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Purpose: To investigate the feasibility of utilizing brain stiffness as a potential biomarker for behavioral variant fronto-
temporal dementia (bvFTD) patients. Magnetic resonance elastography (MRE) is a noninvasive technique for evaluating
the mechanical properties of brain tissue in vivo. MRE has demonstrated decreased brain stiffness in patients with
Alzheimer’s disease.
Materials and Methods: We examined five male subjects with bvFTD and nine cognitively normal age-matched male
controls (NC) with brain 3T MRE. Stiffness was calculated in nine regions of interest (ROIs): whole brain (entire cerebrum
excluding cerebellum), frontal lobes, occipital lobes, parietal lobes, temporal lobes, deep gray matter / white matter
(GM/WM; insula, deep gray nuclei and white matter tracts), cerebellum, sensorimotor cortex (pre- and postcentral gyri),
and a composite region labeled FT (frontal and temporal lobes excluding the pre- and postcentral gyri).
Results: Significantly lower stiffness values were observed in the whole brain (P 5 0.007), frontal lobe (P 5 0.001), and tem-
poral lobes (P 5 0.005) of bvFTD patients compared to NC. No significant stiffness differences were observed in any other
ROIs of bvFTD patients compared to NC (P> 0.05). These results demonstrate that statistically significant brain softening
occurs in the frontal and temporal lobes of bvFTD patients, which corresponds to the expected pathophysiology of bvFTD.
Conclusion: Future studies evaluating the feasibility of brain MRE for early disease detection and monitoring disease
progression could shed new insights into understanding the mechanisms involved in bvFTD.
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Magnetic resonance elastography (MRE) is a technique to

noninvasively measure tissue stiffness akin to palpation.1

MRE is a three-step process beginning with the introduction of

shear waves via an external vibration source. The shear waves

are then imaged with a phase-contrast MRI pulse sequence with

motion-encoding gradients synchronized to the external

motion. Finally, the shear wave images are mathematically

inverted to calculate tissue stiffness.

MRE has been used for brain imaging because of its

potential as a diagnostic aid,2–6 with recent studies showing

decreased brain stiffness in multiple sclerosis 7 and Alzheimer’s

disease (AD).8 It has also been used to study the stiffness of

meningiomas preoperatively.9

Recent work has demonstrated that MRE is capable of

detecting region-specific alterations in stiffness in AD that

follow the known topography of the disease.10 The purpose

of this work was to apply this technique to measure brain

stiffness in frontotemporal dementia (FTD), which has a

distinct spatial pattern, to further investigate the spatial

specificity of stiffness changes in neurodegenerative disease.

Materials and Methods

This study was approved by our Institutional Review Board, and

the behavioral variant FTD (bvFTD) subjects as well as the normal

controls (NC) were imaged after obtaining written informed con-

sent from the subjects and/or their proxies.

Subjects
We studied brain stiffness in five male subjects with bvFTD (age

range 53–65 years, mean 60 years). The diagnosis of bvFTD was

based on the guidelines from the International Behavioral Variant
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FTD Criteria Consortium 11 as well as positron emission tomogra-

phy (PET) imaging and genetic testing. The bvFTD patients

included monozygotic twins with a mutation in the gene encoding

progranulin, two patients with mutations in the gene encoding

microtubule-associated protein tau, and one patient with the

GGGGCC expansion in chromosome 9 open reading frame 72.

Given a recent observation that brain stiffness is altered in

AD,8 all nine NC male subjects (age range 55–66 years, mean 61

years) used for comparison with the bvFTD subjects were docu-

mented to be free from AD beta-amyloid pathology via automated

analysis of Pittsburgh Compound-B PET images.12

MRE Acquisition
The MRE images were collected with the same protocol for both

bvFTD and NC subjects using a modified single-shot spin-echo EPI

pulse sequence on a 3T MR imager (SIGNA Excite, GE Healthcare,

Waukesha, WI). Shear waves of 60 Hz were introduced into the brain

as previously described.8 An active pneumatic driver (located outside

the scanner room) vibrated a soft, pillow-like passive driver placed

under the subject’s head. The resulting displacement field was imaged

with the following parameters: relaxation time / echo time (TR/

TE) 5 3600/62 msec; field of view (FOV) 5 24 cm; bandwidth

(BW) 5 250 kHz; 72 3 72 imaging matrix reconstructed to 80 3 80;

frequency encoding in the right–left direction; 33 parallel imaging

acceleration; 48 contiguous 3-mm-thick axial slices; motion encoding

in the positive and negative x, y, and z directions; and 8 phase offsets

sampled over one period of the 60-Hz motion. The resulting images

have 3 mm isotropic resolution and were acquired in less than 7

minutes. Two additional phase offsets with the motion turned off were

acquired for subsequent signal-to-noise ratio (SNR) calculations.

Image Processing
The MRE processing pipeline (Fig. 1) for measuring regional brain

stiffness has been described 12,13 and begins by calculating the

complex phase-difference images in each of the x, y, and z motion-

encoding directions. The curl field was calculated from the dis-

placement field to reduce longitudinal and boundary effects. To

reduce slice-to-slice phase discontinuities, a 2D lowpass filter was

applied to the complex phase difference images. Wave images were

then calculated as the phase-difference between the original com-

plex phase difference images and the lowpass-filtered phase differ-

ence images.

To create the regions of interest (ROIs) and a brain mask,

we utilized a T1-weighted inversion recovery spoiled gradient echo

(IR-SPGR) sequence with the following parameters: sagittal

orientation; frequency encoding in the superior–inferior direction;

TR/TE 5 6.3/2.8 msec; flip angle 5 118; TI 5 400 msec;

FOV 5 27 cm; 256 3 256 acquisition matrix; BW 5 31.25 kHz;

1.753 parallel imaging acceleration in the anterior–posterior direc-

tion; and 200 1.2-mm slice locations. These images were seg-

mented and registered to the MRE data with ROIs for brain

regions defined so as to exclude voxels with significant partial vol-

ume of cerebrospinal fluid (CSF). A lobar atlas in a standard tem-

plate space was warped to each of the individual subject’s IR-

SPGR T1-weighted image using a unified segmentation algorithm

implemented in SPM5.14

Stiffness was calculated in nine ROIs: global (whole brain

excluding cerebellum), frontal lobes, occipital lobes, parietal lobes,

temporal lobes, deep gray matter / white matter (GM/WM; insula,

deep gray nuclei and white matter tracts), cerebellum, sensory/

motor strip (pre- and postcentral gyri), and a composite region

labeled FT (frontal and temporal lobes excluding the pre- and

postcentral gyri). For each region, the wave images were first

masked with the ROI, which was the intersection of the atlas

region and the brain mask (Fig. 1). Finally, a stiffness map was cal-

culated by direct inversion of the Helmholtz equation that models

shear wave motion in a homogeneous, linear, viscoelastic material.

Stiffness was calculated as the median from the ROI after exclud-

ing one voxel from the surface of the region mask to eliminate

edge-related bias. Adaptive derivative calculations were used in the

inversion to ensure that only information from within an ROI was

used to calculate its stiffness.

Statistical Analysis
The Wilcoxon rank sum test was used for pairwise comparisons of

the groups to determine if they were significantly different from

one another (P< 0.05 considered significant).

Results

Group-wise difference in global stiffness demonstrated

decreased brain stiffness in bvFTD (2.59 kPa) compared

with NC (2.77 kPa) (P 5 0.007). Typical regional differen-

ces observed between an NC and a bvFTD patient can be

seen in Fig. 2, with the most prominent changes being in

the frontal lobes (P 5 0.001) and the temporal lobes

(P 5 0.005). Stiffness differences did not reach statistical sig-

nificance in the parietal or occipital lobes or the pre- and

postcentral gyri. Based on these results, a summary ROI

composed of the frontal and temporal lobes but excluding

FIGURE 1: Summary of the regional MRE pipeline. On the left is the magnitude image from the MRE data with the frontal and
temporal lobes ROI outlined in green (a). The center image is the ROI specific wave image with the phase scale (b). The ROI-
specific elastogram with stiffness scale is displayed on the right (c).
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the sensorimotor areas was generated, which obtains com-

plete separation between the two groups as seen in a boxplot

of these data (Fig. 3). A summary of all the mean median

stiffness values calculated for each region and the corre-

sponding P-values between NC and bvFTD patients is

shown in Table 1.

Discussion

FTD is a neurodegenerative disorder manifested by behav-

ioral/personality changes and/or language changes, and is as

common as AD in those whose symptoms begin prior to

age 60.15 Due to the variety of clinical symptoms, FTD has

recently been reclassified into the primary behavioral syn-

drome bvFTD 11 and three variants of primary progressive

aphasia.16

The pathophysiology of FTD is based on heterogene-

ous protein accumulation causing atrophic changes in spe-

cific parts of the brain.17,18 The heterogeneous

pathophysiology and clinical manifestations of FTD result

in overlapping signs and symptoms between FTD and other

types of dementia, such as AD. This has created some diag-

nostic challenges in this field. Despite the lack of effective

therapeutic and preventive options at this point in time,

establishing an accurate diagnostic method would be benefi-

cial for patient enrollment in clinical trials.

In this study we measured stiffness of nine different

regions of the brain using MRE in patients with bvFTD

and in NC, and we demonstrated that in bvFTD global

stiffness of the brain was lower compared with NC. In

particular, the brain stiffness was significantly decreased in

the frontal and temporal lobes of bvFTD patients, which is

compatible with specific patterns of macro- or microstruc-

tural changes of the frontal and temporal lobes in bvFTD

patients, as previously reported.19–22 Mendez et al 23 previ-

ously noted atrophic changes in the frontal lobe of patients

FIGURE 2: Results of MRE from a normal control (a) and a monozygotic twin (b) with a mutation in the gene encoding progranulin
demonstrating expected brain atrophy in the bvFTD subject (magnitude image on the left). The wave image (center) and elasto-
gram (left) show decreased brain stiffness in the frontal lobes and the temporal lobes in this bvFTD subject.

FIGURE 3: Boxplot of brain stiffness in the frontal/temporal
lobes of bvFTD patients compared to NC. The bvFTD patients
have decreased brain stiffness in these regions compared to
the controls. The red line demarcates the group mean with the
pink box spanning the 95% confidence interval and the blue
box spanning 1 standard deviation. Jittered gray circles display
individual subject values. NC: normal controls; bvFTD: behav-
ioral variant frontotemporal dementia.
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with bvFTD using other neuroimaging modalities. They

were also able to determine specific patterns of atrophy in

different areas of the frontal lobes, which further implied

the heterogeneous pathophysiology of bvFTD itself.21,22 In

future studies, more advanced MRE image acquisition and

reconstruction techniques may provide improved distinction

between normal and atrophic areas of the brain.

Current MRI techniques provide morphologic features

of brain atrophy in bvFTD patients including atrophic

changes, both lobar as well as gray and white matter, and

alterations in diffusion.17,19,22 The temporal relation

between these anatomic changes and brain softening are not

known. MRE offers a potential biomarker to characterize

the viscoelastic properties of the brain in bvFTD patients

and may have a role in further understanding the patho-

physiology of the development and progression of the

disease.

Brain tissue atrophy in FTD is basically secondary to

specific protein accumulation in neurons or glial cells lead-

ing to brain network disintegration.18 Although postmortem

histopathologic studies showed brain tissue changes compat-

ible with imaging findings,21 it is still unclear how early in

the process of dementia it is possible to detect the atrophic

changes with current imaging modalities. Hypothetically,

protein deposits at early stages of disease progression can

alter the tissue stiffness even prior to gliosis and cellular

damage. To evaluate the rate of brain atrophy progression,

Rohrer and colleagues 17 performed serial imaging which

demonstrated a significantly greater rate of atrophy among

FTD patients compared with normal individuals. In a simi-

lar study, Fox and colleagues 24 also reported a higher rate

of atrophy in FTD compared with AD patients. Consider-

ing the strong hereditary nature of FTD and the rapid

progression of this disorder, further MRE studies will

provide valuable information about the mechanical proper-

ties of the brain by providing quantitative measurements

after, during, and potentially prior to the onset of

symptoms.17,25–29

There are several limitations to this pilot study, includ-

ing the small sample size of bvFTD subjects. In addition,

two of the subjects are twins, which potentially reduces the

statistical power of the results. The subjects were moderately

advanced in the disease and it would be important to deter-

mine the stiffness changes of subjects earlier in the disease

process. Finally, a longitudinal study will be necessary to

determine the relation of stiffness change to disease progres-

sion and severity.

In conclusion, we report a specific pattern of brain

stiffness reduction in bvFTD patients, raising the possibility

of using noninvasive brain MRE as a biomarker for the

diagnosis and study of bvFTD.
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