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A B S T R A C T   

Background: Aging and dementia involve the disruption of brain molecular pathways leading to the alterations in 
tissue composition and gross morphology of the brain. Phenotypic and biomarker overlap between various 
etiologies of dementia supports a need for new modes of information to more accurately distinguish these dis-
orders. Brain mechanical properties, which can be measured noninvasively by MR elastography, represent one 
understudied feature that are sensitive to neurodegenerative processes. In this study, we used two stiffness 
estimation schemes to test the hypothesis that different etiologies of dementia are associated with unique pat-
terns of mechanical alterations across the cerebral cortex. 
Methods: MR elastography data were acquired for six clinical groups including amyloid-negative cognitively 
unimpaired (CU), amyloid-positive cognitively unimpaired (A + CU), amyloid-positive participants with mild 
cognitive impairment (A + MCI), amyloid-positive participants with Alzheimer’s clinical syndrome (A + ACS), 
dementia with Lewy bodies (DLB), and frontotemporal dementia (FTD). Stiffness maps were computed using two 
neural network inversions with the objective to at least partially separate the parenchyma-specific and 
morphological effects of neurodegeneration on mechanical property estimates. A tissue-confined inversion al-
gorithm was designed to obtain the best estimate of stiffness in the brain parenchyma itself, while a regionally- 
aware inversion algorithm was used to measure the tissue stiffness along with the surroundings. Mean stiffness of 
15 bilateral gray matter cortical regions were considered for statistical analysis. First, we tested the hypothesis 
that cortical stiffness changes in the aging brain. Next, we tested the overall study hypothesis by first comparing 
stiffness in each clinical group to the CU group, and then comparing the clinical groups against one another. 
Finally, we assessed the spatial and statistical overlap between atrophy and stiffness changes for both inversions. 
Results: Cortical brain regions become softer with age for both inversions with larger effects observed using 
regionally-aware stiffness. Stiffness decreases in the range 0.010–0.027 kPa per year were observed. Pairwise 
comparisons of each clinical group with cognitively unimpaired participants demonstrated 5 statistically sig-
nificant differences in stiffness for tissue-confined measurements and 19 statistically different stiffness changes 
for the regionally-aware stiffness measurements. Pairwise comparisons between clinical groups further demon-
strated unique patterns of stiffness differences. Analysis of the atrophy-versus-stiffness relationship showed that 
regionally-aware stiffness measurements exhibit higher sensitivity to neurodegeneration with findings that are 
not fully explained by partial volume effects or atrophy. 
Conclusions: Both tissue-confined and regionally-aware stiffness estimates exhibited unique and complementary 
stiffness differences in various etiologies of dementia. Our results suggest that mechanical alterations measured 
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by MRE reflect both tissue-specific differences as well as environmental effects. Multi-inversion schemes in MRE 
may provide new insights into the relationships between neuropathology and brain biomechanics.   

1. Introduction 

Dementia is a chronic and progressive group of syndromes charac-
terized by deterioration in cognitive function to the degree that an 
affected individual can no longer manage activities of daily living 
independently (Farooqui, 2019). Different neurodegenerative disorders 
that lead to dementia are characterized by the type and location of 
abnormal protein aggregation in neurons, extracellular compartments, 
and glia (Elahi and Miller, 2017). Abnormal protein accumulation in the 
brain disrupts various molecular processes, affecting cellular function, 
and eventually leading to cell death and degraded cognitive function 
(Elahi and Miller, 2017). These different etiologies of dementia manifest 
with unique functional network topographies (Seeley et al., 2009) and 
clinical phenotypes (Ryan et al., 2018), which can be evaluated to 
determine a diagnosis. Given the ability of imaging biomarkers to detect 
disease-specific patterns of pathology and downstream effects, bio-
markers have been established as important tools to support differential 
diagnosis, understand disease progression, and provide objective mea-
sures for the evaluation of potential therapies. Nonetheless, phenotypic 
and biomarker overlap between these diseases challenge early and ac-
curate diagnosis (Elahi and Miller, 2017; Chételat et al., 2020; Bartels 
and Wallesch, 2007; Hansson, 2021), suggesting new modes of infor-
mation could further elucidate the relationship between pathologies and 
clinical outcomes. 

One understudied facet of brain structure, particularly in the context 
of neurodegenerative disease, is that of the mechanical environment. 
Brain mechanical properties not only reflect the underlying micro-
structure (Tyler, 2012; van Oosten et al., 2019), but the mechanical 
environment impacts neural function, as previously reviewed in the 
context of health (Tyler, 2012) and Alzheimer’s disease (AD) (Hall et al., 
2021). Magnetic Resonance Elastography (MRE) is a quantitative MR 
imaging method used for assessing tissue stiffness in vivo. MRE has been 
widely used in the clinical setting for the evaluation of liver fibrosis 
(Venkatesh et al., 2013; Idilman et al., 2020; Murphy et al., 2019), while 
in the brain, mechanical properties have demonstrated sensitivity to 
normal aging, demyelination, inflammation, intracranial pressure al-
terations, and various forms of dementia (Bunevicius et al., 2020; Pepin 
et al., 2015; Schregel, et al., 2012; Arani et al., 2018; Arani et al., 2015; 
Hiscox et al., 2018). Reliable MRE stiffness measurements can be per-
formed both globally and regionally (Murphy et al., 2013), and similar 
to other imaging biomarkers, mechanical properties are altered in 
disease-specific patterns (Murphy et al., 2016; Huston et al., 2016; 
Murphy et al., 2020; Hiscox et al., 2020). 

Most MRE-based studies of neurodegenerative disease to date have 
been limited by the ability to analyze only large regions of interest 
(Arani et al., 2015; Murphy et al., 2016; Huston et al., 2016; Sack et al., 
2009; Sack et al., 2011; Pavuluri et al., 2021), whereas the pathologies 
that define these diseases are located predominantly in the cerebral 
cortex. Studies that have examined cortical structures have been limited 
to probable AD pathology (Hiscox et al., 2020; Gerischer et al., 2018). 
Measuring the stiffness of small cortical regions is challenging due to the 
thin ribbon-like structure of the cortex and the presence of adjacent 
cerebrospinal fluid (CSF). Furthermore, interpretation of findings is 
complicated by the unique choices of processing and statistical modeling 
used in each study, which have subtle but significant effects on the 
stiffness estimates, and notably the degree to which these estimates are 
impacted by the surrounding environment. Despite these challenges, 
recent simulation studies from our group and others have demonstrated 
that MRE-based estimates for cortical stiffness are sensitive to changes in 
cortical stiffness (Hiscox et al., 2022; Scott et al., 2022). In this study, we 
utilized MR elastography to test the hypothesis that different etiologies 

of dementia result in unique topographic patterns of stiffness change 
across the cerebral cortex. This hypothesis was tested with two stiffness 
estimation methods, termed here tissue-confined and regionally-aware 
measurements with the objective to separate, at least partially, the 
parenchymal-specific and morphological effects on the stiffness-versus- 
neurodegeneration relationship. 

2. Methods 

2.1. Study participants 

After obtaining the approval of Mayo Clinic Institutional Review 
Board and subsequent written informed consent from the volunteers 
and/or their proxies, MRE exams were performed on a total of 94 par-
ticipants, recruited over a period of 7 years (2012–2019). The 44 healthy 
volunteers (23 M/21F) ranged in age from 56 to 89 years (median 77) at 
the time of data acquisition and were recruited from the Mayo Clinic 
Study of Aging, in which they were established as cognitively unim-
paired (CU) and free of significant amyloid load (Roberts et al., 2008). 
Thirty-two participants along the AD spectrum were recruited including 
16 amyloid-positive cognitively unimpaired controls (A + CU, 8 male, 8 
female), 8 amyloid-positive participants with mild cognitive impairment 
(A + MCI, 4 male, 4 female), and 8 amyloid-positive with Alzheimer’s 
clinical syndrome dementia (A + ACS 6 male, 2 female). Participants 
with a PIB standardized uptake value ratio of <1.5 were considered PIB- 
negative, while scores above 1.5 were considered amyloid-positive (Jack 
et al., 2008; Klunk et al., 2004). Thirteen patients of age 56–75 years (10 
male, 3 female) with probable DLB diagnosed according to 4th Con-
sortium Criteria for DLB were included from the Mayo Clinic Alz-
heimer’s Disease Research Center (ADRC). Five behavioral variant FTD 
subjects age 53–65 years (5 male) were included based on the diagnosis 
guidelines of International Behavioral variant FTD Criteria Consortium 
(Rascovsky et al., 2011) and genetic testing again from the Mayo Clinic 
ADRC. Two participants were monozygotic twins with a mutation in the 
gene encoding progranulin, two participants had mutations in the gene 
encoding microtubule-associated protein tau (MAPT), and one had the 
GGGGCC hexanucleotide expansion in chromosome 9 open reading 
frame 72. A summary of the study groups is included in Table 1. 

2.2. MRE data acquisition 

Participants were scanned on two 3 T scanners (GE, Waukesha, WI) 
with an 8-channel receive-only head coil using a modified flow- 

Table 1 
Participant demographic information.  

Number Group n Male Female Age range 
(years) 

1 Amyloid-negative cognitively 
unimpaired (CU) 

44 23 21 56–89 

2 Amyloid-positive cognitively 
unimpaired participants (A +
CU) 

16 8 8 72–89 

3 Amyloid-positive participants 
with mild cognitive impairment 
(A + MCI) 

8 4 4 72–83 

4 Amyloid-positive Alzheimer’s 
clinical syndrome dementia (A 
+ ACS) 

8 6 2 78–88 

5 Dementia with Lewy Bodies 
(DLB) 

13 10 3 55–79 

6 Frontotemporal dementia (FTD) 5 5 0 54–65  
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compensated, spin-echo echo planar imaging pulse sequence (Muthu-
pillai et al., 1995). Wave images at 8 evenly spaced phase offsets were 
acquired with 60-Hz vibration frequency and 3-mm isotropic resolution. 
MRE images were acquired in 48 contiguous 3-mm thick slices; MRE 
experimental parameters on both the HDxt and Discovery MR750 sys-
tems were kept the same with the exceptions of echo time and motion 
encoding gradients period. Imaging parameters on the HDxt system 
included TR = 3600 ms; TE = 62 ms; FOV = 24 cm; 72 × 72 imaging 
matrix interpolated to 80 × 80 respectively; and one 18.2-ms, 4-G/cm, 
motion-encoding gradient (MEG) in x, y, and z motion-encoding di-
rections. For the Discovery MR750 system, TE was reduced to 57 ms, and 
5-G/cm, 16.7-ms duration MEGs were used to maintain the same motion 
sensitivity as the HDxt acquisitions. Approximate time for MRE data 
acquisition of each subject was 6.5 min. Three-dimensional T1-weighted 
images were acquired on HDxt scanner using an inversion recovery- 
prepared spoiled gradient recalled echo pulse sequence with 1.05-mm 
in-plane resolution and 1.2-mm inter-slice spacing as described previ-
ously (Murphy et al., 2020). Other acquisition parameters were TR/TE 
= 7.0/2.8 ms; flip angle = 11◦; inversion time = 400 ms; FOV = 27 cm; 
imaging matrix = 256 × 256; bandwidth = ±31.25 kHz; 1.75x array 
spatial sensitivity encoding technique acceleration; 200 slice locations 
in sagittal orientation and superior-inferior frequency-encoding direc-
tion. On the MR750 scanner, this image was acquired with a 
magnetization-prepared rapid gradient echo pulse sequence with the 
following parameters: sagittal orientation; superior inferior frequency 
encoding direction; TR/TE = 7.4/3.0 ms; flip angle = 8◦; inversion time 
= 900 ms; FOV = 26 cm; imaging matrix = 256 × 256; bandwidth =
±31.25 kHz; and 170 slice locations with 1.2-mm spacing. 

2.3. Image processing and MRE inversions 

Tissue probability maps and the cortical atlas were calculated using a 
unified segmentation algorithm in SPM12 (Ashburner and Friston, 
2005) with an in-house template (Schwarz et al., 2017; Tzourio-Mazoyer 
et al., 2002). T1-weighted images of each participant were co-registered 
and resliced to the MRE magnitude image. During segmentation, both 
MRE and T1-weighted images were used to reduce misregistration errors 
between the MRE data and the computed segmentations. A brain mask 
was generated indicating voxels with combined gray and white matter 
probabilities greater than that of CSF. A gray matter mask was generated 
by keeping all voxels with gray matter probability greater than the 
combined white matter and CSF probability. Using the previously 
computed deformation field, an in-house 42-region cortical atlas 
(Schwarz et al., 2017) was warped into the space of the MRE data. 

Stiffness maps were computed for each participant using two neural 
network inversions based on a recently published framework (Scott 
et al., 2022). Briefly, training data were generated using a finite differ-
ence model of the wave equations in a linear, elastic, and isotropic 
material. Those equations (assuming no body forces in the domain of 
interest) can be approximated by the linear system, 
− PTDTMD(Pu+ub) = ρω2PT(Pu+ub), where P is a padding matrix, D is 
a gradient operator, M is a stiffness matrix, u is a vector of displacements 
to be estimated, ub is a vector of boundary conditions defined in the 
padded voxels, ρ is density (assumed that of water), and ω is the angular 
frequency. For each inversion, a training set of 4500 displacement fields 
were computed with 1.5-mm isotropic resolution (>11 voxels/wave-
length for softest material in training set) in a 10.2-cm 3D field of view. 
Motion was induced in each field by prescribing a randomly shaped 
boundary to vibrate in a randomly assigned direction, akin to the rigid 
body motion of the skull during a brain MRE experiment. The 
displacement fields were down-sampled to 3-mm isotropic resolution to 
match the resolution of the MRE data. NNIs were prescribed an 
Inception-like architecture and fit using TensorFlow 2.0. Each training 
example was a randomly drawn patch from the set of computed 
displacement fields, and augmented by the selection of random phasor, 

mask, and Gaussian noise. The nets were fit using a mean squared error 
cost function, batch size 100, and 1000 batches per epoch. An Adam 
optimizer was used with learning rates of 0.001 and 0.0001, with 
training stopping when loss did not improve in 3 consecutive epochs at 
each learning rate. 

The first inversion was chosen to obtain the best estimate of stiffness 
in the brain parenchyma itself (tissue-confined stiffness, µTC). Based on 
the previously described simulation study (Scott et al., 2022), an 
inversion without the homogeneity assumption and a footprint for 3.3 
cm was most sensitive to true stiffness changes in the cortex. The ho-
mogeneity assumption was relaxed by prescribing the training data to 
have randomly varying mechanical properties either with or without 
inclusions, as previously described (Scott et al., 2022). Mechanical 
properties were randomly varied in the training set in the range of 1–5 
kPa for stiffness, and 0.05 to 0.5 for damping ratio. Displacements were 
masked by a brain mask prior to inversion to reduce the impact of 
subarachnoid space on cortical stiffness estimates. Cerebral stiffness 
maps were computed in 4 pieces to avoid inversion across dural folds 
and the Sylvian fissure, as previously described (Scott et al., 2022). 

The second inversion was chosen to capture the stiffness of the tissue 
along with its surroundings (regionally-aware stiffness, µRA). To pref-
erentially weight these estimates toward the surrounding environment, 
a homogeneity assumption was implemented with a 2.1 cm footprint (in 
accordance with best performing footprint for homogeneous inversion 
in simulation (Scott et al., 2022). The homogeneity assumption was 
enforced by prescribing a single stiffness value (in the same ranges as 
above) for each displacement field computed in this set. In this case, a 
total intracranial volume mask was applied prior to inversion to retain 
the effects of the subarachnoid space, and stiffness maps were computed 
in 2 pieces, avoiding the falx cerebri but allowing inversion across the 
Sylvian fissure. We note that this naming convention is meant to briefly 
describe relative differences in sensitivity between the two methods. 
Both methodologies are expected to have sensitivity to cortical-specific 
properties and the surrounding environment but in different 
proportions. 

2.4. Cortical region analysis 

Mean stiffness for both inversions was calculated in 15 bilateral 
cortical regions selected from a custom 42 cortical gray matter region 
atlas from Mayo Clinic Adult Lifespan Template (MCALT) (Schwarz 
et al., 2017). This is to limit the overall number of comparisons. The 
selected cortical regions include 1) Parietal, 2) Frontal, 3) Temporal, 4) 
Medial temporal, 5) Precentral, 6) Postcentral, 7) Rolandic Operculum, 
8) Supplementary Motor Area, 9) Insula, 10) Precuneus, 11) Orbito-
frontal, 12) Primary Visual, 13) Cingulum, and 15) Occipital respec-
tively. For both tissue-confined and regionally-aware stiffness, the 
regional age effect was studied within the CU group by a linear regres-
sion with age and controlling for sex and scanner. In addition, gray 
matter region volume was controlled for tissue-confined inversion. 

A hypothesis that each group has significantly different stiffness in 
each region compared to the CU group was tested first with a T-test. For 
tissue-confined stiffness, age, sex, scanner, and gray matter volume ef-
fects were controlled. Region volume was included in the model because 
in simulation, some regions still exhibit significant volume effects 
despite attempts to mitigate this through segmentation and relaxation of 
the homogeneity assumption. Volume’s inclusion in the model is 
therefore one additional measure to reduce the probability that any 
significant findings are due to non-specific partial volume effects. Vol-
ume of each region was computed as the product of voxel volume and 
the sum of gray matter probabilities in each region using segmentations 
computed from only the T1-weighted images. This statistical analysis 
was repeated with regionally-aware measurements, except that region 
volume was not a predictor in the model. False discovery rate (FDR) 
corrected Q-values were computed by Storey’s method to control the 
type 1 error rate. Q < 0.05 was considered statistically significant, while 
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results with P < 0.05 were also displayed. Results were projected onto 
the 3D brain surface using the SurfIce software package (Rorden, 2021) 
and in-house MATLAB scripts. Patient groups were compared to each 
other with an analogous statistical analysis. 

3. Results 

3.1. Stiffness maps and aging effects 

Mean stiffness maps of the brain in the CU group calculated using 
both tissue-confined and regionally-aware inversions are shown in 
Fig. 1A and B, respectively. A strong correlation between the stiffness 
estimates of both inversions is previously reported (Scott et al., 2022). 

Fig. 1. Mean stiffness of CU for tissue-confined (A) and regionally-aware (B) neural network inversions respectively (C) Cortical gray matter regions. top panel: Mean 
stiffness maps of CU group corrected for age, sex and the scanner. Defined boundaries and edges are observed in the tissue-confined stiffness maps compared to that of 
regionally-aware. Blurred effects and slightly lower stiffness values in the regionally-aware stiffness maps are due to the material homogeneity assumption and 
subarachnoid space inclusion in the design of the inversion. Bottom panel: Mean gray matter regional stiffness projected on to the brain surface. (C) Cortical gray 
matter regions are annotated on to the brain surface. Right and left lateral, right and left midsagittal, inferior, and superior views are shown. 
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Regionally-aware stiffness maps are softer and have lower apparent 
spatial resolution compared to tissue-confined maps. Mean cortical 
stiffness in the 15 brain regions along with the annotated regions are 
displayed in Fig. 1. Aging effects are summarized in Fig. 2 for both in-
versions. All regions show a statistically significant decrease in stiffness 
for both inversions. Stiffness decreases for both inversions were in the 
range 0.010–0.027 kPa/year (tissue-confined: − 0.013 ± 0.002 kPa/ 
year, regionally-aware: − 0.019 ± 0.002 kPa/year, mean ± standard 
deviation) respectively. Overall larger aging effects are observed for 
regionally-aware inversion compared to the tissue-confined inversion 
(Fig. 2E and F). No significant sex effects are observed for any of the 

regions in both inversions. 

3.2. Cortical region analysis with CU group 

Pairwise comparisons of each dementia group with the CU group are 
presented in Fig. 3. Considering first the tissue-confined stiffness dif-
ferences in Fig. 3A and B, 5 statistically significant differences were 
observed in regions that fit known disease topography (A + ACS: medial 
temporal; FTD: frontal, temporal, medial temporal, cingulum). Stiffness 
of the medial temporal region was lower by 0.36 kPa in the A + ACS 
group. The maximum decrease in the stiffness is observed for the medial 

Fig. 2. Aging effects on the cognitively unimpaired group for tissue-confined and regionally-aware stiffness. Stiffness vs age only linear regression of temporal (A), 
(B) and occipital lobes (C), (D) for both inversions. Correlation coefficients and the corresponding P values are shown. (E) and (F) Aging effects on tissue and 
regionally-aware stiffness of 15 cortical regions projected on to the brain surface (in kPa/yr). Linear regression of stiffness versus age is performed for each region in 
CU group by controlling for sex and scanner effects. Additionally, gray matter region volume is controlled for tissue-confined stiffness. 
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temporal region was found in the FTD group (0.54 kPa). Stiffness was 
lower by 0.30, 0.23 and 0.42 kPa, respectively, in the frontal, temporal, 
and cingulum regions. Similar results are observed for the cortical region 
analysis without controlling the volume effects for tissue-confined 
stiffness (Supplementary Fig. 5). In general, regionally-aware stiffness 
differences (Fig. 3C and D) were spatially more widespread with larger 
effect sizes. Nineteen statistically significant differences with respect to 
CU were observed with regionally-aware stiffness, including the previ-
ously described 5 differences. The medial temporal, frontal, supple-
mentary motor area, precuneus, orbitofrontal and cingulum regions 
were softer in the A + ACS group. In this group compared to CU, the 
medial temporal region showed the largest reduction in stiffness by 0.45 
kPa, and the prefrontal region showed the smallest reduction in stiffness 
by 0.19 kPa. Stiffness was significantly reduced in the precuneus (0.21 
kPa) in participants with DLB. Several regions were softer in the FTD 
group including parietal, frontal, temporal, medial temporal, precentral, 
rolandic operculum, insula, precuneus, orbitofrontal, primary visual, 
cingulum and occipital. Similar to the A + ACS group, the medial tem-
poral region showed the largest reduction in stiffness (0.78 kPa) and the 
precentral region demonstrated the smallest reduction (0.24 kPa). 

3.3. Pair-wise comparisons of dementia 

Results of pairwise comparisons between all clinical groups for both 
inversions are shown in Fig. 4 and Supplementary Figs. 1 and 2. 
Considering the tissue-confined stiffness, 4 out of the 6 possible pairwise 
comparisons between groups exhibited at least one region with a sig-
nificant difference. The medial temporal and orbitofrontal regions were 
softer in A + ACS compared to A + CU. In the FTD group, a decrease in 
stiffness of 0.47 and 1.24 kPa for the frontal and cingulum regions was 
observed compared to the A + MCI group. The medial temporal region 
was softer by 0.29 kPa in FTD compared to the A + CU group. The 
frontal, temporal, medial temporal, precentral and cingulum regions are 
stiffer in DLB group compared to FTD. These results indicated that FTD 
can be significantly differentiated from A + CU, A + MCI and DLB but 
not from A + ACS, and that in particular, the medial temporal region has 
a significant role in differentiating the different etiologies. Pairwise 
dementia comparisons without controlling the volume effects for tissue- 
confined inversion are presented in Supplementary Fig. 6. More regions 
with statistically significant differences in stiffness are observed 
compared to when volume is controlled. Analogous results using the 
regionally-aware stiffness estimates are summarized in Fig. 4B and 

Fig. 3. Pairwise regional stiffness comparison of each dementia group with cognitively unimpaired (CU) of tissue-confined (A), (B) and regionally-aware (C), (D) 
inversions respectively. Top panel: Matrix representation of change in stiffness of 15 Gray matter cortical regions. Regions with statistically significant differences are 
indicated as no asterisk (P < 0.05), and * (Both P and Q < 0.05) respectively. Bottom panel: Regions with statistically significant change in stiffness are projected on 
to the brain surface for each dementia vs CU. Each column indicates left lateral and left midsagittal views of brain surface respectively. Multiple linear regression 
analysis of each region for CU versus each group by controlling the effects of age, sex, scanner is carried out. Volume effects are additionally controlled for tissue- 
confined stiffness. 
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Supplementary Fig. 2. Consistent with the results above, effect sizes 
were larger and more widespread using regionally-aware measurements 
with 5 out of 6 possible pairwise comparisons exhibiting at least one 
significant region. The medial temporal region was significantly stiffer 
by 1.28 kPa in A + ACS compared to FTD, showing the differentiation 
between the groups. 

3.4. Cortical region volume effects 

Results of pairwise regional volume analysis of all groups are shown 
in Supplementary Figs. 3 and 4. Each dementia group exhibits at least 
one region of significant atrophy relative to the CU group. Volume ef-
fects increase as the groups progress along the AD spectrum. The FTD 
group exhibits the strongest atrophy effects, while the DLB group ex-
hibits the smallest. 

3.5. Relationship between atrophy and stiffness 

Fig. 5 investigates the relationship between atrophy and stiffness. 
Four out of the five regions with statistically significant differences in 
tissue-confined stiffness also showed significant decreases in gray matter 
volume (Fig. 5A and 3A). However, when controlling for gray matter 
volume and total intracranial volume (together a basis for atrophy), only 
the rolandic operculum and cingulum regions displayed statistically 
significant differences in tissue-confined stiffness (Fig. 5B). An analysis 
of the relationship between atrophy and regionally-aware stiffness (μRA) 
reveals that the differences in gray matter volume follow a different 
pattern than μRA (Fig. 5A and 3B). Of the 19 regions with significant 
stiffness μRA differences, 10 were not found in the gray matter volume 
summary. From Fig. 5C, it can be seen that μRA still exhibits significant 
stiffness differences even when the atrophy basis is included in the 
model (gray matter volume and total intracranial volume), suggesting 

Fig. 4. Pairwise regional stiffness comparisons of each dementia group with others. Regions with statistically significant change in stiffness are projected on to the 
brain surface for each dementia vs all others for tissue-confined (A) and regionally-aware (B) inversions. Each column indicates left lateral and left midsagittal views 
of brain surface respectively. Multiple linear regression analysis of each region for each dementia versus all other groups by controlling the effects of age, sex, 
scanner, is carried out. Volume is additionally included as a predictor variable for tissue-confined stiffness. 
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μRA cannot be explained simply by atrophy, at least to a first order 
approximation. From Fig. 5D, it is shown that when μTC is further added 
to the model, significant differences are detected suggesting that not 
only are tissue-level stiffness differences present but that the surround-
ing environment also seems to contain disease-relevant information. 

4. Discussion 

In this study we tested the hypothesis that different etiologies of 
dementia result in unique patterns of stiffness differences across the 
cerebral cortex, using two inversion approaches to aid in interpretation. 
All 15 cortical regions softened with aging for both the inversions, in 
agreement with previous aging studies showing widespread softening 
with age (Arani et al., 2015). Three different etiologies of dementia (AD, 
DLB and FTD) each exhibited a unique pattern of stiffness differences 
relative to the cognitively unimpaired group, as well as between disease 
groups. Taken together, these findings support the overall study 
hypothesis. 

The tissue-confined measurements and modeling were designed to 
mitigate partial volume effects to the extent possible, lending further 
confidence to the interpretation that the neural tissue itself is under-
going mechanical alterations. On the other hand, the inclusion of the 
region volume, which is also changing with the disease state, in the 
statistical modeling may be responsible for diminished stiffness effects 
to some degree. Nonetheless, this result is valuable to provide more 
confidence that the actual cortical stiffness is different between disease 
groups. Regionally-aware measurements demonstrated increased effects 
throughout the study and provide the best discrimination between 
groups. However, it is important to be cautious when interpreting the 
findings from less specific methods, as they may not directly reflect 
microstructural changes in the parenchyma. Non-specific effects such as 
changes in white matter or increased fluid content in the subarachnoid 
space due to atrophy are still related to the disease, which is why the 
combination of specific and non-specific effects can improve the accu-
racy of distinguishing between clinical dementia groups. The differences 
in results produced by the two inversions suggest that using multiple 

inversion frameworks could enhance the interpretation of mechanical 
changes in the context of neurodegeneration. Teasing apart the relative 
effects of inversion assumptions and domain will require future 
investigation. 

Summarizing the aging results, stiffness of all cortical regions is 
affected by age for both the inversions, but larger effects were detected 
in the regionally-aware measurements. Overall, the aging brain becomes 
softer, which may reflect several underlying processes including but not 
limited to the loss of synaptic connections, degradation of the normal 
cytoskeleton-extracellular matrix structure, myelin degeneration or 
diminished myelin renewal, cell loss or decreased perfusion (Hall et al., 
2021; Wang et al., 2020; Phillip et al., 2015; Bajpai et al., 2021). Our 
previous study on lobar effects of aging using direct inversion reported 
that the cerebrum, frontal, occipital, parietal, and temporal lobes 
exhibited a statistically significant decrease in stiffness (Arani et al., 
2015). Significant age-effects were not found in the deep gray/white 
matter, cerebellum and sensorimotor regions. With advances in MRE 
technology and inversion methods, stiffness estimation at high resolu-
tion is feasible including in the subcortical gray matter structures, hip-
pocampal subfields, and the cerebral cortex. Hiscox et al. observed 
softening with age of the total cerebrum, as well as in all sub-cortical 
structures except for the hippocampus (Hiscox et al., 2018). One fac-
tor likely contributing to the varied magnitude of stiffness changes be-
tween the studies is the handling of voxels in the subarachnoid space. 
Some studies remove these voxels for ROIs prior to inversion (Hiscox 
et al., 2020; Hiscox et al., 2020), or have used adaptive postprocessing 
techniques in conjunction with mask erosion to remove atrophy-related 
bias (Murphy et al., 2013). The inversions used in this study were 
recently evaluated in a simulation study, which demonstrated that 
atrophy-related effects were relatively small but still statistically sig-
nificant in some regions (Scott et al., 2022). For this reason, we included 
cortical volume in the statistical modeling of tissue-confined measure-
ments, where the goal was to ensure that observed changes in stiffness 
truly reflected alterations to the parenchyma and not a mixture of 
several effects. 

Alzheimer’s disease is one of the most studied dementias using MR 

Fig. 5. Relationship between atrophy and stiffness. (A) Matrix representations of change in volume (regions with atrophy), when multiple linear regression analysis 
of each region for CU vs each dementia group by controlling the effects of age, sex, scanner, and total intracranial volume (TIV) is carried out (B) Regions with 
statistically significant difference (Q < 0.05) in stiffness for tissue-confined inversion when controlled for atrophy effects. Multiple linear regression analysis of each 
region for CU versus each group by controlling the effects of age, sex, scanner, gray matter volume and TIV is carried out. (C) Results of multiple linear regression 
analysis for µRA of each region by controlling the effects of age, sex, scanner, GMV and TIV. (D) Results of multiple regression analysis for µRA of each region by 
controlling the effects of age, sex, scanner, GMV and TIV and µTC. 
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elastography. We observed that only the medial temporal region has a 
statistically significant change in stiffness compared to CU group using 
tissue-confined inversion, while 4 additional regions were softer 
compared to CU group using regionally-aware inversion. The medial 
temporal lobe is central to the integrity of declarative memory function 
and pathologically consistent with early neurofibrillary tangle involve-
ment (Braak and Braak, 1991; Jack et al., 1997; Hyman et al., 1984; 
Delli Pizzi et al., 2014). Stiffness differences in the medial temporal 
region may play a role in differentiating the aging and Azheimer’s dis-
ease groups, similar to atrophy in this region (Chauveau et al., 2021). 
Each of the other regions with stiffness differences are within the frontal, 
parietal, and temporal lobes, where lobar analysis previously demon-
strated significant softening due to AD (Murphy et al., 2016). Stiffness 
differences observed in these regions are consistent with morphological 
findings (Du et al., 2007). Most of the observed softer cortical regions in 
AD group are in line with the recent study by Hiscox et al. (2020) which 
reported decreased stiffness in frontal, parietal, temporal, middle tem-
poral, superior temporal and precentral gyri, precuneus, and operculum. 
Consistent with previous studies (Murphy et al., 2016; Murphy et al., 
2011), amyloid deposition alone produced smaller effects than AD 
dementia. 

In this study, FTD was associated with the largest and most wide-
spread stiffness differences. Frontal, temporal, medial temporal and 
cingulum regions were softer in FTD patients compared to the CU group 
for tissue-confined inversion. Previous MRE investigations of FTD 
showed that frontal and temporal lobes were softer compared to a 
cognitively unimpaired group (Huston et al., 2016), and no other re-
gions were found to have statistically significant change in the stiffness. 
On the other hand, DLB had the smallest effects of the three etiologies. 
No significant differences were observed with tissue-confined mea-
surements, while only the precuneus region had a statistically significant 
decrease in stiffness compared to CU group using regionally-aware 
stiffness. Previous studies reported that cortical thinning and hypo-
metabolism in this region are highly correlated to the visual hallucina-
tion associated with the DLB and may provide differential diagnosis with 
AD (Delli Pizzi et al., 2014; Graff-Radford et al., 2014; Graff-Radford 
et al., 2020). 

Taken together, the results suggest that mechanical properties are 
more sensitive to tau- or TDP-43-related pathology relative to amyloid 
and Lewy bodies. In AD, stiffness differences were most prominent in the 
medial temporal lobe, while only small effects were observed in regions 
where amyloid deposition is the dominant pathology, and amyloid 
deposition alone produced small stiffness effects with only one of the 
two inversions. The DLB group was similar to preclinical AD, in that no 
effects were observed with tissue-confined measurements. Genetically 
inherited FTD, with tau-pathology in two of the participants with MAPT 
mutations, was associated with large differences in brain stiffness. Me-
chanical changes in the anterior brain regions are anticipated more so 
than in posterior regions for FTD. We observed the dominant stiffness 
differences in the anterior brain with smaller but still significant effects 
in the posterior regions. Tissue-level mechanical properties are thought 
to primarily reflect the stiffness of the polymer network formed between 
the extracellular matrix and cytoskeleton (Tyler, 2012). Tau tangles 
disrupt the microtubule cytoskeleton of neurons and alters their 
morphology, connectivity and the mechanical properties of axons, 
which eventually may disturb the synaptic plasticity (Hall et al., 2021). 
Damping ratio has been considered to reflect the tissue organization at 
the microscale. Several studies have reported the role of damping ratio 
in cognitive decline and dementia (Gerischer et al., 2018; Hiscox et al., 
2020; Delgorio et al., 1991; Schwarb et al., 2016). In this study, we did 
not observe damping ratio differences in differentiating the etiologies of 
dementia. 

The limitations of this study will be the subject of future investiga-
tion. First, other etiologies and a few pathological subtypes of dementia 
were not included that would be of interest, including limbic- 
predominant age-related TDP-43 encephalopathy and Parkinson’s 

disease dementia. Second, participants were missing PET imaging data 
that would have allowed improved clinical characterization. Tau PET 
imaging was unavailable, and the DLB patients did not have concurrent 
PIB PET imaging to rule out AD co-pathology. The stiffness difference 
patterns associated with various pathologies represent the group-wise 
differences, and may not necessarily apply to the individual patient. 
Finally, the role of image resolution on the accuracy of cortical stiffness 
estimates remains an active area of investigation and may benefit from 
studying autopsy-confirmed dementia cohorts. 

5. Conclusion 

Both tissue-confined and regionally-aware stiffness estimates 
exhibited significant differences for various dementia groups compared 
to the CU group and between dementia groups, supporting the hy-
pothesis that dementias of varying etiology exhibit unique patterns in 
mechanical property alterations across the cerebral cortex. The use of 
two inversion schemes further aids in the interpretation of these results. 
Traditionally, brain stiffness changes as assessed by MRE have been 
interpreted as reflecting alterations to the tissue microstructure (Arani 
et al., 2015; Murphy et al., 2016; Huston et al., 2016; Murphy et al., 
2020; Hiscox et al., 2021; Johnson et al., 2013). While parenchymal 
microstructure does impact mechanical properties, these macroscopic 
estimates also reflect the surrounding mechanical environment, which 
also is known to affect neural function (Tyler, 2012). The finding that 
regionally-aware stiffness is more sensitive to neurodegeneration and 
not explained by atrophy provides motivation for further investigation 
of multi-inversion MRE in this application. 
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