al. 2012) is also used during NLI and reduces influence from 
neighboring tissues by promoting local homogeneity in a pre-
defined region (Johnson, Schwarb, et al. 2016). Together, these 
parameters help to recover individual cortical regions from 
among the much stiffer white matter tissue and much softer 

FIGURE 1    |    MRE imaging protocol starts with mechanical actuation shown on the far left. Displacements (shown in X, Z, and Y directions, 
respectively) due to the induced vibrations are captured using a custom imaging sequence with motion encoding gradients. A nonlinear inversion 
algorithm is then used to solve for the mechanical properties of the tissue and create whole brain property maps.
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cerebrospinal fluid, while still providing a stable result. Binary 
masks of individual, unilateral cortical regions from FreeSurfer 
were provided to SPR after co-registering the T1-weighted 
MPRAGE to the MRE images using FLIRT in FSL (Jenkinson 
et al. 2002, 2012). SPR is applied through the NLI cost function 
with a weighting of �= 10−12, per recommendation by Hiscox, 
McGarry, and Johnson (2022) for cortical MRE.

The output of NLI is the complex shear modulus, defined by 
G* = G′ + iG″ (Hiscox et al. 2016). The complex shear modulus 
comprises both the real and imaginary components that are 
commonly referred to as the storage and loss moduli, G′ and 
G″, respectively. From G*, shear stiffness was calculated using 
the following equation, μ = 2|G*|2/(G′ + |G*|). Damping ratio is 
also calculated following the equation ξ = G″ / 2G′. Data qual-
ity is confirmed using octahedral shear strain signal-to-noise 
ratio (OSS-SNR) (McGarry et al. 2011), with a minimum OSS-
SNR of 3.0 required to generate recoverable, reliable property 
maps. Mechanical properties of each cortical region were then 
obtained by averaging the property maps generated over the spe-
cific regions as defined by the masks obtained from FreeSurfer. 
We primarily consider cortical regions bilaterally by averaging 
regions from the left and right hemispheres together.

2.4   |   Personality Assessment

Participants also completed a behavioral session that included 
the NEO-PI to measure the five major domains of personality 
(Costa and McCrae  1992; Sutin et  al.  2023). We focused our 
analysis on two of these measures, neuroticism and conscien-
tiousness, because of their association with neurodegenerative 

conditions and frontal lobe structure. Neuroticism is classified 
as the tendency to experience negative emotion and vulnerability 
to stress, with high scores indicating more susceptibility to neg-
ative emotions and stress (Sutin et al. 2023). Conscientiousness, 
reflecting organized, disciplined, and responsible behaviors, has 
a positive classification with higher scores representing positive 
emotions and behaviors (Costa and McCrae 1992). The NEO-PI 
comprises 60 questions. For each question, participants select 
the appropriate response regarding aspects of their personal-
ity with answers ranging from “strongly disagree” to “strongly 
agree” following a 1–5 Likert Scale. Reversal questions are in-
cluded (to detect inattentive respondents) and for these the 
scaling is switched before tabulating the final scores for each 
personality domain.

2.5   |   Statistical Analysis

We aimed to (1) determine the relationships between age and 
the mechanical properties of individual regions of the cortex 
and (2) assess the relationship between regional mechanical 
properties of the frontal cortex and personality measures in 
older adults. The stiffness and damping ratio of cortical re-
gions were investigated separately. In SPSS v29.0 (IBM; 
Armonk, NY), a linear mixed model with repeated measures, 
controlling for sex, was and used to determine if there was 
a significant difference in stiffness with age and if this re-
lationship differed across the cortex (i.e., age × region inter-
action); the same analysis was repeated with damping ratio. 
Omnibus effects found in the linear mixed models were fur-
ther investigated by correlating stiffness or damping ratio for 
each region individually, when applicable. Significance of all 

FIGURE 2    |    (A) Regions of interest overlayed on MRE stiffness maps next to the corresponding anatomical image. (B) Representative plots show-
ing the relationship between stiffness and age cross-sectionally across the study population for the regions displayed above. Participants are denoted 
by individual points with the best fit line indicating average yearly stiffness loss plotted as the overlayed dash line. In the upper right corner is dis-
played the significance of the correlation between age and stiffness (p), the correlation coefficient of the age and stiffness relationship (r), and slope 
of the stiffness and age relationship in kPa/year (s).
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correlations were adjusted for multiple comparisons using a 
Bonferroni–Holm correction (Holm 1979). Steiger's z-test was 
used to compare the effects of age across regions when a sig-
nificant age × region interaction was present (Steiger  1980). 
For changes with age, we also calculated the average annual 
stiffness loss as the slope of the best fit line, as shown in 
Figure 2B, and used this to evaluate average mechanical prop-
erties at 75 years. For comparison, we also performed the same 
analysis for cortical thickness as an assessment of regional 
structure. We examined relationships between the associa-
tions of mechanical properties with age and cortical thickness 
with age across the regions of interest to understand if these 
two structural measures varied together in older adults.

To assess the relationship between personality and mechani-
cal properties, we a priori selected regions of the frontal lobe 
based on previous research. These regions make up the medial 
prefrontal cortex (superior frontal cortex, medial orbitofron-
tal cortex, lateral orbitofrontal cortex, rostral middle frontal 
cortex), the anterior cingulate cortex (rostral anterior cingu-
late, caudal anterior cingulate), and the precentral gyrus (Lai 
et al. 2019; Mincic 2015; Ormel et al. 2013; Servaas et al. 2013; 
Wright et  al.  2006). We then applied a regression model in 
StataSE 17.0 (StataCorp; College Station, TX) to test if me-
chanical properties of brain tissue are predictive of neuroti-
cism and conscientiousness. This analysis was completed for 
both shear stiffness and damping ratio—controlling for age 
and sex, and cortical thickness was also tested for comparison. 
All data were checked for regression assumptions of homosce-
dasticity, normalness, skewness, and kurtosis. A robust re-
gression was used when applicable assumptions were violated 
and is noted within the results. A traditional yet conserva-
tive Bonferroni correction was applied to account for multi-
ple comparisons (Bland and Altman  1995). A Romano–Wolf 
correction was also applied because this method takes into 
account the dependence structure of the test statistics by res-
ampling from the original data (e.g., bootstrapping) to control 
the familywise error rate, thereby increasing power and re-
ducing the over-rejection of null hypotheses (Clarke, Romano, 
and Wolf 2019).

3   |   Results

The population of older adult participants studied exhibited 
significant regional variation in shear stiffness and damping 
ratio across the individual regions of cortex. Figure  3A illus-
trates average regional stiffness for each cortical region eval-
uated at 75 years, which varied from 1.87 kPa in the temporal 
pole to 2.95 kPa in the lingual cortex. Cortical regions varied in 
damping ratio from 0.10 in the posterior cingulate to 0.41 in the 
temporal pole and exhibited similar heterogeneity across the 
brain as stiffness. Tables S1 and S2 collect the average stiffness 
and damping ratio of each cortical region evaluated at 75 years, 
respectively.

We found a significant main effect of age on stiffness of cor-
tical regions, such that advanced age was associated with 
lower cortical stiffness in our population of older adult subjects 
(p < 0.001). The average age-related rate of change calculated 
across the cross-sectional population for all cortical regions 

was −0.016 kPa/year. Stiffness of individual cortical regions 
changed differently with age, as evidenced by a significant 
age × region interaction effect (p < 0.001) and can be seen in the 
plots of representative regions in Figure 2B. Of the 30 bilateral 
cortical regions examined, 18 exhibited significant negative 
relationships between regional stiffness and age. Significant 
annual stiffness declines, illustrated in Figure  3B, ranged be-
tween −0.01 and −0.03 kPa/year, with the largest age-related 
softening effects in the caudal anterior cingulate (−0.030 kPa/
year; r = −0.450; p < 0.001), the posterior cingulate (−0.028 kPa/
year; r = −0.606; p < 0.001), and the insula (−0.023 kPa/year; 
r = −0.541; p < 0.001). The age-related softening effect did not 
appear to correlate with overall region stiffness (i.e., higher 
initial stiffness did not lead to greater declines with age); for 
example, in the occipital lobe both the lingual cortex and cu-
neus exhibited rates of −0.021 kPa/year, but their average stiff-
ness differed by 0.6 kPa (lingual 2.95 kPa, cuneus 2.35 kPa). 
Large differences in age-related softening were also seen in 
directly neighboring regions, such as the precentral gyrus 
(−0.020 kPa/year; r = −0.601, p < 0.001) and paracentral gyrus 
(−0.010 kPa/year, r = −0.271, p > 0.05) with a Steiger z-score of 
2.56 (p < 0.001) indicating the relationships of stiffness with age 
between these two regions are significantly different. Table S1 
contains relationships between stiffness and age for each region 
and Table S3 includes the Steiger z-test results comparing each 
of the stiffness–age relationships between regions.

In contrast, damping ratio of the cortex did not change significantly 
with age (p > 0.05 main effect from omnibus test), nor did individ-
ual regions exhibit significantly different age-related changes in 

FIGURE 3    |    (A) Average shear stiffness for each bilateral cortical re-
gion was evaluated at 75 years old. (B) Average stiffness loss in kPa/year 
for each cortical region exhibiting a significant relationship with age; 
greater stiffness loss per year is represented by warmer colors. The brain 
graphics were created with the Simple Brain Plot Toolbox (Scholtens, de 
Lange, and van den Heuvel 2021).
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damping ratio (p > 0.05 interaction effect). Table S2 contains the 
relationships between damping ratio and age for each region.

We also performed a similar analysis using the morphological 
measures of cortical thickness to compare to our mechanical 
property results. In comparison, cortical thinning did not show 
similar age-related results when compared to stiffness. Only 
eight regions exhibited significant relationships with age, with 
significant thinning ranging from 0.006 mm/year in the para-
central gyrus (r = −0.499; p < 0.001) to 0.012 mm/year in the su-
perior temporal gyrus (r = −0.451; p < 0.001). Figure 4 illustrates 
the cortical regions exhibiting significant relationships between 
thickness and age for visual comparison with the stiffness re-
sults seen in Figure 3B. Table S4 presents all relationships be-
tween cortical thickness and age. We additionally correlated the 

age-related stiffness effects with the age-related cortical thick-
ness effects, and found that age effects in these properties did not 
significantly vary together across the cortical regions (p = 0.43).

We compared the mechanical properties of each cortical region 
with the score of both domains of personality considered—neu-
roticism and conscientiousness—controlling for age. Testing our 
a priori hypothesis in seven regions of the frontal lobe, we found 
that damping ratio predicted neuroticism scores in two regions: 
the precentral gyrus and rostral middle frontal, seen in Figure 5. 
The results across all seven regions are shown in Table 1, where 
higher damping ratio was associated with greater neuroticism. It 
is important to note that neuroticism was not correlated with age 
in our participant population (r = 0.01; p = 0.933). Damping ratio 
across all seven regions was not significantly predictive of consci-
entiousness (all p > 0.05), as seen in Table S5. For stiffness, none 
of the a priori regions were significantly correlated with either 
measure of personality traits (all p > 0.05). These results for neu-
roticism and conscientiousness can be found in Tables S6 and S7, 
respectively. Cortical thickness was not predictive of neuroticism 
in any region with full results shown in Table S8. However, corti-
cal thickness was significantly predictive of conscientiousness in 
the medial orbitofrontal (p = 0.021) and caudal anterior cingulate 
(p = 0.035). Table S9 contains these results, where a thicker cortex 
was predictive of higher conscientiousness scores.

Bilateral regions exhibiting significant correlation between 
damping ratio and neuroticism or cortical thickness and con-
scientiousness were further analyzed unilaterally with regions 
of both left and right hemispheres correlated with the respective 
trait. The correlation coefficient and the uncorrected signifi-
cance can be found in Tables S10 and S11. For the rostral mid-
dle frontal and precentral both the left and right sides of these 
regions had significant relationships between damping ratio 
and neuroticism scores, consistent with the bilateral region. 
However, there were differences in the correlations effect size 
for the precentral gyrus (left: r = 0.27, p = 0.045 vs. right: r = 0.38, 
p = 0.004), but minimal difference for the rostral middle frontal 
(left: r = 0.33, p = 0.012 vs. right: r = 0.31, p = 0.020). In the me-
dial orbitofrontal cortex, only right hemisphere damping ratio 
exhibited a significant relationship with neuroticism (r = 0.40, 
p = 0.002). For cortical thickness, the caudal anterior cingulate 
thickness was significantly related to conscientiousness scores 
on both side with varying correlation strengths (left: 0.347 and 
right: 0.279).

4   |   Discussion

In the current study, we characterized associations in regional 
mechanical properties of the cortex with age and personality 
traits in older adults. Here, we expand on previous work by 
showing that brain stiffness is negatively associated with age, 
not only globally, but in small subregions of the cortex and 
that age-related changes varied across these regions (Arani 
et al. 2015; Hiscox et al. 2021). This analysis was enabled in part 
by our high-resolution imaging and analysis protocols designed 
to improve reliability of cortical MRE measures (Delgorio 
et al. 2021; Hiscox, McGarry, and Johnson 2022). We also show 
that damping ratio of key cortical regions exhibited relation-
ships with personality for the first time, where higher damping 

FIGURE 4    |    Regions exhibiting significant cortical thinning with 
age. Greater age-related differences are represented by warmer colors.

FIGURE 5    |    For visualization, plots illustrating significant relation-
ships between neuroticism and damping ratio in the rostral middle 
frontal cortex and precentral gyrus. Each plot includes all participants 
plotted as points with a line of best fit overlayed as the dashed line. The 
Bonferroni corrected p-value and standardized β are displayed in the 
upper left corner. These regions are shown anatomically in the bottom 
right with the color of each region indicating the magnitude of the stan-
dardized β, where brighter green indicates a stronger relationship be-
tween the regional damping ratio and the neuroticism score).
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ratio of two cortical regions in the frontal lobe was associated 
with neuroticism. This work highlights the utility of using me-
chanical properties to study age-related changes in the brain, as 
they reflect the structural integrity of brain tissue and are also 
associated with behavioral outcomes.

Shear stiffness varied significantly by region and exhibited dif-
ferent relationships with age across the cortex. While several 
studies have considered effects of age on brain mechanical prop-
erties with MRE (Hiscox et al. 2021), we specifically compare 
our results with those from a study by Arani et al. (2015), which 
was also focused on an older adult population and reported brain 
mechanical properties in large lobar regions, making it an appro-
priate comparator with the current study. Of the cerebral lobes, 
Arani et al. (2015) reported the strongest age-related softening 
effect in the temporal lobe (−0.014 kPa/year). In our study, indi-
vidual regions of the temporal lobe exhibited a range of soften-
ing rates from −0.004 kPa/year in the temporal pole (though not 
statistically significant) to −0.023 kPa/year in the insula. The av-
erage softening rate across all temporal regions was −0.014 kPa/
year—agreeing with results from Arani et al. (2015) that report 
the same softening rate in the entire temporal lobe. We found 
the frontal lobe had regions with the greatest age-related soften-
ing ranging to −0.030 kPa/year in the caudal anterior cingulate, 
which is more than double the softening rate in the frontal lobe 
reported by Arani et al. (2015) of −0.012 kPa/year. The average 
softening rate of all frontal cortical regions was also greater at 
−0.015 kPa/year, suggesting that the high-resolution MRE anal-
ysis of individual regions may better resolve cortical mechanical 
properties by identifying difference between small subregions 
that would be missed when analyzing the cerebral cortex as a 
whole. Another recent study reported age-related stiffness dif-
ferences in 14 cortical regions, which showed stiffness loss in the 
range of approximately 0.10–0.20 kPa/year across regions that 
are in consistent with our current study (Pavuluri et al. 2023). 
When compared to mechanical properties of specific cortical 
regions in young adults, our results show similar heterogeneity 
across the lobes (Hiscox et al. 2020).

Similar to previous studies, we did not find significant age-
related changes with the other MRE measure, damping ratio. 
Previous work has shown that damping ratio of the cerebrum did 
not significantly differ between younger and older adults, even 
though large scale changes in stiffness were evident (Hiscox 
et al. 2018). This trend was also identified in earlier work that 

showed conservation of a related property that quantified the 
elastic lossy relation of a material (Sack et al. 2011). More recent 
work has shown some age-related effects on damping ratio in 
an aging population; however, this was found only in the hip-
pocampus and not in any comparable cortical regions (Delgorio 
et al. 2021). Physiologically, damping ratio is thought to repre-
sent tissue organization and has been linked to actin crosslink-
ing and axonal organization (Guo et al. 2019). Combined, this 
has led researchers to hypothesize that the relative microstruc-
tural organization of the tissue is preserved during age-related 
degradation in most brain regions.

In comparison to morphometric measures, MRE showed 
greater sensitivity to age-related structural changes in the cor-
tex. Cortical thickness revealed that only a limited number of 
regions exhibited significant thinning with advancing age in 
our sample, including the precentral, superior temporal, and 
superior parietal regions, compared to nearly all regions ex-
hibiting significant age-related loss in stiffness. Previously 
established patterns in volumetric analyses show accelerated 
atrophy in the frontal and temporal cortex of up to −0.5% a 
year (Fjell, Walhovd, et al. 2009; Lockhart and DeCarli 2014). 
We find similar rates of cortical thinning (−0.2% to −0.5% 
compared to cortical thickness at age 75); however, the major-
ity of the significant thinning was found in the parietal lobe. 
While cortical thinning with age is commonly reported (Fjell, 
Walhovd, et al. 2009; Lemaitre et al. 2012; Storsve et al. 2014), 
we note that our sample included just older adults, and it is 
likely that thinning effects in other regions are only resolvable 
over a larger age range or in larger samples. Cortical regions 
where significant thinning was found were mostly confined to 
the parietal lobe in this study, which exhibited greater softening 
with MRE in the range of −0.5% up to −1.0%/year (compared to 
stiffness at age 75). There was little agreement between changes 
in cortical thickness and stiffness with age. For instance, the 
superior temporal gyrus exhibited similar −0.46% thinning 
per year and − 0.50% softening per year, while the neighboring 
middle temporal gyrus exhibited −0.25% and − 0.95% thinning 
and softening per year, respectively. It is also important to note 
that the MRE measures did not significantly vary with cortical 
thickness, and different regions were found to be significantly 
affected by age in stiffness or morphometry, consistent with 
previous work showing MRE data is not redundant with or bi-
ased by regional tissue size (Hiscox et al. 2018, 2021; Takamura 
et al. 2020).

TABLE 1    |    Associations between neuroticism scores and damping ratio, ξ, in cortical regions of the frontal lobe, adjusting for age and sex.

Region Standardized β p uncorrected p (Bonferroni) p (Romano–Wolf)

Superior frontal 0.176 0.167 1.000 0.366

Medial orbitofrontal 0.201 0.104 0.728 0.313

Lateral orbitofrontal 0.019 0.890 1.000 0.891

Rostral middle frontal 0.355 0.007 0.049 0.043

Rostral anterior cingulate 0.065 0.630 1.000 0.826

Caudal anterior cingulate 0.081 0.548 1.000 0.826

Precentral gyrus 0.362 0.005 0.035 0.029

Note: Bold values indicate p < 0.05.
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Individual differences in personality, specifically neuroticism, 
were associated with damping ratio in two cortical regions: the 
precentral gyrus and rostral middle frontal gyrus. These regions 
contribute to personality formation and emotional regulation, 
and have been found as structural correlates of personality in 
prior studies (Levorsen et al. 2023; Mincic 2015; Ormel et al. 2013; 
Owens et al. 2019; Servaas et al. 2013; Song et al. 2021). Previous 
work has shown that damping ratio of different regions has 
been significantly related to individual differences in cognitive 
function including memory, fluid intelligence, and rule learn-
ing (Delgorio et al. 2022; Hiscox, Johnson, McGarry, Schwarb, 
et al. 2020; Hiscox et al. 2021; Johnson and Telzer 2018; Schwarb 
et al. 2016, 2019), among others, such that higher damping ratio 
is associated with poorer task performance. Regions of the cortex 
where damping ratio was significantly correlated with neuroti-
cism score have been shown to be important for the formation 
of this trait in previous structural MRI studies that looked at 
both thickness and surface area measures (Castagna 2019; Song 
et  al.  2021). In addition, volume loss in the dorsolateral pre-
frontal cortex as a result of a TBI has been linked to increased 
neuroticism scores (Forbes et al. 2014); notably, the dorsolateral 
prefrontal cortex encompasses the rostral middle frontal region, 
and we found the damping ratio of this region to be linked to 
differences in neuroticism. There are a few hypothesized mech-
anisms that could explain why the expression of negative traits 
is linked to poor structural integrity such as higher damping 
ratio. Namely, personality traits account for predispositions 
that leads to an influence on brain health or these traits control 
the response to neuropathological burden leading to unhealthy 
behaviors (Beck et  al.  2024). When considering neuroticism 
specifically, increased vulnerability to experiencing stress and 
negative emotions can negatively affect behavior, relationships, 
and health outcomes, and early behavioral interventions could 
prevent such negative sequelae (Widiger and Oltmanns  2017). 
One study has shown that neuroticism is a predictor of telomere 
length, where individuals with higher neuroticism had shorter 
telomeres (Van Ockenburg et  al.  2014). Short telomeres have 
separately been shown to be predictive of increased incidence of 
age-related diseases like Alzheimer's and a biological response 
to psychological stress (Drury et al. 2011; Epel et al. 2004; Honig 
et  al.  2006), establishing a mechanism for how neuroticism 
could contribute to accelerated aging and be a predictor for de-
velopment of dementia (Terracciano et al. 2021). Based on the 
current study, damping ratio of these cortical regions could be 
a promising measure to investigate along with neuroticism to 
understand early structural degradation of the disease and how 
personality interacts with disease progression.

Many personality findings are hemispheric in nature; however, 
this study focuses on bilateral associations between mechani-
cal properties and personality measures (Mincic  2015; Wright 
et  al.  2006). In contrast, asymmetry in mechanical properties 
has not been thoroughly explored, but there is some evidence in 
subcortical structures that asymmetry contributes to differences 
in behavioral measures (Hiscox, Johnson, McGarry, Schwarb 
et al. 2020). In this study, for the two regions where damping 
ratio was significantly associated with neuroticism, both the left 
and right sides maintained this association. There were slight 
difference between effect sizes of the left and right sides, indicat-
ing there may be a larger contribution from one hemisphere to 
this relationship. Furthermore, the bilateral analysis preserved 

nonsignificant relationships between damping ratio and neurot-
icism seen on the hemispheric level, indicating that individual 
hemispheric results were not missed with a bilateral analysis. 
In future studies, an increased sample size could provide the in-
creased statistical power needed to assess how hemispheric dif-
ferences between the mechanical properties of cortical regions 
contributes to personality expression.

While cortical thickness was not linked to neuroticism in this 
study, it was predictive of conscientiousness in two regions of 
the frontal cortex: the medial prefrontal cortex and the caudal 
anterior cingulate. Previous work has shown that conscien-
tiousness was positively associated with cortical thickness in 
similar regions, especially in the medial orbitofrontal cortex and 
the dorsomedial prefrontal cortex (Lewis et al. 2018). However, 
in this study they also investigated the contribution of lifestyle 
differences in mediating the relationship between personality 
and brain structure. Notably, the positive association between 
cortical thickness of frontal regions was attenuated upwards 
of 30% when accounting for smoking status and allostatic load 
(characterized by three latent factors reflecting: inflammation, 
metabolic function, and blood pressure) (Lewis et al. 2018). This 
finding might suggest a similar predisposition response where 
differences in personality expression leads to increased allostatic 
load that can have a long-term impact on brain health. Why 
the association between cortical structure and conscientious-
ness was observed based on morphometry but not mechanical 
properties requires further study, though highlights that mor-
phological and mechanical property measures capture different 
structural properties that contribute to behavioral outcomes.

Ongoing work in preclinical animal models is being completed 
to add histological basis to the in  vivo measures captured in 
this study. We have preliminary hypotheses of mechanisms that 
would influence both the shear stiffness and damping ratio re-
sults shown in this study. Shear stiffness captured cross-sectional 
aging effects. This measure is commonly interpreted to repre-
sent tissue composition, including number of cells and cell types 
(Hiscox et al. 2021). With aging there is identified neuronal cell 
death, breakdown of supporting glial cells and myelin in the gray 
matter, and other processes changing the composition of the tis-
sue in each region. This could contribute to the dramatic soft-
ening seen in the cortex. Damping ratio has been suggested to 
be more representative of microstructural organization. During 
aging, the overarching connections between neurons and regions 
is preserved. However individual differences such as the number 
and type of connections between neurons established during for-
mation could lead to different expressions of personality seen in 
this study. More research in this area is needed to confirm the bi-
ological processes that influence mechanical property measures.

This study suggests there is utility in using a regional approach 
to studying age-related changes in the cortex, that could be 
obscured if only considering the cortex as a whole or in large 
regions, potentially masking significant disease- or behavior-
related signatures. It also demonstrates the sensitivity of cortical 
MRE measures to expected neurobiological phenomena, which 
could be used to increase sensitivity and specificity to disease 
processes, such as in Alzheimer's disease (Hiscox, Johnson, 
Mcgarry, Marshall, et  al.  2020). We used imaging and inver-
sion approaches we have previously shown to produce reliable 
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mechanical property estimates in the cortex despite its thin, 
complex geometry and proximity to cerebrospinal fluid. Other 
cortical MRE approaches have been proposed, including an 
inversion-recovery based method to suppress CSF signal (Lilaj 
et al. 2021), and a neural network-based method trained on het-
erogeneous data (Scott et al. 2022). The latter method has been 
used to identify differences in dementia etiology based on re-
gional cortical stiffness (Pavuluri et al. 2023). Overall, our re-
sults and others point to the feasibility and value of assessing 
cortical mechanical properties with high-resolution MRE.

This work had several limitations. Notably, the study design 
was cross-sectional and thus gives a limited view of trends 
seen during aging; longitudinal studies are needed to confirm 
the regional aging effects on brain mechanical properties. 
Longitudinal data could also provide insight on how the relation-
ships between personality and mechanical properties evolve and 
potentially predict dementia risk. This study was also limited by 
the overall small sample size, which could further be improved 
by adding a longitudinal measurement to minimize influence 
of individual differences in stiffness and increase study power. 
We have shown through simulations that the MRE imaging and 
inversion methods used result in reliable cortical mechanical 
properties, in that they are repeatable, reflect true properties, 
and are not biased by regional volume (Hiscox, McGarry, and 
Johnson 2022). However, these methods do not completely re-
cover the true properties, and thus exhibit reduced sensitivity 
to true biomechanical effects, potentially masking weaker as-
sociations between regional mechanical properties with age or 
personality. In this study, we are still able to resolve associations 
with neuroticism, but there might be other associations that are 
masked due to reduced sensitivity. Another limitation of this 
study was that the overall population was heavily weighted to-
ward women. Sex was controlled for throughout the study, but 
confirmation of trends should be performed with additional 
male participants, which would also allow for examination of 
sex differences in the reported associations.

5   |   Conclusion

This is the first study to examine the mechanical properties of 
the cerebral cortex during healthy aging. While the whole corti-
cal mantle softens with age, specific regions of the cortex appear 
to soften at different rates, suggesting that age-related neurode-
generation is not consistent and some cortical regions experience 
accelerated stiffness declines. We also examined associations 
between mechanical properties of cortical regions and person-
ality, including traits of neuroticism and conscientiousness. 
Higher damping ratio was predictive of greater neuroticism in 
two cortical regions involved in executive functioning and be-
havior regulation. Overall, this study provides support for using 
MRE to study the cortex at a regional level and indicates that 
MRE has both the sensitivity and specificity needed to study vis-
coelastic structure–trait relationships.
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