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Introduction: Frontotemporal lobar degeneration (FTLD) is associated with FTLD 
due to tau (FTLD-tau) or TDP (FTLD-TDP) inclusions found at autopsy. Arterial 
Spin Labeling (ASL) MRI is often acquired in the same session as a structural T1-
weighted image (T1w), enabling detection of regional changes in cerebral blood 
flow (CBF). We  hypothesize that ASL-T1w registration with more degrees of 
freedom using boundary-based registration (BBR) will better align ASL and T1w 
images and show increased sensitivity to regional hypoperfusion differences 
compared to manual registration in patient participants. We hypothesize that 
hypoperfusion will be associated with a clinical measure of disease severity, the 
FTLD-modified clinical dementia rating scale sum-of-boxes (FTLD-CDR).

Materials and methods: Patients with sporadic likely FTLD-tau (sFTLD-tau; 
N  =  21), with sporadic likely FTLD-TDP (sFTLD-TDP; N  =  14), and controls 
(N  =  50) were recruited from the Connectomic Imaging in Familial and Sporadic 
Frontotemporal Degeneration project (FTDHCP). Pearson’s Correlation 
Coefficients (CC) were calculated on cortical vertex-wise CBF between each 
participant for each of 3 registration methods: (1) manual registration, (2) BBR 
initialized with manual registration (manual+BBR), (3) and BBR initialized using 
FLIRT (FLIRT+BBR). Mean CBF was calculated in the same regions of interest 
(ROIs) for each registration method after image alignment. Paired t-tests of CC 
values for each registration method were performed to compare alignment. 
Mean CBF in each ROI was compared between groups using t-tests. Differences 
were considered significant at p  <  0.05 (Bonferroni-corrected). We performed 
linear regression to relate FTLD-CDR to mean CBF in patients with sFTLD-tau 
and sFTLD-TDP, separately (p  <  0.05, uncorrected).

Results: All registration methods demonstrated significant hypoperfusion 
in frontal and temporal regions in each patient group relative to controls. All 
registration methods detected hypoperfusion in the left insular cortex, middle 
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temporal gyrus, and temporal pole in sFTLD-TDP relative to sFTLD-tau. FTLD-
CDR had an inverse association with CBF in right temporal and orbitofrontal 
ROIs in sFTLD-TDP. Manual+BBR performed similarly to FLIRT+BBR.

Discussion: ASL is sensitive to distinct regions of hypoperfusion in patient 
participants relative to controls, and in patients with sFTLD-TDP relative to 
sFTLD-tau, and decreasing perfusion is associated with increasing disease 
severity, at least in sFTLD-TDP. BBR can register ASL-T1w images adequately for 
controls and patients.

KEYWORDS

arterial spin labeling, image registration, frontotemporal lobar degeneration, cerebral 
blood flow, boundary-based registration

1 Introduction

Frontotemporal lobar degeneration (FTLD) is a progressive 
neurodegenerative disorder that causes degeneration predominantly 
in the frontal and temporal lobes of the brain. Sporadic FTLD 
(sFTLD) is frequently a monoproteinopathy, most often due to either 
tau (FTLD-tau) or tar-DNA binding protein (FTLD-TDP) (1, 2). 
sFTLD presents in a number of syndromes that may involve both 
cognitive and motor impairments, such as: behavioral variant 
frontotemporal degeneration (bvFTD), nonfluent/agrammatic 
primary progressive aphasias (naPPA), semantic variant PPA (svPPA), 
corticobasal syndrome (CBS), progressive supranuclear palsy (PSP), 
and/or frontotemporal degeneration with amyotrophic lateral sclerosis 
(FTD-ALS). There are associations between clinical phenotype and 
underlying pathology (3). Both svPPA (1, 4, 5) and FTD-ALS (1, 6) 
are most often associated with FTLD-TDP when sporadic 
(sFTLD-TDP). Other clinical syndromes are typically associated with 
FTLD-tau when sporadic (sFTLD-tau), such as PSP (7, 8), as well as 
naPPA (1, 4, 9) and CBS (1, 10, 11) once Alzheimer’s Disease has been 
ruled out (12). bvFTD can be associated with either sFTLD-tau or 
sFTLD-TDP with similar frequency (1, 13, 14). While pathology 
performed at autopsy remains the gold standard for diagnosis of 
FTLD, the ability to identify the differences between sFTLD-tau and 
sFTLD-TDP through in vivo imaging may be useful in monitoring 
protein-targeted clinical trials.

Arterial Spin Labeling (ASL) MRI non-invasively measures 
perfusion of brain tissue, quantified as cerebral blood flow (CBF), on 
a voxel-by-voxel basis. Although molecular imaging tracers for 
FTLD-tau and FTLD-TDP may more definitively detect pathological 
substrates associated with neurodegenerative diseases, ASL is safe and 
repeatable, does not use ionizing radiation (15), is likely to be useful 
for disease monitoring and progression, and can provide insight on 
how brain function is responding to therapeutic efforts (16). 
Comparisons of CBF derived from ASL can detect regions of hyper-or 
hypo-perfusion that may be  early markers of neurodegenerative 
disease, like FTLD (17, 18). In the same imaging sessions as the ASL 
image, a structural T1-weighted (T1w) image may also be collected 
that can provide complementary information beneficial for 
quantifying and localizing CBF changes.

To facilitate accurate regional CBF calculations, the ASL image is 
aligned, or registered, to the T1w image; however, there exist obstacles 
in obtaining a perfect registration. For example, geometric distortions, 

caused by differences in acquisition parameters for ASL and T1w 
images, can complicate image registration (19). Also, ASL and T1w 
images have different spatial resolutions resulting in different voxel 
sizes; these different voxel sizes introduce difficulties for registration 
as the same voxel may contain signal from different amounts of grey 
matter (GM), white matter (WM), and cerebral spinal fluid, leading 
to partial volume effects (19). Furthermore, ASL images tend to have 
a low signal-to-noise ratio as labeled blood flow constitutes just 
0.5–1.5% of the full tissue signal, resulting in images with noise that 
can make registration difficult. Additionally, as in any MRI modality, 
patient movement during image acquisition can introduce motion 
artifacts that compromise image quality, and lower image quality can 
also adversely affect image registration (18). To achieve accurate 
ASL-T1w alignment, registration methods should correct for spatial 
resolution differences, geometric distortion, partial volume effects, 
and motion artifacts (20). More accurate registrations should enable 
more sensitive detection of altered perfusion patterns due to increased 
accuracy of CBF quantification, which is useful in identifying regions 
of hypoperfusion in the brain (21). Determining best methods for 
accurate and automated ASL-T1w registration is imperative to better 
determine neuroanatomical patterns of hypoperfusion and to abate 
existing obstacles in interpretation across studies.

We hypothesize that we  will find regional differences in 
perfusion in groups of patients with sFTLD-tau and sFTLD-TDP, 
with more predominant temporal perfusion in sFTLD-TDP and a 
more frontal distribution of hypoperfusion in sFTLD-tau. We also 
hypothesize that hypoperfusion will be associated with a general 
measure of cognitive and functional performance, the FTLD-
modified clinical dementia rating scale sum-of-boxes (FTLD-
CDR). Additionally, we analyze the performance of three ASL-T1w 
registration methods in patients with likely sFTLD pathology and 
cognitively normal control participants to better understand the 
accuracy and potential future clinical applicability of each 
registration approach. The three methods analyzed were a manual 
registration, functioning as a benchmark comparison, the manual 
registration as an “initialization” for Boundary-Based Registration 
(BBR) (22), and FMRIB’s Linear Imaging Registration Tool (FLIRT) 
(23) initialization followed by BBR. The Pearson’s Correlation 
Coefficient can be used to measure similarity between registered 
images by comparing vertex-wise mean CBF measurements (20). 
Since registrations supplemented by the non-rigid BBR transform 
will have the most degrees of freedom, we hypothesize that groups 
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of images registered with BBR initialized using FLIRT 
(FLIRT+BBR) and with BBR initialized using manual 
(manual+BBR) will each be more similar on average compared to 
the manual registration, indicating better registration. We  also 
hypothesize that FLIRT+BBR and manual+BBR will be  more 
accurate, leading to increased sensitivity to subtle differences in the 
anatomical distribution of disease between patients with likely 
sFTLD-tau and likely sFTLD-TDP, relative to the manual 
registration alone.

2 Materials and methods

2.1 Participants

All data was collected through the Connectomic Imaging in 
Familial and Sporadic Frontotemporal Degeneration (FTDHCP). 
Participants were recruited at one of five centers in the United States: 
the University of California in San Francisco, Northwestern University, 
Mayo Clinic in Rochester, Massachusetts General Hospital, and the 
University of Pennsylvania. Before FTDHCP participant data 
collection began, each site was required to satisfy scanner hardware 
and software requirements, with all sites using a 3T Siemens Prisma 
scanner running VE11 and using a 64-channel head coil. Furthermore, 
each site was supplied with the same set of acquisition pulse sequences. 
Preliminary data was collected at each site and assessed to ensure 
adequate data quality was achieved before participant enrollment.

Three groups of participants were used for this study. The first was 
normal controls defined as participants who were cognitively normal 
(CDR = 0). The second group of participants were patients whose 
clinical diagnosis indicated likely sFTLD-tau due to a clinical 
diagnosis of PSP, naPPA, or CBS when Alzheimer’s Disease (AD) had 
been ruled out by cerebrospinal fluid beta-amyloid (1–42) 
level < 192 pg/mL or negative amyloid PET scan. The third group of 
participants were patients whose clinical diagnosis indicated likely 
sFTLD-TDP due to a clinical diagnosis of svPPA (with or without a 
co-diagnosis of bvFTD) or FTD-ALS. All patient participants 
additionally tested negative for mutations known to be associated with 
FTLD and are thus likely sFTLD. A schematic breakdown of FTDHCP 
participant inclusion criteria for the current study can be  seen in 
Figure 1. All participants in the study completed an informed consent 
procedure approved by the IRB at the institution performing the data 
acquisition. All FTDHCP imaging data will be  available through 
NIMH Data Archive (see Supplementary material). Participant 
demographics can be viewed in Table 1, and we compared groups of 
participants with sFTLD-tau and sFTLD-TDP using t-tests (ordinal 
variables) and chi-squared tests (categorical variables).

Additional inclusion criteria for this study included T1w and ASL 
images of adequate quality for analysis. Image quality for ASL was 
assessed quantitatively by mean CBF using the quality evaluation 
index (QEI) designed for ASL images (24, 25), with a QEI > 0.4 used 
as the criterion for adequate image quality as there was a break in the 
distribution of QEI values at this point, and the two below the break 
were confirmed to be of relatively poor quality by visual inspection 
(N = 2 excluded). Visual inspection of ASL images was also performed 
to assure no other obvious data quality issues in remaining images. 
T1w images were also assessed visually but were all deemed of 
adequate quality for analysis.

2.2 Image acquisition and ASLPrep 
processing

For ASL image acquisitions at all sites, a background-suppressed 
(BS) pseudo-continuous ASL (pCASL) pulse sequence with a 3D 
RARE stack-of-spirals readout and two-shot acceleration was used. 
The sequence acquisition parameters were TR = 4.2 s and 
TE = 10.03 ms, a voxel size of 3.75 mm3  isotropic, no slice gap, a 
matrix of 64×64, and a flip angle of 90°. There was a total of 34 slices 
with a labeling duration of 1.8 s and a post labeling delay of 1.8 s. The 
labeling efficiency was 0.72. There were 14 label-control pairs to make 
28 total volumes. An M0 (unweighted) image was acquired separately 
and used for quantification. We used one-way ANOVAS to ensure that 
image quality, as estimated using QEI, and mean gray matter CBF 
were not significantly different across sites [F(4) = 2.43, p  = 0.054; 
F(4) = 1.33, p = 0.27, respectively].

ASLPrep v0.2.8 was used for ASL and T1w data preprocessing up 
to the point of ASL image registration to the T1w image (24). Many 
internal operations of ASLPrep are Python-based, using the Nilearn 
0.8.1, NumPy, and SciPy packages. Briefly, ASL image preprocessing 
begins with a brain mask calculated for the ASL image. Head motion 
during image acquisition is corrected for with FSL mcflirt using rigid, 
6 degree of freedom transforms. CBF is then computed at each voxel 
using a general kinetic model. The mean CBF is determined by 
averaging the CBF time series.

Anatomical T1w images were processed with sMRIPrep 0.6.1 as a 
part of ASLPrep. N4BiasFieldCorrection was used to correct for 
intensity non-uniformity which was followed by the Nipype 
implementation of antsBrainExtraction.sh with the OASIS30ANTs 
target template for skullstripping. FSL’s FAST was used for tissue 
segmentation of cerebrospinal fluid (CSF), white matter (WM), and 
gray matter (GM). Using antsRegistration (26), the T1w reference 
image was nonlinearly registered to the ICBM 152 Nonlinear 
Asymmetrical template version 2009c template.

The mean CBF and T1w images are aligned through different 
registration methods (see below) after preprocessing is completed. 
ASLPrep generates summary quality control HTML and csv files for 
each scan session, which were reviewed to ensure data quality as 
described above.

A high resolution T1w MPR image was also acquired in each 
session, with the following parameters TR = 2.4 s, TE = 2.22 ms, slice 
thickness = 0.8 mm, in plane resolution = 0.8 mm x 0.8 mm, a flip angle 
of 8°. Images were processed using Freesurfer’s recon-all v7.1.1.

2.3 Registration methods

For each participant, we considered three registration methods to 
align the mean CBF image and the processed T1w image acquired 
during the same scanning session. First, a manual registration was 
performed (“manual”) using Tkregister2. All manual registrations 
were performed by the same person and each registration was 
examined twice, in each case the transform was considered completed 
once the CBF image was overlaid as accurately as possible on the T1w 
image. The manual registration was considered a benchmark of 
comparison in this study. A FLIRT registration of the CBF image to 
the T1w images using 6 degrees of freedom (translational and 
rotational movement in all directions) was separately performed (23). 
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The FLIRT and manual registrations were then each used as the 
initialization registration for BBR between the CBF and T1w images 
(22). Thus, “FLIRT+BBR” and a “manual+BBR” transforms were each 
generated. BBR is a non-rigid transform that, in addition to a 
preliminary registration with 6 degrees of freedom, also integrates a 
cost function along the vertices of a white and gray matter (GM-WM) 
cortical boundary of the T1w image. BBR spatially transforms this 
boundary to best align with the highest intensity gradients along the 
GM-WM boundary of the mean CBF image. Thus, BBR relies on a 
well-defined GM-WM boundary in the T1w image and a sufficient 
intensity gradient along the GM-WM boundary in the ASL image (22).

By default, FLIRT uses ASLPrep for ASL-T1w registration because 
it is considered both fast and accurate for multimodal registration 
(23). Thus, it was selected for this study as comparison to manual 
registration. For this study, both the manual and FLIRT registrations 
are rigid transformations using 6 degrees of freedom. BBR was chosen 
because it is a non-rigid transform that leverages a cost function to 
best align intensity gradients, importantly in our context at the 
GM-WM boundary (22).

By default, ASLPrep v0.2.8 uses a single ASL volume for 
registration to the T1w. The stack-of-spirals pCASL pulse sequence 

contains some “ringing” artifacts in individual volumes of the 
sequence, resulting in image intensity gradients that make registration 
to T1w difficult, regardless of the tools used, with automated methods 
failing for 10–50% of automated ASL-T1w registrations. However, the 
control-label subtraction and CBF quantification removes the artifact, 
so we used the mean CBF image as the moving image for alignment 
to the T1w image for all registration methods. This change resulted in 
all images of acceptable quality, as determined by a QEI > 0.4, to have 
adequate registrations, failing in just 2.2% (N = 2) of participants. 
These two participants were removed from all ensuing analysis to 
avoid biasing results. The code used to perform the automated 
CBF-T1w registrations is available publicly (https://github.com/ftdc-
picsl/hcpASLregInTauTDP).

2.4 Registration comparisons

We projected the 3D volumetric CBF image to the cortical surface 
using each of the three transformation matrices generated using 
FreeSurfer (27). To compare registration methods, we used vertex-
wise correlation coefficients as follows. A Pearson Correlation 

FIGURE 1

FTDHCP participant inclusion flowchart.
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Coefficient (CC) was calculated for each pair of control mean CBF 
images in template space and separately for each pair of mean CBF 
images in template space for patients with sFTLD-tau and patients 
with sFTLD-TDP, resulting in 1225 unique pairwise comparisons in 

controls (
n

n
=

−

∑ =
1

50 1

1225), 210 unique pairwise comparisons in patients 

with sFTLD-tau (

n
n

=

−

∑ =
1

21 1

210
), and 91 unique pairwise comparisons 

in patients with sFTLD-TDP (
n

n
=

−

∑ =
1

14 1

91) . For the combined patient 

group CC values, the sFTLD-tau and sFTLD-TDP group CC values 
were combined, for a total of 301 unique pairwise comparisons. A CC 
value of 0 would represent two images with no linear relationship 
while a value of 1 would represent two identical images. For each of 
the control, all patients, sFTLD-tau, and sFTLD-TDP groups, CC 
values were compared with paired t-tests for each pair of registration 
methods, manual to manual+BBR, manual to FLIRT+BBR, and 
manual+BBR to FLIRT+BBR, to determine if registration methods 
were significantly different at a threshold p < 0.05, uncorrected for 
multiple comparisons.

Next, three mean CC values were calculated for each participant 
in the study, one for each registration method. Each mean participant 
CC value was calculated as the sum of CC values generated from 

pairwise comparisons divided by the total number of pairwise 
comparisons for the participant. To better understand differences in 
registration consistency between participant groups, t-tests of mean 
participant CC values between controls and all patients, controls and 
sFTLD-tau, controls and sFTLD-TDP, and participants with 
sFTLD-tau and sFTLD-TDP were determined for each registration 
method with a statistical significance threshold of p < 0.05 
(uncorrected).

2.5 Mean CBF in regions of interest (ROIs)

The 219 cortical labels from the Lausanne125 parcellation (28) 
were normalized from template space to native T1w space for each 
participant, and mean CBF values for each participant were calculated 
in each ROI for each registration method. For each registration 
method, two-tailed two-sample t-tests of mean CBF were then 
performed in each ROI to determine regions of hypoperfusion in 
patients with sFTLD-tau relative to controls and patients with 
sFTLD-TDP relative to controls. p-values were adjusted for multiple 
comparisons using Bonferroni correction with a significance level of 
pFWE < 0.05. Additionally, two-tailed two-sample t-tests of mean CBF 
were performed in each ROI to determine hypoperfusion in patients 
with sFTLD-TDP relative to sFTLD-tau with a significance level of 
pFWE < 0.05 (Bonferroni-corrected).

2.6 FTLD-CDR statistical analysis

For sFTLD-tau and sFTLD-TDP participants, we  used linear 
regression to relate regional CBF from each ROI in the Lausanne125 
parcellation of the FLIRT+BBR registrations to the FTLD-CDR (29). The 
FTLD-CDR is a tool to measure cognitive and functional performance 
in patients with neurodegeneration, and in particular across the FTLD 
spectrum of disorders. As no results reached significance at the 
conservative threshold of pFWE < 0.05, we  report results at p < 0.05 
(uncorrected). Two participants with sFTLD-tau were excluded from 
this analysis as they did not have available FTLD-CDR data.

2.7 Atrophy in ROIs

Again using the Lausanne125 parcellation, volumetric data for each 
participant was calculated in each ROI for the FLIRT+BBR registration. 
As with the mean CBF comparisons, two-tailed two-sample t-tests were 
performed in each ROI to detect atrophy in patients with sFTLD-tau 
relative to controls, patients with sFTLD-TDP relative to controls, and 
patients with sFTLD-TDP relative to sFTLD-tau. p-values were 
adjusted for multiple comparisons using Bonferroni correction with a 
significance level of pFWE < 0.05. All statistics were performed in R.

3 Results

3.1 Participants

Patients with sFTLD-tau and sFTLD-TDP were not significantly 
different in age at MRI [t(33) = 1.84, p = 0.07], age at disease onset 

TABLE 1 Participant demographics.

Demographic 
characteristics

Control 
N  =  50

sFTLD-
TDP 
N  =  14

sFTLD-
tau N  =  21

Male (N) 19 7 11

Female (N) 31 7 10

Race (N)

White 47 13 17

Black or African American 2 1 2

Asian 1 0 1

Unknown 0 0 1

Education ± SD (years) 16.4 ± 2.40 15.9 ± 3.15 14.8 ± 2.62

Age at MRI ± SD (years) 49.3 ± 16.24 63.7 ± 5.38 67.5 ± 6.79

Age at Onset ± SD (years) NA 59.8 ± 4.60 63.1 ± 7.07

FTLD-CDR ± SD 0 ± 0 6.82 ± 2.25 6.05 ± 3.51

Phenotypic primary diagnosis (N)

naPPA 0 0 10

CBS 0 0 5

PSP 0 0 6

svPPA 0 11 0

bvFTD +svPPA 0 2 0

FTD-ALS 0 1 0

Summary of participant demographic statistics with associated standard deviations (SD). 
sFTLD-TDP, sporadic likely frontotemporal dementia due to TDP proteinopathy; sFTLD-
tau, sporadic likely frontotemporal dementia due to tau proteinopathy; FTLD-CDR, 
Frontotemporal Lobar Degeneration modified Clinical Dementia Rating; naPPA, nonfluent/
agrammatic variant primary progressive aphasia; svPPA, semantic variant primary 
progressive aphasia; CBS, corticobasal syndrome; PSP, progressive supranuclear palsy; 
bvFTD, behavioral variant frontotemporal dementia; FTD-ALS, frontotemporal dementia 
amyotrophic lateral sclerosis.
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[t(33) = 1.95, p = 0.06], years of education [t(33) = −1.09, p = 0.28], sex 
[X2 (2, N = 1) = 0.02, p = 0.89], or, importantly, FTLD-CDR 
[t(33) = −0.77, p = 0.45].

3.2 Hypoperfusion in sFTLD-tau and 
sFTLD-TDP

To determine regions where perfusion differed between groups of 
patients and controls, t-tests of mean CBF in patients with sFTLD-tau 
and controls were performed in each ROI for each registration 
method. T-tests were similarly performed to compare patients with 
sFTLD-TDP and controls, and patients with likely sFTLD-tau to 
sFTLD-TDP. All regions of hypoperfusion were determined significant 
at pFWE < 0.05 (Bonferroni-corrected). As t-tests were two-tailed, our 
tests were sensitive to both hypo-and hyperperfusion, yet we only 
detected hypoperfusion in all comparisons.

As can be seen in Figure 2A, in patients with sFTLD-tau relative 
to controls, all three registration methods detected hypoperfusion in 
the bilateral middle and superior frontal gyrus, left precentral gyrus, 
and left inferior frontal gyrus.

As shown in Figure 2B, patients with sFTLD-TDP show more 
hypoperfusion relative to controls than sFTLD-tau, with 

hypoperfusion in bilateral insular cortex, occipitotemporal gyrus, 
anterior cingulate cortex, orbitofrontal cortex, temporal pole, superior, 
inferior, and middle temporal gyrus, limbic regions, precentral gyrus, 
superior and inferior middle frontal gyri, in addition to left middle 
frontal and cingulate gyri, and right parahippocampal gyrus. 
Additionally, FLIRT+BBR also detected hypoperfusion in the left 
superior temporal sulcus and postcentral gyrus, bilateral regions of 
parietal lobe, and paracentral lobules, as well as right cingulate gyrus 
and Heschl’s gyrus. When comparing regions following manual 
registration, hypoperfusion was also detected in the right cingulate 
gyrus and parietal cortex, left frontal pole, temporal sulcus, and 
parahippocampal gyrus, and bilateral regions of occipital lobe, 
paracentral gyrus, and supramarginal gyrus. Finally, when using 
manual+BBR, hypoperfusion can also be seen in right middle frontal, 
parahippocampal, and Heschl’s gyri, along with left parietal cortex, 
and bilateral paracentral lobule and regions of occipital lobe.

As can be  seen in Figure  2C, all three registration methods 
detected hypoperfusion in sFTLD-TDP relative to sFTLD-tau in the 
left insular cortex, left middle temporal gyrus, and the left temporal 
pole when comparing sFTLD-TDP relative to sFTLD-tau. No 
hypoperfusion was found in sFTLD-tau relative to sFTLD-TDP.

A complete list of identified regions for each registration method 
for each comparison can be found in the Supplementary materials.

FIGURE 2

Whole-brain perfusion comparisons. (A) Hypoperfusion and atrophy patterns in sporadic likely frontotemporal lobar degeneration due to tau (sFTLD-
tau) relative to controls. (B) Hypoperfusion and atrophy patterns in sporadic likely frontotemporal lobar degeneration due to TDP (sFTLD-TDP) relative 
to controls. (C) Hypoperfusion and atrophy patterns in sFTLD-TDP relative to sFTLD-tau. All results shown are considered significant at p  <  0.05 after 
Bonferroni correction for multiple comparisons. Regions of more significant hypoperfusion (larger t-statistics) are shown in lighter colors (yellow), and 
all brain mappings use the same scale.
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3.3 Relationship between perfusion and 
FTLD-CDR

To determine whether there was an association between perfusion 
and disease severity in participants with sFTLD-TDP and sFTLD-tau, 
linear regressions were conducted in each patient group relating mean 
CBF in each ROI to FTLD-CDR. As shown in Figure 3, for participants 
with sFTLD-TDP, the right medial orbitofrontal cortex, right 
entorhinal cortex, right temporal pole, and right superior temporal 
gyrus are inversely associated with FTLD-CDR (p  < 0.05). In 
participants with sFTLD-tau, no regions were significantly associated 
with FTLD-CDR (all p > 0.05).

3.4 Atrophy in sFTLD-tau and sFTLD-TDP

We examined patterns of atrophy in sFTLD-tau relative to 
controls, sFTLD-TDP relative to controls, and between the groups of 
patients with sFTLD-TDP and sFTLD-tau. As seen in Figure 2A, 
patients with sFTLD-tau show atrophy relative to controls in the left 
orbitofrontal, inferior and superior frontal regions, as well as left 
precentral gyrus and right superior frontal gyrus. In Figure 2B, it can 
be  seen that sFTLD-TDP shows extensive atrophy in bilateral 
temporal lobes and the orbitofrontal cortex. Additionally, atrophy is 
detected in the left cingulate cortex, inferior frontal gyrus, prefrontal 
cortex, and right insula. As seen in Figure  2C, patients with 
sFTLD-TDP show atrophy relative to sFTLD-tau in the bilateral 
inferior and middle temporal gyrus, medial temporal lobe, and 
orbitofrontal cortex, as well as the right insula.

3.5 Statistical comparison of registration 
methods

Paired t-tests of participant CC values were conducted to 
estimate differences between registration methods within control 
participants, within all patients, and within participants with 

sFTLD-tau or sFTLD-TDP (see summary, Table  2). Among 
controls, all registration methods were significantly different 
(p < 0.001) from each other with the greatest t-statistic differences 
noted between registrations supplemented with BBR (FLIRT+BBR 
and manual+BBR) and the manual registration [t(2448) = 50.8 and 
t(2448) = 48.5, respectively]. The smallest t-statistic can be noted 
between FLIRT+BBR and manual+BBR [t(2448) = 6.33]. Among 
patient participants, the FLIRT+BBR and manual+BBR 
registrations were not significantly different [t(600) = −0.01, 
p = 0.991], yet both these registration methods produced 
significantly different results when compared to the manual 
registration [t(600) = 19.6, p < 0.001 and t(600) = 19.8, p < 0.001, 
respectively]. It can be noted that the t-statistic values were similar 
when comparing FLIRT+BBR and manual+BBR to the manual 
registration in patient participants. However, when comparing 
registrations within patient groups, FLIRT+BBR vs. manual+BBR 
were significantly different from each other in both sFTLD-tau and 
sFTLD-TDP [t(418) = 2.2, p < 0.05 and t(180) = −2.2, p < 0.05, 
respectively] (Table 2).

Average mean participant CC values were determined for each 
patient group and all registration methods. As greater CC values 
indicate more consistent registrations, both registrations 
supplemented by BBR performed better on average in all participant 
groups than solely the manual registration, as shown in Figure 4. 
Additionally, these findings suggest BBR performed similarly 
regardless of being initialized with either the FLIRT registration or the 
manual registration in all participant groups (Table 3; Figure 4).

We used t-tests to compare mean participant CC values between 
controls and sFTLD-tau, between controls and sFTLD-TDP, between 
controls and all patients, and between sFTLD-tau and sFTLD-TDP for 
each registration method. As shown in Figure 4 and Table 3, control 
participants demonstrated greater CCs than participants with 
sFTLD-tau (p < 0.001). There were no significant differences in mean 
participant CC values between control participants and participants 
with sFTLD-TDP [t(62) = 0.805, p = 0.43 for FLIRT+BBR, t(62) = 0.74, 
p  = 0.47 for manual+BBR, and t(62) = 0.34, p  = 0.74 for manual 
registrations] or between participants with sFTLD-tau and 

FIGURE 3

Regional associations between FTLD-CDR and cerebral blood flow (CBF). In patients with sporadic likely frontotemporal lobar degeneration due to 
TDP (sFTLD-TDP), the FTLD clinical dementia rating sum-of-boxes score was inversely associated with CBF, demonstrating that as perfusion decreases, 
disease severity increases (p  <  0.05, uncorrected).
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FIGURE 4

Comparison of mean participant Pearson’s Correlation Coefficient (CC) values. Comparisons between controls and all patients were significantly 
different in all registration methods (* represents p < 0.05; ** represents p < 0.01). Comparisons between controls and sporadic likely frontotemporal 
lobar degeneration due to tau (sFTLD-tau) were significantly different in all registration methods (p < 0.001, denoted ***). Controls relative to sporadic 
likely frontotemporal lobar degeneration due to TDP (sFTLD-TDP) and sFTLD-tau relative to sFTLD-TDP were not significantly different (p > 0.05). BBR, 
Boundary-Based Registration; FLIRT, FMRIB’s Linear Registration Tool.

sFTLD-TDP [t(33) = −1.68, p = 0.11 for FLIRT+BBR, t(33) = −1.72, 
p  = 0.10 for manual+BBR, and t(33) = −1.81, p  = 0.09 for manual 
registrations]. In all three registration methods, mean participant CC 
values between controls and the combined patient participants group 
were significantly different [t(83) = 3.07, p  < 0.01 for FLIRT+BBR, 
t(83) = 2.99, p < 0.01 for manual+BBR, t(83) = 2.46, p < 0.05 for manual].

Additionally, the mean time for the FLIRT+BBR registration was 
897 s (±167 s). For the manual+BBR registrations, the mean time to 
complete the BBR portion was 846 s (± 118 s). In both cases, this 
includes the amount of time to perform the necessary file type 
conversions to create all files for BBR. It is also worth noting that with 
the available computational resources, 16 registrations could 

TABLE 2 Statistical comparison of registration methods.

Control participants

FLIRT + BBR vs Manual + BBR FLIRT + BBR vs Manual Manual + BBR vs Manual

p t Cohen’s d p t Cohen’s d p t Cohen’s d

<0.001 6.334 0.009 <0.001 50.811 0.338 <0.001 48.462 0.329

All patient participants

FLIRT + BBR vs Manual + BBR FLIRT + BBR vs Manual Manual + BBR vs Manual

p t Cohen’s d p t Cohen’s d p t Cohen’s d

0.991 −0.011 <−0.001 <0.001 19.621 0.234 <0.001 19.782 0.234

sFTLD – tau Participants

FLIRT + BBR vs Manual + BBR FLIRT + BBR vs Manual Manual + BBR vs Manual

p t Cohen’s d p t Cohen’s d p t Cohen’s d

0.027 2.221 0.004 <0.001 18.098 0.306 <0.001 17.629 0.302

sFTLD – TDP Participants

FLIRT + BBR vs Manual + BBR FLIRT + BBR vs Manual Manual + BBR vs Manual

p t Cohen’s d p t Cohen’s d p t Cohen’s d

0.0162 −2.451 −0.006 <0.001 8.625 0.155 <0.001 9.351 0.161

Paired t-tests and effect sizes (Cohen’s d) of Pearson’s Correlation Coefficient (CC) values generated from unique pairwise comparisons in participants between each registration method were 
determined for both control and patient groups. Patient participants were classified as either sporadic likely frontotemporal lobar degeneration due to tau (sFTLD-tau) or sporadic likely 
frontotemporal lobar degeneration due to TDP (sFTLD-TDP). BBR, Boundary-Based Registration; FLIRT, FMRIB’s Linear Registration Tool; p, p-value; t, t-statistic.

https://doi.org/10.3389/fneur.2024.1452944
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Mihailescu et al. 10.3389/fneur.2024.1452944

Frontiers in Neurology 09 frontiersin.org

be performed simultaneously by one user. The precise mean time for 
each manual registration was not available, but author SM, who 
performed each manual registration, estimates it took approximately 
1800 s per image on average.

4 Discussion

In this study, we  compared regional CBF between groups of 
patients with likely sFTLD-tau and likely sFTLD-TDP, finding unique 
regions of hypoperfusion for each group relative to controls. 
Importantly, we  were also able to detect distinct regions of 
hypoperfusion in sFTLD-TDP relative to sFTLD-tau. Furthermore, 
we related hypoperfusion in sFTLD-TDP to disease severity, adding 
evidence that detected hypoperfusion is relevant clinically. We also 
evaluated FLIRT+BBR, manual+BBR, and manual methods for 
registering CBF images to T1w images, finding similar results in each 
case at the group level and providing evidence that the automated 
FLIRT+BBR is ideal for registration.

4.1 Hypoperfusion patterns in sFTLD-tau 
and sFTLD-TDP

We found that patients with likely sFTLD-tau demonstrated 
hypoperfusion in bilateral middle frontal gyrus, bilateral superior 
frontal gyrus, left precentral gyrus, and left inferior frontal gyrus 
relative to controls. Past work identified that patients with CBS 
demonstrated hypoperfusion in the left inferior frontal gyrus, left 
parahippocampal gyrus, right superior frontal gyrus, right insula, and 
right cuneus relative to controls (30). Additionally, other studies 
combining patients with PSP and CBS found regional hypoperfusion 
in the thalamus, caudate nucleus, anterior cingulate cortex, superior 
and frontal gyri, and temporal lobe (31). A study highlighting regions 
of hypoperfusion in neurodegenerative diseases associated with 
FTLD-tau identified the prefrontal cortex, dorsolateral frontal cortex, 
orbitofrontal cortex, anterior cingulate cortex (32). Furthermore, a 
study reviewing primary progressive aphasias noted patients with 
naPPA have hypometabolism using FDG-PET, a close proxy to 
hypoperfusion using ASL MRI, in the inferior frontal gyrus, superior 
temporal gyrus, and inferior parietal lobule (33). Some differences in 
regional hypoperfusion between studies can be  attributed to the 
classification of participant data pools. This study classified sFTLD-tau 
as patients with CBS, naPPA, and PSP, and though similar regions are 
detected, this study does not cover the full breadth of regions identified 
in other studies likely due to the differences in the proportions of 
participants with the phenotypes considered. Many regions of atrophy 
were overlapping regions of hypoperfusion in sFTLD-tau relative to 
controls, while other regions of atrophy were adjacent to regions of 

hypoperfusion. Previous work examining both GM volumes and GM 
CBF together improve the predictive power of MRI for pathologic 
burden measured at autopsy (34), so our results may provide 
converging evidence that T1w and ASL are likely capturing some 
similar and some unique aspects of the neurodegenerative process in 
sFTLD-tau.

We found that patients with likely sFTLD-TDP demonstrated 
extensive hypoperfusion in bilateral frontal and temporal cortex, 
largely consistent with regions demonstrating early pathology in a 
prior autopsy study looking at bvFTD patients with FTLD-TDP (2). 
For sFTLD-TDP, the majority of participants in this study were 
patients with svPPA. Previous literature comparing regional 
hypoperfusion in patients with svPPA relative to controls using 
ASL-MRI detected very similar regions of hypoperfusion to those 
found in our study (17). Others have found smaller numbers of 
regions, like solely the left parietal associative cortex, posterior 
cingulate, anterior cingulate, and orbitofrontal cortex (35). Our results 
also display some similarities to patterns of hypoperfusion found in 
patients diagnosed with bvFTD, some of whom may also develop 
svPPA symptoms (13) relative to controls such as the bilateral 
orbitofrontal cortex, left dorsolateral prefrontal cortex, left middle 
temporal gyrus, left superior frontal cortex, and the insula (36). Again, 
differing regional hypoperfusion across studies may be explained by 
the differing proportions of patients with specific disease diagnosis in 
the patient populations. Interestingly, all regions of atrophy in 
sFTLD-TDP relative to controls also demonstrated hypoperfusion (for 
at least one of the registration methods), though with many regions of 
hypoperfusion not demonstrating atrophy. This may be due to ASL 
being sensitive to reduced neural function occurring before frank 
neurodegeneration. The more widespread hypoperfusion patterns 
shown here may be due, at least in part, to increased sensitivity to 
perfusion changes as a direct result of our carefully performed 
ASL-T1w registrations.

4.2 Associations between CBF and disease 
severity

In patients with sFTLD-TDP, we found that the FTLD-CDR was 
inversely associated with CBF in regions demonstrating 
hypoperfusion, namely the right medial orbitofrontal cortex, 
entorhinal cortex, temporal pole, and superior temporal gyrus. These 
findings support the idea that perfusion decreases as cognitive 
function declines in sFTLD-TDP, further demonstrating the validity 
of CBF as a measure of disease severity in this patient population. 
Interestingly, autopsy studies have previously shown these as regions 
with early pathology in bvFTD patients with FTLD-TDP (2). It is 
worth noting that the patient population in participants with 
sFTLD-TDP is predominantly svPPA, which is most often associated 

TABLE 3 Comparison of average mean participant CC value between registration methods.

Controls All Patients sFTLD-tau sFTLD-TDP

FLIRT + BBR 0.5866 ± 0.0521 0.5485 ± 0.0589 0.5341 ± 0.0454 0.5702 ± 0.0712

Manual + BBR 0.5859 ± 0.0521 0.5486 ± 0.0594 0.5338 ± 0.0459 0.5709 ± 0.0715

Manual 0.5603 ± 0.0519 0.5291 ± 0.0612 0.5130 ± 0.0461 0.5532 ± 0.0742

Average of mean participant CC values and associated standard deviation for all participants in each group classification were determined for each registration method. Larger CC values 
indicate more consistent registrations across participants. T-tests were conducted between controls, all patients, sFTLD-tau, and sFTLD-TDP. Patient participants were classified as sporadic 
likely frontotemporal lobar degeneration due to tau (sFTLD-tau) or sporadic likely frontotemporal lobar degeneration due to TDP (sFTLD-TDP). BBR, Boundary-Based Registration; FLIRT, 
FMRIB’s Linear Registration Tool; CC, Pearson’s Correlation Coefficient.
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with atrophy in the left temporal lobe, as opposed to the right temporal 
lobe results found here. This may indicate that perfusion in the left 
hemisphere is already at “floor” so the disease severity measured with 
the FTLD-CDR is more sensitive to variance associated with 
functional decline in right temporal regions, which have been 
previously implicated in groups of patients with both svPPA and 
bvFTD with likely FTLD-TDP (17, 37). Taken together, our findings 
demonstrate the utility of ASL-MRI as a tool to detect hypoperfusion 
associated with disease in patients with FTLD.

For participants with sFTLD-tau, no ROIs were significantly 
associated with FTLD-CDR, again likely due to the more varied 
patient phenotypes present in this group compared to the homogeneity 
in the sFTLD-TDP group. Though CBF has previously been linked to 
pathologic burden in FTLD-tau (34), future work with adequately 
powered samples should investigate correlations between CBF and 
cognition to better understand the clinical relevance of ASL-MRI in 
participants with sFTLD-tau, as well as in different clinical phenotypes 
associated with sFTLD-tau.

4.3 Distinct hypoperfusion patterns in 
sFTLD-tau and sFTLD-TDP

Our findings indicate that ASL imaging may have value in 
discriminating between sFTLD-tau and sFTLD-TDP, and provide 
insight on differences in disease processes between them. Previous 
work has analyzed perfusion patterns in patients with FTLD relative to 
controls and relative to AD patients (38), yet it remains important to 
examine perfusion patterns between patients with likely sFTLD-tau 
and likely sFTLD-TDP. Previous literature comparing perfusion in 
familial FTLD-tau to FTLD-TDP identified the same regions of left 
inferior, middle, and superior temporal gyri, with the differing regions 
of the right inferior and medial gyri, right rectal gyrus, and left inferior 
occipital gyrus (39). These discrepancies may be due to the differing 
definitions of FTLD-tau and FTLD-TDP in the studies, as well as 
potential differences in sporadic vs. familial patterns of disease, even 
within the same pathology (9). In our study, sFTLD-tau and 
sFTLD-TDP groups were determined from clinical diagnosis, which is 
necessary to complete antemortem in the absence of genetic mutations, 
though this is also a limitation as using clinical phenotype to estimate 
underlying pathology is not perfect. Small differences may arise from 
regional disease patterns due to more widespread dystrophic microglia 
across cortical layers and greater problems in astrocytes surrounding 
vessels in FTLD-TDP relative to FTLD-tau (40). Phenotypic differences 
between the cohorts may also account for regional differences. 
Nevertheless, registration with all three methods revealed similar 
hypoperfusion patterns between sFTLD-tau relative to controls and 
sFTLD-TDP relative to controls. Additionally, all three registration 
methods found similar regional patterns of hypoperfusion in likely 
sFTLD-TDP relative to likely sFTLD-tau when directly comparing 
those groups. The different regions of hypoperfusion between 
sFTLD-tau and sFTLD-TDP can therefore be attributed to differences 
in disease, as opposed to variations in registration performance.

4.4 Image registration method comparison

When comparing detected regions of hypoperfusion across all 
three registration methods, all methods had a similar sensitivity in 

revealing regional hypoperfusion, with only subtle differences in 
affected ROIs and t-statistics. It is suspected that registration methods 
that are more effective in aligning the T1w and CBF image will yield 
a more accurate analysis of perfusion patterns, which has important 
implications for the potential clinical use of ASL (20, 22). Our results 
suggest that the automated FLIRT+BBR registration produces 
sufficient image alignments to accurately detect regional 
hypoperfusion, as demonstrated relative to the manual registration.

Our results demonstrate that using FLIRT+BBR to register CBF 
and T1w images is a consistent and accurate method to be used on 
both patient and control participants. Importantly, FLIRT+BBR can 
effectively replace time-intensive manual registration efforts allowing 
ASL-T1w image registrations to be  completed automatically, 
accurately, and without user-specific bias (41, 42). Clinically, perfusion 
patterns derived from CBF of ASL-MRI imaging could be reliably 
performed using the fully automated FLIRT+BBR to better identify 
disease progression or to monitor protein-targeted clinical trials.

Additionally, results demonstrated that FLIRT+BBR and 
manual+BBR generated transformations that were similar to each 
other within groups of participants, and these methods resulted in 
more consistent registrations across participants than the manual 
registration. FLIRT and manual are rigid transforms while BBR is a 
non-rigid transform that, in addition to 6 degrees of freedom, also 
implements a cost function that regionally aligns WM/GM boundary 
gradients of the CBF and T1w images (22). This feature likely explains 
why the registrations supplemented by BBR performed similarly to 
each other, whether initialized by manual registration or FLIRT, and 
why BBR may generally perform more consistently than the 
manual registration.

We showed, by comparing mean participant CC values, that 
control participants were more consistently registered relative to 
participants with sFTLD-tau with no significant differences between 
controls and sFTLD-TDP and between sFTLD-tau and 
sFTLD-TDP. We also showed that control participants were more 
consistently registered relative to a combined group of all patients. The 
patient groups in this study are determined by likely pathology as 
estimated by clinical phenotypes, meaning that each patient pathology 
group is composed of multiple different neurodegenerative disease 
phenotypes. Participants in the sFTLD-tau patient group were 
composed of 3 different clinical phenotypes in more varied 
proportions (naPPA = 10, CBS = 5, PSP = 6) relative to participants 
with likely sFTLD-TDP who were mainly diagnosed with svPPA 
(svPPA = 11, bvFTD+svPPA = 2, FTD-ALS = 1). Past work examining 
patients with likely FTLD-TDP with either svPPA (17), ALS or bvFTD 
(36) found that groups of patients with these phenotypes have some 
similar, as well as some distinct regions of hypoperfusion. 
Comparisons of CC between controls and participants with 
sFTLD-TDP were not significantly different likely because participants 
in each group were, respectively, more homogenous; controls were 
composed of participants with no clinical neurodegeneration and 
sFTLD-TDP was composed of patient participants, the vast majority 
of whom were noted to have features of svPPA. As discussed above, 
patients with likely sFTLD-tau, those with naPPA, PSP, and CBS, are 
also likely to have some similar but also unique regions of 
hypoperfusion (43). Thus, it is likely that different clinical syndromes 
with the same proteinopathy will have different regional 
hypoperfusion as well as likely different atrophied regions (44). 
Within the context of the CC calculation, different regional 
hypoperfusion corresponding to different clinical phenotypes will 
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result in lower CC, even if the registration is performing reasonably. 
This effect is notable in the likely sFTLD-tau participant group where 
there is the most variation in participant phenotypes, and to a lesser 
effect in the likely sFTLD-TDP group, likely explaining why no 
significant differences in registration consistency were detected 
between these two groups. Control participant brains are assumed to 
not be affected by disease-related processes that may alter regional 
perfusion patterns, such as reduced cortical functioning or cortical 
atrophy like the patient brains (38) despite known changes that occur 
during “normal” aging (45). CBF maps derived from control 
participant brain scans were more consistently registered relative to 
patients with sFTLD-tau scans, and this is likely because images that 
are already more similar will likely also be registered more similarly. 
On a similar note, control participants were shown to be  better 
registered than the combined group of all patient participants likely 
due to the homogeneity in control participants relative to the diversity 
of regional perfusion patterns in a combined group of sFTLD-tau and 
sFTLD-TDP patients.

4.5 Limitations and future directions

The primary focus of this study was determining regions of 
hypoperfusion in patients with sFTLD-tau and sFTLD-TDP. Though 
we investigated measures of both GM structure and GM function, 
future work should also examine WM using diffusion-weighted 
imaging to better understand the complex structure–function 
relationships mediated by WM connections in the brains of patients 
with FTLD (46).

Patients were classified as either likely sFLTD-tau or likely 
sFTLD-TDP based on clinical phenotypes; however, these 
classifications were not pathologically confirmed. Yet, a strength of 
this work is that all patients were confirmed to not have any known 
mutations associated with FTLD, as there may be  differences in 
mechanisms of disease between those with familial FTLD and those 
with sFTLD (9). Though we  found relatively consistent group 
differences for all registration methods, we found subtle differences in 
regions detected, which may be attributable to our study combining a 
number of diagnoses in our likely sFTLD-tau and likely sFTLD-TDP 
groups. Future work should examine ASL-MRI images in adequately 
powered samples from patients that have been pathologically 
confirmed as sFLTD-tau or sFTLD-TDP to better determine the true 
distribution of functional changes in patients with sFTLD. Only 
hypoperfusion was detected in this work, yet investigating potential 
hyperperfusion patterns, especially in cases of asymptomatic familial 
FTLD, should be a focus in future work.

We postulated that increased CC values between participant CBF 
images in template space indicates better anatomical alignment in the 
intra-subject CBF to T1w registration. We did not evaluate the quality 
of the T1w to template registration, which may also vary between 
patient groups, and which may limit our ability to detect differences 
in CBF to T1w normalization (20). Even under optimal anatomical 
alignment, the CC value comparison would not be  1 because of 
genuine population variance and measurement error in the CBF 
itself. However, given that the inter-subject CBF similarity is never 
explicitly optimized in the pipeline, it is unlikely that the 
improvements in CC values from BBR are due to overfitting. Different 

ASL acquisition protocols may have different characteristic SNR and 
distortion, so results should be  validated on datasets using other 
protocols (20).

4.6 Conclusion

We have shown that ASL is effective in detecting regions of 
hypoperfusion for patients with sFTLD relative to controls. 
Additionally, comparisons of CBF detected differences in regional 
perfusion patterns between groups of participants with likely 
sFTLD-tau and likely sFTLD-TDP. Furthermore, we showed that a 
measure of disease severity was related to hypoperfusion in patients 
with sFTLD-TDP, indicating that ASL is sensitive to clinically relevant 
changes in brain function. Our results demonstrate that FLIRT+BBR 
can register ASL and T1w images at least as well as manual registration. 
Additionally, we showed that using FLIRT+BBR registration produces 
consistent results in both control and patient participants. Different 
registration methods demonstrated subtle differences in regions 
detected in group comparisons; yet, the consistency of detected 
regions of hypoperfusion for all methods indicates that ASL-MRI can 
serve as a useful modality to determine regional hypoperfusion when 
examining patients with sFTLD.
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