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ARTICLE INFO ABSTRACT
Keywords: Background: Clinical diagnosis of frontotemporal dementia (FTD) remains a challenge due to the overlap of
Frontotemporal dementia (FTD) symptoms among FTD subtypes and with other psychiatric disorders. Perfusion imaging by arterial spin labeling

Cerebral blood flow (CBF)
Radiolabeled water PET (*°0-water)
Arterial spin labeling (ASL)
PET/MRI

sensitivity

(ASL) is a promising non-invasive alternative to established PET techniques; however, its sensitivity to imaging
parameters can hinder its ability to detect perfusion abnormalities.

Purpose: This study evaluated the similarity of regional hypoperfusion patterns detected by ASL relative to the
gold standard for imaging perfusion, PET with radiolabeled water (*>0-water).

Methods and materials: Perfusion by single-delay pseudo continuous ASL (SD-pCASL), free-lunch Hadamard
encoded pCASL (FL_TE-pCASL), and 150.water data were acquired on a hybrid PET/MR scanner in 13 controls
and 9 FTD patients. Cerebral blood flow (CBF) by 150.water was quantified by a non-invasive approach
(PMRFlow). Regional hypoperfusion was determined by comparing individual patients to the control group. This
was performed using absolute (aCBF) and CBF normalized to whole-brain perfusion (rCBF). Agreement was
assessed based on the fraction of overlapping voxels. Sensitivity and specificity of pCASL was estimated using
hypoperfused regions of interest identified by '°0-water.

Results: Region of interest (ROI) based perfusion measured by '°0-water strongly correlated with SD-pCASL (R =
0.85 + 0.1) and FL_TE-pCASL (R = 0.81 + 0.14). Good agreement in terms of regional hypoperfusion patterns
was found between °0-water and SD-pCASL (sensitivity = 70%, specificity = 78%) and between 150.water and
FL_TE-pCASL (sensitivity = 71%, specificity = 73%). However, SD-pCASL showed greater overlap (43.4 +
21.3%) with '°O-water than FL_TE-pCASL (29.9 =+ 21.3%). Although aCBF and rCBF showed no significant
differences regarding spatial overlap and metrics of agreement with '°O-water, rCBF showed considerable
variability across subtypes, indicating that care must be taken when selecting a reference region.

Conclusions: This study demonstrates the potential of pCASL for assessing regional hypoperfusion related to FTD
and supports its use as a cost-effective alternative to PET.

(bvFTD), which presents with changes in personality; primary progres-
sive aphasias (PPA) including the semantic variant (svFTD) and non-
fluent agrammatic variant PPA (nfPPA), which present with language
impairment; and the related syndromes including, corticobasal syn-
drome (CBS) and progressive supranuclear palsy (PSP), presenting as
affected motor control and coordination (Mackenzie and Neumann,

1. Introduction

Frontotemporal dementia (FTD) is a heterogeneous class of syn-
dromes characterized by progressive degeneration of the frontal and
temporal lobes. Clinically, FTD is subdivided into behavioural variant
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Table of acronyms

150-water Radiolabeled Water
'8 FDG Radiolabeled Fluorodeoxyglucose

aCBF Absolute Cerebral Blood Flow

ACE-IIl  Addenbrooke’s cognitive examination III

AD Alzheimer’s Disease

ASL Arterial Spin Labeling

bvFTD  Behavioural Variant of FTD

CBF Cerebral Blood Flow

CBS Corticobasal Syndrome

ENABLE ENhancement of Automated Blood fLow Estimates
FBI Frontal Behavioural Inventory

FL_TE-pCASL Free Lunch Pseudo Continuous Arterial Spin Labeling
FMRIB  Functional Magnetic Resonance Imaging of the Brain
FNIRT FMRIB’s Nonlinear Image Registration Tool

FOV Field of View

FSL FMRIB’s Statistical Library

FTD Frontotemporal Dementia

GRASE  Gradient and Spin Echo

ICA Internal Carotid Artery

LD Labeling Duration

MO Equilibrium Magnetization Image

MATLAB MathWorks Laboratory
MBq Mega Becquerel

MNI Montreal Neurological Institute

MPRAGE Magnetization Prepared and Gradient Echo
MRI Magnetic Resonance Imaging

nfPPA  Nonfluent Primary Progressive Aphasia

PC Phase Contrast

PET Positron Emission Tomography

PLD Post Labeling Delay
PMRFlow Non-invasive Hybrid PET/MR Flow

PPA Primary Progressive Aphasia
PSP Primary Supranuclear Palsy
rCBF Relative Cerebral Blood Flow
ROI Region of Interest

SD-pCASL Single Delay Pseudo Continuous Arterial Spin Labeling
SPM Statistical Parametric Mapping
svFTD  Semantic Variant of FTD

T1 Longitudinal Relaxation Rate
TAC Tissue Activity Curve

TE Echo Time

TR Repetition Time

VA Vertebral Artery

2016). While early diagnosis is critical for timely inclusion in clinical
trials, accurate differential diagnosis at the early stages remains a
challenge due to the overlap of clinical symptoms not only among
subtypes but also with neuropsychiatric diseases including Alzheimer’s
disease and schizophrenia (Iturria-Medina et al., 2016; Mendez et al.,
2007).

Functional brain imaging methods are commonly used to provide
objective measures of disease progression that are more sensitive than
changes in brain volume (Olm et al., 2016). Glucose metabolism by 18p.
fluorodeoxyglucose (FDG) positron emission tomography (PET) is a
well-established measure that is highly correlated with neuropsychiatric
scores (Beyer et al., 2021) and used clinically for improving diagnostic
confidence (Foster et al., 2007; McKhann et al., 2001). Due to the tight
relationship between metabolism, blood flow, and brain activity,
perfusion can also be used as a marker of brain health. The current
standard for imaging perfusion is PET with radiolabeled water (}°0-
water) as it provides quantitative and stable results with a short scan
period (2-5 min) (Ohta et al., 1996). Despite the demonstrated value of
these PET-based techniques, PET imaging is expensive and access
limited. Furthermore, perfusion imaging using '°0-water is challenging
due to the short half-life of the tracer and additionally, quantification
requires arterial sampling, which is invasive and sensitive to noise.

Arterial spin labeling (ASL) is an attractive alternative since it is
totally non-invasive and quantitative. As an MRI-based technique, it is
more accessible, cost-effective, and less technically demanding than
PET. Furthermore, with the emergence of tracers for investigating de-
mentia pathophysiology, including tau accumulation and neuro-
inflammation, implementing ASL as a marker of metabolic/perfusion
deficits “frees” PET for more targeted studies (van Waarde et al., 2021).
Several studies have investigated the ability of ASL to differentiate be-
tween FTD and Alzheimer’s Disease (AD) (Binnewijzend et al., 2014;
Bron et al., 2016; Du et al., 2006; Hu et al., 2010; Tosun et al., 2016);
however, there has been a dearth of studies assessing perfusion changes
among the FTD subtypes. Expected patterns of regional hypoperfusion
have only been identified in a few subtypes, namely bvFTD (Anazodo
et al., 2018; Binnewijzend et al., 2014), and svFTD (Olm et al., 2016).
Beyond group analysis involving patients with nfPPA (Hu et al., 2010)
and FTD-related disorders including PSP and CBS (Cheng et al., 2020), to
date there have been no studies assessing regional hypoperfusion

associated with these subtypes.

Considering that prognosis and treatment options differ between
subtypes (Tsai and Boxer, 2014), the aim of this study was to assess the
ability of ASL to detect regional perfusion deficits related to FTD and
related disorders. Hypoperfusion was determined using single-delay
pseudo continuous ASL (SD-pCASL), as it is the recommended version
for dementia studies (Alsop et al., 2015). Given that longer arterial
transit times can be a significant source of error when using ASL with
elderly and clinical populations (Alsop et al., 2015; Dai et al., 2017), this
study also included a free lunch Hadamard time-encoded pCASL
sequence (FL_TE-pCASL), which is able to generate transit-time-
corrected perfusion images in a time efficient manner (Samson-him-
melstjerna et al., 2016). In contrast to previous studies that compared
perfusion to glucose metabolism (Anazodo et al., 2018; Ceccarini et al.,
2020; Fallmar et al., 2017; Verfaillie et al., 2015), the current study is
the first to perform a head-to-head comparison to 1°0-water PET. Given
that up to 61% of FTD cases have a vascular component (Hachinski
et al, 2019; Toledo et al., 2013), potential differences related to
perfusion-metabolism decoupling are avoided. Furthermore, by taking
advantage of hybrid PET/MRI, cerebral perfusion could be imaged
simultaneously by pCASL and '>O-water, thereby avoiding potential
differences related to repositioning and physiological fluctuations. This
study focused on single-subject analysis to account for the heterogeneity
of perfusion deficits between FTD subtypes and to reflect the use of
imaging in clinical studies.

2. Materials and methods
2.1. Study participants

Eleven patients with FTD or PSP and 13 age-matched neurologically
healthy controls were enrolled between November 2019 and July 2021.
The participants included in current study were part of a larger study
evaluating the reproducibility and sensitivity of ASL among individuals
with FTD (Ssali et al., 2021). Patients were recruited from the Cognitive
Neurology and Aging Brain clinics at Parkwood Hospital (St Joseph’s
Health Care London), while controls were recruited through the clinic’s
volunteer pool. Diagnosis, performed by a clinical neurologist (E.F.),
followed established consensus criteria for probable FTD (Gorno-
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Tempini et al., 2011; Rascovsky et al., 2011) or PSP (Hoglinger et al.,
2017) and included neuropsychological testing, clinical MRI, and ge-
netic testing. Participants completed standardized psychometric as-
sessments (Table 1) to evaluate domains of cognition. Patients’ study
partners completed ratings of symptoms and behaviours. Exclusion
criteria included any significant neurologic or psychiatric disorders
other than suspected FTD, any significant systemic illness, and MRI
incompatibility.

The study was approved by the Western University Health Sciences
Research Ethics Board and was conducted in accordance with the
Declaration of Helsinki ethical standards. Participants provided written
informed consent in compliance with the Tri-Council Policy Statement
of Ethical Conduct for Research Involving Humans.

2.2. PET/MRI acquisition

PET and MRI data were acquired on a hybrid PET/MRI scanner
(Siemens Biograph mMR) using a 12-channel PET-compatible head coil.
Five minutes of list mode data were acquired immediately after a bolus
injection of '°O-water through the antecubital vein (741 + 67 MBq).
PET data were reconstructed to 37 image volumes (frames: 3 s x 20,5 s
x 6,10s x 6,30s x 5, FOV: 172 x 172 x 127 mm3, voxel-size: 2.09 x
2.09 x 2.03 mrn3) using a vendor-based MR attenuation correction map
(Dixon plus bone (Martinez-Moller et al., 2009; Paulus et al., 2015)) and
an iterative algorithm (ordinary Poisson ordered subset expectation
maximization, 3 iterations, 21 subsets, 3D Gaussian filter of 4 mm) with

Table 1
Summary of demographics and scores from standardized psychometric
assessments.

Demographics Patients Controls
Sex (M:F) 3:6 8:5
Age (years) 68.9 + 8.2 64.1 +9.9
Diagnosis 2 bvFTD -
2 nfPPA
3 svFTD
2 PSP
Cognitive Measures
N Score N Score
ACE-III Total Score (100) (American 60 + 16.6 13 922+
Version A) 3.7§
Attention (18) 9 15+ 2.2 13 16.7 £2
Memory (26) 9 126 +7.6 13 235+
2.8§
Fluency (14) 9 43+3.2 13 118+
2.2§
Language (26) 9 15.8+7.8 13 254+
1.1§
Visuospatial (16) 9 12.3+2.2 13 14.8 +
1.1§
Mini-ACE Total Score (30) 9 15+ 6.9 13 277+
2.5§
Boston Naming (15) 9 59+59 10 13.7 +
1.6§
Geriatric Depression Scale (Short Form; 9 51+27 10 1.9 £3.7§
15)

Cognitive Measures

Neuropsychiatric Inventory Total Score 8 14.3 + - -
(144) 14.7

FBI Total Score (72) 9 24.3 + - -
12.9

Cornell (38) 8 8.5+ 5.4 - -

Cambridge Behavioural Inventory 9 49.6 + - -
Revised (180) 19.7

Values are expressed as the mean + standard deviation.

Values in parenthesis represent the maximum score for each test.

T-tests were conducted to test for differences in cognitive measures between
patients and controls.

Statistical significance (p < 0.05) is indicated by §
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corrections for decay, scatter, and dead time.

PMRFlow (Ssali et al., 2018) was implemented to generate quanti-
tative perfusion images by '°0-water without arterial blood sampling.
Briefly, whole-brain perfusion measured by phase contrast (PC) MRI was
used to calibrate '®O-water images. The internal carotid (ICA) and
vertebral arteries (VA) were identified using a 3D time-of-flight MRI
angiography and the PC imaging plane was angulated perpendicularly
to these vessels with a focus on optimizing the angle for the larger
vessels (i.e. ICAs). Retrospectively gated PC images were acquired
simultaneously to the °O-water acquisition (TR/TE: 43.8/4.39 ms,
voxel size: 0.7 x 0.7 x 5 mm?, FOV: 263 x 350 x 350 mm3, velocity
encoding: 70 cm/s in the through plane direction, segments: 3). Twelve
phases per cardiac cycle with four averages were acquired for a total
scan time of ~ 4-5 min, depending on the participants heart rate.

Within 5 min of the PET scan, SD-pCASL data were acquired with a 4-
shot gradient and spin echo (3D-GRASE) readout (Giinther et al., 2005);
TR/TE: 4500/22.14 ms, voxel-size: 4 mm isotropic, FOV: 256 x 256 x
128 mm?®, label-control pairs: 16, bandwidth: 2298 Hz/Px, 1 preparing
scan, scan time: 9:46 min. In accordance with guidelines for imaging
clinical populations, the post-labeling delay (PLD) and labeling duration
(LD) were set to 2000 ms and 1800 ms, respectively (Alsop et al., 2015).
To quantify perfusion in physiological units, an equilibrium magneti-
zation (MO) with identical parameters except for a TR of 7000 ms and no
background suppression or labeling was used.

FL_TE-pCASL images were acquired with a 2-shot GRASE readout
with TR/TE: 5500/21.22 ms, voxel-size: 5 mm isotropic, FOV: 320 x
215 x 120 mm?®, bandwidth: 2894 Hz/Px, slice partial Fourier: 6/8,
phase partial Fourier: 6/8, 4 measurements per PLD, scan time: 5:52
min. With FL TE-pCASL, the traditional PLD is replaced with time-
encoding blocks (Samson-himmelstjerna et al., 2016; Teeuwisse et al.,
2014). An N = 8 Hadamard scheme was applied with sub-bolus duration
of 250 ms, free-lunch LD of 2000 ms, and PLD = 200 ms. This corre-
sponded to PLD;/LD;: 1700 ms/2000 ms, and LDy7: 250 ms, PLDy y:
1450, 1200, 950, 700, 450, 200 ms. An MO image was acquired with
identical parameters except no background suppression or labeling.

For each participant, the labeling plane offset of the pCASL se-
quences was adjusted (90-125 mm from the center of the imaging slab)
to ensure the vessels were perpendicular to the labeling plane (Dai et al.,
2017). Background suppression was achieved using two inversion pulses
to null components with T1 of 700 and 1400 ms (Giinther et al., 2005).
This was implemented in both pCASL sequences.

T1-weighted images, used for anatomical reference and to generate
brain masks, were acquired using a 3-dimensional magnetization pre-
pared rapid acquisition gradient echo (MPRAGE) sequence (TR/TE:
2000/2.98 ms, voxel size: 1 mm isotropic, field of view (FOV) 256 x
256 x 176 mm3, scan time: 4:38 min).

2.3. Image processing

Image analysis was performed with the Oxford Centre for Functional
MRI of the Brain (FMRIB)’s software library (FSL 6.0.1)(Jenkinson et al.,
2012), SPM12 (http://www.fil.ion.ucl.ac.uk) (Ashburner, 2012), and
in-house MATLAB scripts (MATLAB 2018a, The MathWorks, Natick,
MA). All images were manually reoriented to the axis of the anterior and
posterior commissure. T1l-weighted images were processed by the
fsl_anat pipeline to generate the normalization matrix used to spatially
normalize the pCASL data (Smith, 2004).

2.4. Y®0-water PET perfusion quantification

Generating quantitative CBF images with PMRFlow requires deter-
mining whole-brain CBF, fu5, by PC MRI. The procedure involved
drawing contours of the ICA and VA on the magnitude image that were
copied to the phase image using in-house developed MATLAB scripts.
Contours were visually inspected for correctness. Average velocity was
calculated based on the linear relationship between phase change and
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velocity encoding (Nayak et al., 2015). Whole-brain CBF was quantified
by multiplying the average velocity within each vessel by its cross-
sectional area, scaling by brain tissue mass, and summing contribu-
tions from all vessels.

Perfusion images were generated using the following equation (Ssali
et al., 2018):

fim- fOT Ci(t)dt

T T T 1 @
Efo Cop()dt + 1 [ [o Cun(s)dsdt — 1 [ [ Ci(s)dsdt

where f; is CBF in the i™ voxel, Ci(t) the corresponding tissue °O-water
time activity curve (TAC), Cyp(t) the whole-brain TAC, A the partition
coefficient of water, and T the integration time (5 min). The resulting
perfusion maps were spatially normalized to the MNI template using a
non-linear image registration tool (FNIRT) (Jenkinson and Smith, 2001)
and smoothed by a 6 mm gaussian filter. This resulted in an effective
resolution of 8.8-9.4 mm for PET.

2.5. pCASL MRI perfusion quantification

SD-pCASL images were motion corrected and then pairwise sub-
tracted. FL_TE-pCASL perfusion weighted images were generated by
linear combination of the Hadamard-encoded images. All pCASL data
were registered to their corresponding MO image using SPM12. The
remaining processing steps were implemented using FSL’s Oxford ASL
toolbox. ENABLE (Shirzadi et al., 2018) was implemented to remove
poor quality image volumes. Perfusion was quantified using a single
compartment model including Bayesian inference to perform kinetic
modeling and to spatially regularize the images (Chappell et al., 2009).
For FL_TE-pCASL, the CBF images were generated using a kinetic model
that incorporated transit time data. Model parameters were based on the
guidelines of the ASL consensus paper (Alsop et al., 2015). Images were
normalized to the MNI template using FNIRT (Jenkinson and Smith,
2001), smoothed by an 8 mm Gaussian filter (resulting in an effective
resolution of 9.2 and 9.6 mm for SD-pCASL and FL_TE-pCASL respec-
tively), and intensity normalized to whole-brain perfusion measured by
PC MRI (i.e., whole-brain perfusion measured by °0-water and pCASL
were equivalent).

2.6. Statistics

Statistical analysis was performed using MATLAB and R (R Core
Team 2013).

2.6.1. Generating hypoperfusion maps using case control analysis

Recognizing the heterogeneity between FTD subtypes, perfusion
images from each patient were compared individually to the groupwise
perfusion images from the controls (Anazodo et al., 2018). Crawford and
Howell’s modified t-test was used to account for the small sample of the
control group. Treating the control mean and standard deviation as
sample statistics, allowed for better characterization of the uncertainties
in these values, thereby minimizing Type I errors (Crawford and
Garthwaite, 2012). Although regional hyperperfusion has been reported
in specific FTD subtypes (Dukart et al., 2010; Olm et al., 2016), this
study only focused on evaluating regional hypoperfusion given that it is
associated with cognitive impairment (Du et al., 2006). The critical t-
value for a one-sided t-test was determined based on the size of the
control group for alpha 0.05. Hypoperfusion maps for each patient were
generated using absolute perfusion (aCBF) and relative perfusion (rCBF,
intensity normalized to whole-brain CBF). For each technique, regional
hypoperfusion identified by aCBF and rCBF were compared based on the
change in the volume of the clusters and their location. Additionally, the
percent change in cluster volumes between '°0-water relative to FL_TE-
PCASL and SD-pCASL were evaluated.
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2.6.2. Agreement between PET and MRI-based hypoperfusion

Agreement of hypoperfusion detected by °0-water and pCASL was
characterized in terms of sensitivity and specificity. Twelve ROIs
commonly associated with FTD and PSP and one reference region were
selected from wfupickatlas: the amygdala, anterior cingulate cortex,
inferior frontal gyrus, insula, midbrain, orbitofrontal gyrus, precuneus,
supplementary motor area, superior frontal gyrus, temporal pole, mid-
dle temporal lobe, superior temporal lobe, and the occipital lobe
(reference region). ROIs were classified as hypoperfused if the cluster
size was greater than a sphere with diameter of 10 mm (i.e., 65 con-
nected and significantly hypoperfused voxels) (p < 0.05). This threshold
corresponds to the intrinsic resolution of both the PET and MRI perfu-
sion images (i.e., 9.6 mm for PET and 9.2 mm for pCASL). This method is
similar to visual rating scales where regional atrophy is identified within
disease specific ROI (Harper et al., 2016). Agreement was calculated
using the regions detected by '°0-water as the gold standard. Sensitivity
represents the proportion of hypoperfused ROIs identified by 1°0-water
that were also identified as hypoperfused by pCASL, and specificity
represents the proportion of ROIs with normal perfusion identified by
both 1°0-water and pCASL. It is important to distinguish that this is a
measure of similarity between hypoperfusion maps generated by °0-
water and pCASL rather than an assessment of the clinical accuracy of
regional hypoperfusion.

Voxel-by-voxel agreement between 1°0O-water and pCASL hypo-
perfusion maps was characterized based on the number of voxels that
were overlapping (voxels detected by both pCASL and '°O-water),
adjacent (voxels detected by pCASL that are adjoining overlapping
voxels), and isolated (pCASL voxels not connected to clusters adjoining
150-water regions). These parameters were expressed as a percent of the
total number of hypoperfused voxels detected by pCASL. The Jaccard
similarity coefficient was calculated to characterize the similarity be-
tween hypoperfusion detected by pCASL relative to 1°0-water (Jaccard,
1912).

Paired t-tests, linear regression, and Bland-Altman plots were used to
compare ROI-based perfusion measured by 1°0-water and pCASL. Sta-
tistical significance was set to p < 0.05.

3. Results
3.1. Participants

Two patients were excluded due to issues with 1°0-water production
in one case and an unforeseen illness in the other case. One svFTD pa-
tient received an oral dose of lorazepam prior to the scan to manage
anxiety associated with claustrophobia. This patient was excluded from
the aCBF analysis due to its known effects on global CBF. FL_TE-pCASL
data were acquired in nine control and all eight patients. Demographics
and clinical characteristics of the participants are summarized in
Table 1.

3.2. Whole-Brain perfusion

Whole-brain CBF measured by PC MRI was 41 + 8.6 and 48.1 + 7.7
ml/100 g/min in patients and controls, respectively. Mean perfusion by
FL_TE-pCASL, SD-pCASL, and PC MRI are summarized in Supplemental
Table 1. To remove variability in perfusion due to differences between
sequence parameters and imaging modalities, all perfusion data were
intensity normalized to perfusion by PC MRI (Aslan et al., 2010). All
perfusion maps showed the expected contrast of higher perfusion in grey
matter relative to white matter (Fig. 1). Grey-to-white matter contrast by
FL_TE-pCASL, SD-pCASL, and '>0-water across all participants were 1.5
+ 0.2, 1.5 £ 0.3 and 2.7 + 0.3 respectively. There was no difference in
grey-to-white matter contrast between patients and controls or between
SD-pCASL and FL_TE-pCASL; however, 150-water was significantly
higher than both SD-pCASL and FL_TE-pCASL. Compared to 1°0-water,
the two pCASL sequences showed lower perfusion in the basal ganglia,
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FL_TE-pCASL

SD-pCASL 150-water

svFTD 2

Control
Average

o 0

CBF (ml/100g/min)

Fig. 1. Perfusion maps generated by FL_TE-pCASL, SD-pCASL, and '°O-water
from one patient participant (svFTD 2, top) and the average of all control
participants (bottom). Perfusion maps are presented in radiological orientation.

and grey matter perfusion appeared more dispersed. Despite these dif-
ferences, disease-related regional hypoperfusion was apparent in the
CBF images from all three methods. For example, low perfusion was

observed in the left middle temporal gyrus for the patient svFTD 2
(Fig. 1).

3.3. Regional hypoperfusion detected by PET and MRI

3.3.1. Qualitative agreement of hypoperfusion maps
Example hypoperfusion maps detected by FL_TE-pCASL, SD-pCASL,
and '°0-water for aCBF and rCBF are shown in Fig. 2. In patients with

Absolute Perfusion

FL_TE-pCASL SD-pCASL 150-water

bvFTD

nfPPA

PSP

svFTD
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bvFTD (n = 2), all techniques detected hypoperfusion in the inferior and
anterior temporal pole, superior and middle frontal gyrus, frontal pole
and anterior cingulate (bilaterally for all regions). In addition, the
PCASL sequences detected hypoperfusion in the insula bilaterally. For
nfPPA (n = 2), all techniques identified left lateralized hypoperfusion in
the temporal pole, inferior temporal gyrus, insula, frontal pole and
perisylvian area. Inferior regions of the frontal pole showed bilateral
hypoperfusion by '°0-water, whereas SD-pCASL primarily detected
hypoperfusion on the left side. Only FL_TE-pCASL detected hypo-
perfusion in the right thalamus and caudate. For PSP (n = 2), hypo-
perfusion was detected in the midbrain, inferior frontal gyrus, and
precuneus by all techniques. SD-pCASL and 150-water also identified
regional hypoperfusion in the anterior cingulate and superior frontal
gyrus. Finally, asymmetric (left dominant) hypoperfusion in the tem-
poral lobe (temporal pole, middle temporal gyrus, inferior temporal
gyrus, and temporal fusiform cortex) was identified by all techniques in
patients diagnosed with svFTD (n = 2). 150-water and SD-pCASL iden-
tified hypoperfusion bilaterally, with greater hypoperfusion on the left,
whereas FL_TE-pCASL only identified hypoperfusion on the right side.

The proportion of significantly hypoperfused voxels are summarized
in Supplemental Table 2. Generally, similar regions of hypoperfusion
were identified in the rCBF images and there was no difference in the
volume of hypoperfusion clusters compared to aCBF. However, greater
variability across patients was observed after normalisation. Specif-
ically, 1°0-water and SD-pCASL both showed a 3-to-14 fold increase in
hypoperfused voxels in 3 patients (1 nfPPA, 2 svFTD), while the oppo-
site, a 3-to-9 fold decrease, was found in 3 patients (2 bvFTD, 1 PSP) and
minimal change (1.4 decrease to 1.1 fold increase) in the remaining two
(1 nfPPA, 1 PSP). FL_TE-pCASL showed similar trends, except for a much
greater increase for one svFTD patient.

Larger regions of hypoperfusion tended to be detected by PET;
however, only cluster sizes detected by FL_TE-pCASL were significantly
smaller. On average, SD-pCASL and FL_TE-pCASL detected 20.4 + 38.2
and 21.3 + 52.9% smaller volumes, respectively, compared to the aCBF
from '°0-water and 8 + 37.5 and 41.9 + 40.6% smaller volumes,
respectively, than the °O-water rCBF images. However, 44% more

Relative Perfusion

FL_TE-pCASL SD-pCASL 150-water

Fig. 2. Regional hypoperfusion detected by FL_TE-pCASL, SD-pCASL, and '®O-water for one patient from each of the FTD subtypes/PSP. Images are in radiological

orientation.
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hypoperfused voxels were detected in the SD-pCASL rCBF images for the
two bvFTD patients compared to 150-water.

3.3.2. Quantitative agreement hypoperfusion maps

Good agreement between regional hypoperfusion detected by '°0-
water and pCASL was found in terms of both aCBF and rCBF. This
observation was confirmed by the sensitivity and specificity calculations
for SD-pCASL; 70% and 78%, respectively, for aCBF and 73% and 74%,
respectively, for rCBF. Regional hypoperfusion detected by '°0-water
and FL_TE-pCASL using aCBF also showed good sensitivity (71%) and
specificity (73%). However, the sensitivity decreased to 43% for rCBF
while the specificity (71%) remained within a similar range.

The percentage of overlapping, adjacent and isolated voxels identi-
fied by SD-pCASL and FL_TE-pCASL relative to 150-water are summa-
rized in Table 2. SD-pCASL had a similar proportion of overlapping and
adjacent voxels, whereas FL_TE-pCASL had a smaller portion of over-
lapping and greater fraction of adjacent voxels. The proportions iden-
tified by SD-pCASL with rCBF were not different from those identified
with aCBF. With FL_TE-pCASL, intensity normalization resulted in an
increase (p < 0.05) in adjacent voxels only. For most patients either an
increase or small decrease in the percentage of common voxels was
found after intensity normalization (ns) (Table 2). However, normali-
zation caused a substantial decrease in the proportion of voxels common
to PET and SD-pCASL for patients with bvFTD (41 and 74%), and one
patient with PSP (36%). A similar trend was observed with FL _TE-
pCASL. For both ASL techniques, similar results were found if the
analysis was limited to grey matter. For example, the average fraction of
overlapping, adjacent and isolated voxels for aCBF from SD-pCASL were
49.6 + 25.6, 43.8 + 24.8, and 6.6 + 11.4, respectively.

Compared to controls, perfusion by '°O-water in patients was
significantly lower in most FTD-specific ROIs (7 of 12) (Fig. 3). There
was good agreement with SD-pCASL and FL_TE-pCASL; of the ROIs with
significantly lower perfusion in patients, 5 were common to SD-pCASL
and 6 to FL_TE-pCASL. All techniques showed no difference in perfu-
sion between patients and controls in the occipital lobe, midbrain, and
orbitofrontal gyrus. Perfusion measured by FL_TE-pCASL and SD-pCASL
tracked well with 1°0-water (Fig. 4) as indicated by the strong corre-
lation (R > 0.75) in all ROIs, except for the supplementary motor area

Table 2
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(Table 3). Additionally, most ROIs showed little proportional bias
(Fig. 5, Supplemental Fig. 1).

4. Discussion

This study assessed in FTD and related disorders the concordance of
regional hypoperfusion identified by pCASL relative to PET using *°O-
water, the gold standard for imaging perfusion. To appreciate the
regional contrast of perfusion maps (Fig. 1), perfusion data were
normalized to whole-brain CBF measured by PC MRI. Mean perfusion by
PC MRI was 41 + 8.6 ml/100 g/min across patients and 48.1 + 7.7 ml/
100 g/min in controls. The latter is consistent with previous reports
involving older populations (Binnewijzend et al., 2014; Kilroy et al.,
2014). SD-pCASL and '°0-water CBF maps had similar resemblance
(Fig. 1), although greater grey-to-white matter contrast was observed in
the PET images (2.7 + 0.3) compared to either pCASL sequence (1.5 +
0.2), similar to previous studies (Fan et al., 2016; Heijtel et al., 2014;
Puig et al., 2019; Qiu et al., 2010; Zhang et al., 2014). This difference is
likely related to the limitation of ASL to accurately measure white
matter perfusion due to longer transit times (Van Gelderen et al., 2008;
Zhang et al., 2014). Another difference was the higher CBF values ob-
tained with '°0O-water in sublobar regions such as the amygdala and
insula. On average '°O-water values were 25 = 17% higher than the
corresponding SD-pCASL values (Fig. 1). ASL has been shown to un-
derestimate perfusion in these regions (Fan et al., 2019; Heijtel et al.,
2014), while PMRFlow can overestimate CBF due to neglecting blood
volume signal contributions (Ssali et al., 2018). However, these dis-
crepancies in absolute CBF between '°O-water and pCASL are less
important for the case-control analysis since it only depends on changes
in regional CBF. Similarly, a recent study reported no significant dif-
ference in CBF changes measured by pCASL and PET during an acet-
azolamide challenge despite discrepancies in absolute CBF (Puig et al.,
2019). The strong correlation between ROI-based perfusion measured
by SD-pCASL and !°O-water (R = 0.85 + 0.1) demonstrated good
agreement in the perfusion changes measured by the two methods
(Fig. 4, Table 3). Furthermore, these results are within the range re-
ported in a previous study that assessed agreement between ASL and
150.water in a population of young healthy participants (R = 0.61-0.87)

Summary of overlap analysis (expressed as a percent) and Jaccard similarity index of hypoperfusion detected by FL_TE-pCASL and SD-pCASL *°0O-water PET. Com-

parison was conducted using absolute and relative CBF.

Absolute Perfusion

FL_TE-pCASL SD-pCASL

Overlap Adjacent Isolated Jaccard Overlap Adjacent Isolated Jaccard
bvFTD1 32 68 0 0.18 32 68 0 0.20
bvFTD2 144 56 0 0.27 55 45 0 0.36
nfPPA1 21 78 1 0.08 44 54 3 0.21
nfPPA2 12 26 62 0.05 27 32 41 0.12
PSP1 19 78 3 0.10 23 76 0 0.14
PSP2 8 90 2 0.05 15 80 5 0.09
svFTD1 76 24 0 0.00 59 32 9 0.05
svFTD2 17 26 56 0.04 83 16 1 0.28
svFTD3 40 60 0 0.24 51 48 1 0.37
Mean + SD 29.9 +£21.3 56.2 + 25.2 13.9 + 25.6 0.11 + 0.1 43.4 + 21.3 50 + 21.8 6.5+ 132 02+0.12
Relative Perfusion

FL_TE-pCASL SD-pCASL

Overlap Adjacent Isolated Jaccard Overlap Adjacent Isolated Jaccard
bvFTD1 10 86 4 0.04 19 75 6 0.12
bvFTD2 4 73 23 0.02 15 72 13 0.10
nfPPA1 22 75 2 0.06 43 56 1 0.21
nfPPA2 29 60 11 0.11 35 51 14 0.19
PSP1 22 77 2 0.09 25 74 0 0.15
PSP2 2 84 14 0.01 10 72 19 0.05
svFTD1 41 53 6 0.05 68 31 1 0.25
svFTD2 46 49 5 0.10 80 19 1 0.38
svFTD3 22 65 12 0.05 43 46 11 0.25
Mean + SD 22+ 153 69.3 + 13 88+ 7.1 0.06 + 0.04 37.5+24 55.2 +20.4 7.3+7.1 0.19 £0.1
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Fig. 3. Perfusion measured by FL_TE-pCASL, SD-pCASL, and °0-water in 12 FTD-specific ROIs and 1 reference ROL Boxplots are grouped as patients (green) and
controls (orange), and the colored points represent the diagnosis. Significance levels are denoted by: * (p < 0.05), ** (p < 0.001), *** (p < 0.0001).
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Fig. 4. Comparison of ROI-averaged perfusion estimates from 'O-water and SD-pCASL (blue) and °0-water and FL_TE-pCASL (red). Symbol shapes listed in the
legend indicate FTD subtype. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(Zhang et

al., 2014). 2007; Foster et al., 1988; Moodley et al., 2015; Teune et al., 2010).

Both 1%0-water and SD-pCASL detected hypoperfusion in regions Similar to previous FDG PET studies (Anazodo et al., 2015; Ceccarini
previously shown to have hypometabolism (Fig. 2) (Diehl-Schmid et al., et al., 2020), the extent and intensity of clusters detected by >0-water



T. Ssali et al.

Table 3

Linear regression intercept, slope and correlation coefficient for perfusion
comparisons between (1) FL_TE-pCASL and 150-water and (2) SD-pCASL and
150.water in FTD-related ROIs and the occipital gyrus as a reference region.

FL_TE-pCASL SD-pCASL
Region Intercept  Slope R Intercept  Slope R
Amygdala 28 0.43 0.66 13 0.53 0.84
Anterior Cingulate 23 0.53 0.87 18 0.54 0.91
Inferior Frontal Gyrus 12 0.96 093 15 0.86 0.88
Insula 20 0.59 0.86 18 0.55 0.86
Midbrain —0.47 0.81 0.88 54 0.72 0.78
Middle Temporal 16 0.88 0.95 16 0.79 0.86
Gyrus
Orbitofrontal Gyrus 8.3 0.93 0.87 10 0.83 0.85
Precuneus -1.3 0.99 0.91 2.2 1 0.93
Superior Frontal Gyrus 21 0.66 0.80 14 0.72 0.90
Superior Temporal 7.3 1.1 0.90 6.9 1.1 0.93
Gyrus
Supplementary Motor 14 0.62 0.50 13 0.71 0.55
Area
Temporal Pole 30 0.78 0.59 12 0.88 0.89
Occipital Gyrus —4.6 1.2 0.82 -35 1.3 0.85

tended to be larger — on average SD-pCASL detected a 20 + 38% smaller
volume of hypoperfusion — suggesting PET had greater sensitivity.
Anatomical regions associated with the overlapping clusters’ co-
ordinates were in regions known to be associated with each FTD sub-
type. Ninety-three percent of hypoperfused voxels identified by SD-
PCASL were either overlapping with (43%) or adjacent to (50%) vox-
els identified by 1°0-water, and less than 7% of voxels were found in
isolated clusters. This is in agreement with the sensitivity/specificity
analysis: 70% of hypoperfused ROIs and 78% of ROIs with normal
perfusion identified by SD-pCASL were common to °O-water. In
contrast, the Jaccard similarity index, which is a commonly used im-
aging metric, did not adequately capture the similarities (Table 2). This
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discrepancy is likely related to the large proportion of adjacent, rather
than overlapping, voxels when comparing hypoperfusion maps gener-
ated by °0-water and SD-pCASL. Even for the svFTD patient shown in
Fig. 2, in which there was an 83% overlap between '°0-water and pCASL
clusters, the Jaccard index was 0.28 (Table 2).

Unexpectedly, normalizing by whole-brain CBF caused considerable
variability in terms cluster size of detected regional hypoperfusion
(Fig. 2). Some patients showed the expected increase (e.g. svFTD) or
minimal change (e.g. PSP and nfPPA), while others showed a decrease
(e.g. bvFTD, PSP). This last group highlights a potential challenge
associated with assessing relative perfusion changes. Intensity normal-
ization is intended to remove between-subject variations, thereby
allowing for a more sensitive assessment of regional hypoperfusion.
However, normalizing by whole-brain CBF can diminish sensitivity to
regional perfusion deficits if whole-brain CBF is significantly reduced by
widespread disease effects (Borghammer et al., 2008). This is illustrated
by the bvFTD patients for whom approximately 30% of the whole brain
was significantly hypoperfused (Supplemental Table 2). Other reference
regions were investigated for the bvFTD patients (specifically the oc-
cipital lobe and cerebellum), but the rCBF hypoperfusion maps
remained relatively sparse (data not presented). These results highlight
the benefit of quantitative imaging for assessing regional hypoperfusion.
That is, it is valuable to compare regional hypoperfusion patterns
identified by aCBF and rCBF images to assess if perfusion normalization
results in a substantial reduction in regional hypoperfusion, as evident
with the bvFTD patients in this study.

FL_TE-pCASL also showed good agreement with '°O-water (sensi-
tivity = 71% and specificity = 73%). In addition, there was good cor-
relation between ROI-based perfusion estimates from the two methods
(R = 0.81 £ 0.14) (Table 3). Unlike SD-pCASL, perfusion in the amyg-
dala and insula ROIs were not significantly lower than the CBF estimates
from °0-water, demonstrating the added value of accounting for transit
times. Despite these findings, the overlap between °0-water and FL_TE-
PCASL hypoperfusion maps had 30% fewer voxels compared to overlap
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Fig. 5. Bland-Altman plots show agreement between perfusion measured by SD-pCASL and '*O-water in ROIs common to FTD. Solid black line represents the
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average difference, and dashed black lines represent the 95% confidence interval.
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between '°O-water and SD-pCASL (Table 2). In addition, intensity
normalization reduced the sensitivity by roughly a half due to the
decrease in the already small cluster sizes. Although FL_TE-pCASL was
shown to have good sensitivity for detecting perfusion changes related
to Moya-Moya disease (Fan et al., 2019), the hypoperfusion clusters
detected in the current study appeared sparce and with poorer overlap
with '%0-water maps (Fig. 2). One explanation is that FL_TE-pCASL is
more sensitive to motion since data since 8 encoding steps are required
to generate a set of difference images. In contrast, SD-pCASL only re-
quires one pair of label and tag images. In this study, the shorter
acquisition time for FL_TE-pCASL (roughly 5 min) likely contributed to
its lower sensitivity compared to SD-pCASL, which had a 10-min
acquisition time. In a companion study involving the same cohort, we
found that while a PLD of 2 s was sufficient to minimize the effects of
transit time errors, 5 min of scanning was not adequate to accurately
measure perfusion (Ssali et al., 2021). Nevertheless, the good correlation
with '50-water in terms of ROI-based perfusion (Fig. 4, Supplemental
Fig. 1) shows the promise of FL_TE-pCASL.

While the results of this study highlight the promise of pCASL for
detecting regional hypoperfusion related to FTD subtypes, there are a
few limitations. First, data were acquired from a small sample, with only
2-3 participants per subtype. Despite the small sample size, there was
good consistency in terms of regional hypoperfusion identified within
each subtype by PET and MRI. Second, the acquisition time for SD-
pCASL was closer to 10 min, rather than the recommended 5 min
(Alsop et al., 2015). A longer scan time was chosen to improve the
signal-to-noise ratio; however, it increases the risk of motion artefacts.
The use of a labeling sequence that included background suppression
and careful attention to minimizing head motion during imaging were
implemented to minimize potential motion. Finally, partial volume
correction was not applied to the perfusion images as this step is not
commonly used in clinical practice. Although brain atrophy likely
contributed to the hypoperfusion detected by PET and pCASL, a previous
study reported similar perfusion differences between dementia patients
and controls with and without partial volume correction (Binnewijzend
et al., 2014).

In conclusion, the present study demonstrates the potential of pCASL
for assessing regional hypoperfusion related to FTD subtypes and PSP.
Direct comparison of MRI and PET perfusion revealed that although *°0-
water showed greater sensitivity, as indicted by larger clusters, SD-
pCASL and FL_TE-pCASL identified hypoperfusion in similar regions,
with the former showing strong agreement with the >0-water results.
Although rCBF and aCBF showed no significant differences in terms of
spatial overlap and metrics of agreement with PET, rCBF showed
considerable variability across subtypes, indicating that care must take
when selecting a reference region. These results support the use of
PCASL as a cost-effective alternative to PET for assessing regional
perfusion deficits associated with FTD.

CRediT authorship contribution statement

Tracy Ssali: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Project administration, Resources, Soft-
ware, Validation, Visualization, Writing — original draft, Writing — re-
view & editing. Lucas Narciso: Investigation, Methodology, Writing —
review & editing. Justin Hicks: Investigation, Resources, Writing — re-
view & editing. Linshan Liu: Investigation, Writing — review & editing.
Sarah Jesso: Investigation, Resources, Writing — review & editing.
Lauryn Richardson: Investigation, Resources, Writing — review &
editing. Matthias Giinther: Resources, Software, Writing — review &
editing. Simon Konstandin: Resources, Software, Writing — review &
editing. Klaus Eickel: Resources, Software, Writing — review & editing.
Frank Prato: Supervision, Writing — review & editing. Udunna C.
Anazodo: Investigation, Methodology, Resources, Writing — review &
editing. Elizabeth Finger: Resources, Supervision, Writing — review &
editing. Keith St Lawrence: Conceptualization, Formal analysis,

Neurolmage: Clinical 33 (2022) 102950

Funding acquisition, Methodology, Project administration, Resources,
Supervision, Validation, Writing — review & editing.

Declaration of Competing Interest

The authors have no conflicts to declare.

Acknowledgments

This work was supported by the Association for Frontotemporal
Degeneration as a co-funder with the Alzheimer’s Drug Discovery
Foundation [#GA-2012696] and the Canadian Institutes of Health
Research [#148600]. Tracy Ssali was supported by the Canadian In-
stitutes of Health Research (Frederick Banting and Charles Best Cana-
dian Graduate Scholarship [#157872]). The authors would like to thank
John Butler and Heather Biernaski for assistance with imaging and
Gabriel Keenleyside for helpful discussions.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.nicl.2022.102950.

References

Alsop, D.C., Detre, J.A., Golay, X., Giinther, M., Hendrikse, J., Hernandez-Garcia, L.,
Lu, H., Macintosh, B.J., Parkes, L.M., Smits, M., van Osch, M.J.P., Wang, D.J.J.,
Wong, E.C., Zaharchuk, G., 2015. Recommended implementation of arterial spin-
labeled perfusion MRI for clinical applications: a consensus of the ISMRM perfusion
study group and the European consortium for ASL in dementia. Magn. Reson. Med.
73, 102-116. https://doi.org/10.1002/mrm.25197.

Anazodo, U.C., Finger, E., Kwan, B.Y.M., Pavlosky, W., Warrington, J.C., Giinther, M.,
Prato, F.S., Thiessen, J.D., St. Lawrence, K.S., 2018. Using simultaneous PET/MRI to
compare the accuracy of diagnosing frontotemporal dementia by arterial spin
labelling MRI and FDG-PET. Neurolmage Clin. 17, 405-414. https://doi.org/
10.1016/j.nicl.2017.10.033.

Anazodo, U.C., Thiessen, J.D., Ssali, T., Mandel, J., Giinther, M., Butler, J., Pavlosky, W.,
Prato, F.S., Thompson, R.T., St Lawrence, K.S., 2015. Feasibility of simultaneous
whole-brain imaging on an integrated PET-MRI system using an enhanced 2-point
Dixon attenuation correction method. Front. Neurosci. 8 https://doi.org/10.3389/
fnins.2014.00434.

Ashburner, J., 2012. SPM: A history. Neuroimage 62, 791-800. https://doi.org/
10.1016/j.neuroimage.2011.10.025.

Aslan, S., Xu, F., Wang, P.L., Uh, J., Yezhuvath, U.S., van Osch, M., Lu, H., 2010.
Estimation of labeling efficiency in pseudocontinuous arterial spin labeling. Magn.
Reson. Med. 63, 765-771. https://doi.org/10.1002/mrm.22245.

Beyer, L., Meyer-Wilmes, J., Schonecker, S., Schnabel, J., Sauerbeck, J., Scheifele, M.,
Prix, C., Unterrainer, M., Catak, C., Pogarell, O., Palleis, C., Perneczky, R., Danek, A.,
Buerger, K., Bartenstein, P., Levin, J., Rominger, A., Ewers, M., Brendel, M., 2021.
Cognitive reserve hypothesis in frontotemporal dementia: A FDG-PET study.
Neurolmage Clin. 29, 1-7. https://doi.org/10.1016/j.nicl.2020.102535.

Binnewijzend, M.A.A., Kuijer, J.P.A., van der Flier, W.M., Benedictus, M.R., Méller, C.M.,
Pijnenburg, Y.A.L., Lemstra, A.W., Prins, N.D., Wattjes, M.P., van Berckel, B.N.M.,
Scheltens, P., Barkhof, F., 2014. Distinct perfusion patterns in Alzheimer’s disease,
frontotemporal dementia and dementia with Lewy bodies. Eur. Radiol. 24,
2326-2333. https://doi.org/10.1007/s00330-014-3172-3.

Borghammer, P., Jonsdottir, K.Y., Cumming, P., Ostergaard, K., Vang, K., Ashkanian, M.,
Vafaee, M., Iversen, P., Gjedde, A., 2008. Normalization in PET group comparison
studies—the importance of a valid reference region. Neuroimage 40, 529-540.
https://doi.org/10.1016/j.neuroimage.2007.12.057.

Bron, E.E., Smits, M., Papma, J.M., Steketee, R.M.E., Meijboom, R., de Groot, M., van
Swieten, J.C., Niessen, W.J., Klein, S., 2016. Multiparametric computer-aided
differential diagnosis of Alzheimer’s disease and frontotemporal dementia using
structural and advanced MRI. Eur. Radiol. 1-11 https://doi.org/10.1007/s00330-
016-4691-x.

Ceccarini, J., Bourgeois, S., Van Weehaeghe, D., Goffin, K., Vandenberghe, R.,
Vandenbulcke, M., Sunaert, S., Van Laere, K., 2020. Direct prospective comparison
of 18F-FDG PET and arterial spin labelling MR using simultaneous PET/MR in
patients referred for diagnosis of dementia. Eur. J. Nucl. Med. Mol. Imaging. https://
doi.org/10.1007/500259-020-04694-1.

Chappell, M.A., Groves, A.R., Whitcher, B., Woolrich, M.W., 2009. Variational Bayesian
Inference for a Nonlinear Forward Model. IEEE Trans. Signal Process. 57, 223-236.
https://doi.org/10.1109/TSP.2008.2005752.

Cheng, L., Wu, X., Guo, R., Wang, Y., Wang, W., He, P, Lin, H., Shen, J., 2020.
Discriminative pattern of reduced cerebral blood flow in Parkinson’s disease and
Parkinsonism-Plus syndrome: an ASL-MRI study. BMC Med. Imaging 20, 1-9.
https://doi.org/10.1186/s12880-020-00479-y.


https://doi.org/10.1016/j.nicl.2022.102950
https://doi.org/10.1016/j.nicl.2022.102950
https://doi.org/10.1002/mrm.25197
https://doi.org/10.1016/j.nicl.2017.10.033
https://doi.org/10.1016/j.nicl.2017.10.033
https://doi.org/10.3389/fnins.2014.00434
https://doi.org/10.3389/fnins.2014.00434
https://doi.org/10.1016/j.neuroimage.2011.10.025
https://doi.org/10.1016/j.neuroimage.2011.10.025
https://doi.org/10.1002/mrm.22245
https://doi.org/10.1016/j.nicl.2020.102535
https://doi.org/10.1007/s00330-014-3172-3
https://doi.org/10.1016/j.neuroimage.2007.12.057
https://doi.org/10.1007/s00330-016-4691-x
https://doi.org/10.1007/s00330-016-4691-x
https://doi.org/10.1007/s00259-020-04694-1
https://doi.org/10.1007/s00259-020-04694-1
https://doi.org/10.1109/TSP.2008.2005752
https://doi.org/10.1186/s12880-020-00479-y

T. Ssali et al.

Crawford, J.R., Garthwaite, P.H., 2012. Single-case research in neuropsychology: a
comparison of five forms of t-test for comparing a case to controls. Cortex 48,
1009-1016. https://doi.org/10.1016/j.cortex.2011.06.021.

Dai, W., Fong, T., Jones, R.N., Marcantonio, E., Schmitt, E., Inouye, S.K., Alsop, D.C.,
2017. Effects of arterial transit delay on cerebral blood flow quantification using
arterial spin labeling in an elderly cohort. J. Magn. Reson. Imaging 45, 472-481.
https://doi.org/10.1002/jmri.25367.

Diehl-Schmid, J., Grimmer, T., Drzezga, A., Bornschein, S., Riemenschneider, M.,
Forstl, H., Schwaiger, M., Kurz, A., 2007. Decline of cerebral glucose metabolism in
frontotemporal dementia: a longitudinal 18F-FDG-PET-study. Neurobiol. Aging 28,
42-50. https://doi.org/10.1016/j.neurobiolaging.2005.11.002.

Du, A.T., Jahng, G.H., Hayasaka, S., Kramer, J.H., Rosen, H.J., Gorno-Tempini, M.L.,
Rankin, K.P., Miller, B.L., Weiner, M.W., Schuff, N., 2006. Hypoperfusion in
frontotemporal dementia and Alzheimer disease by arterial spin labeling MRI.
Neurology 67, 1215-1220. https://doi.org/10.1212/01.wnl.0000238163.71349.78.

Dukart, J., Mueller, K., Horstmann, A., Vogt, B., Frisch, S., Barthel, H., Becker, G.,
Moller, H.E., Villringer, A., Sabri, O., Schroeter, M.L., 2010. Differential effects of
global and cerebellar normalization on detection and differentiation of dementia in
FDG-PET studies. Neuroimage 49, 1490-1495. https://doi.org/10.1016/j.
neuroimage.2009.09.017.

Fallmar, D., Haller, S., Lilja, J., Danfors, T., Kilander, L., Tolboom, N., Egger, K.,
Kellner, E., Croon, P.M., Verfaillie, S.C.J., van Berckel, B.N.M., Ossenkoppele, R.,
Barkhof, F., Larsson, E.-M., 2017. Arterial spin labeling-based Z-maps have high
specificity and positive predictive value for neurodegenerative dementia compared
to FDG-PET. Eur. Radiol. https://doi.org/10.1007/s00330-017-4784-1.

Fan, A.P., Jahanian, H., Holdsworth, S.J., Zaharchuk, G., 2016. Comparison of cerebral
blood flow measurement with [150]-water positron emission tomography and
arterial spin labeling magnetic resonance imaging: A systematic review. J. Cereb.
Blood Flow Metab. https://doi.org/10.1177/0271678X16636393.

Fan, A.P., Khalighi, M.M., Guo, J., Ishii, Y., Rosenberg, J., Wardak, M., Park, J.H.,
Shen, B., Holley, D., Gandhi, H., Haywood, T., Singh, P., Steinberg, G.K., Chin, F.T.,
Zaharchuk, G., 2019. Identifying hypoperfusion in Moyamoya disease with arterial
spin labeling and an [150]-water positron emission tomography/magnetic
resonance imaging normative database. Stroke 50, 373-380. https://doi.org/
10.1161/STROKEAHA.118.023426.

Foster, N.L., Gilman, S., Berent, S., Morin, E.M., Brown, M.B., Koeppe, R.A., 1988.
Cerebral hypometabolism in progressive supranuclear palsy studied with positron
emission tomography. Ann. Neurol. 24, 399-406. https://doi.org/10.1002/
ana.410240308.

Foster, N.L., Heidebrink, J.L., Clark, C.M., Jagust, W.J., Arnold, S.E., Barbas, N.R.,
DeCarli, C.S., Turner, R.S., Koeppe, R.A., Higdon, R., Minoshima, S., 2007. FDG-PET
improves accuracy in distinguishing frontotemporal dementia and Alzheimer’s
disease. Brain 130, 2616-2635. https://doi.org/10.1093/brain/awm177.

Gorno-Tempini, M.L., Hillis, A.E., Weintraub, S., Kertesz, A., Mendez, M., Cappa, S.F.,
Ogar, J.M., Rohrer, J.D., Black, S., Boeve, B.F., Manes, F., Dronkers, N.F.,
Vandenberghe, R., Rascovsky, K., Patterson, K., Miller, B.L., Knopman, D.S.,
Hodges, J.R., Mesulam, M.M., Grossman, M., 2011. Classification of primary
progressive aphasia and its variants. Neurology 76, 1006-1014. https://doi.org/
10.1212/WNL.0b013e31821103e6.

Giinther, M., Oshio, K., Feinberg, D.a., 2005. Single-shot 3D imaging techniques improve
arterial spin labeling perfusion measurements. Magn. Reson. Med. 54, 491-498.
https://doi.org/10.1002/mrm.20580.

Hachinski, V., Einhéupl, K., Ganten, D., Alladi, S., Brayne, C., Stephan, B.C.M.,
Sweeney, M.D., Zlokovic, B., Iturria-Medina, Y., Iadecola, C., Nishimura, N.,
Schaffer, C.B., Whitehead, S.N., Black, S.E., @stergaard, L., Wardlaw, J.,
Greenberg, S., Friberg, L., Norrving, B., Rowe, B., Joanette, Y., Hacke, W., Kuller, L.,
Dichgans, M., Endres, M., Khachaturian, Z.S., 2019. Preventing dementia by
preventing stroke: The Berlin Manifesto. Alzheimer’s Dement. 15, 961-984. https://
doi.org/10.1016/j.jalz.2019.06.001.

Harper, L., Fumagalli, G.G., Barkhof, F., Scheltens, P., O’Brien, J.T., Bouwman, F.,
Burton, E.J., Rohrer, J.D., Fox, N.C., Ridgway, G.R., Schott, J.M., 2016. MRI visual
rating scales in the diagnosis of dementia: Evaluation in 184 post-mortem confirmed
cases. Brain 139, 1211-1225. https://doi.org/10.1093/brain/aww005.

Heijtel, D.F.R., Mutsaerts, H.J.M.M., Bakker, E., Schober, P., Stevens, M.F., Petersen, E.
T., van Berckel, B.N.M., Majoie, C.B.L.M., Booij, J., van Osch, M.J.P., Vanbavel, E.,
Boellaard, R., Lammertsma, a.a., Nederveen, a.J., 2014. Accuracy and precision of
pseudo-continuous arterial spin labeling perfusion during baseline and hypercapnia:
a head-to-head comparison with 150 H20 positron emission tomography.
Neuroimage 92, 182-192. https://doi.org/10.1016/j.neuroimage.2014.02.011.

Hoglinger, G.U., Respondek, G., Stamelou, M., Kurz, C., Josephs, K.A., Lang, A.E.,
Mollenhauer, B., Miiller, U., Nilsson, C., Whitwell, J.L., Arzberger, T., Englund, E.,
Gelpi, E., Giese, A., Irwin, D.J., Meissner, W.G., Pantelyat, A., Rajput, A., van
Swieten, J.C., Troakes, C., Antonini, A., Bhatia, K.P., Bordelon, Y., Compta, Y.,
Corvol, J.C., Colosimo, C., Dickson, D.W., Dodel, R., Ferguson, L., Grossman, M.,
Kassubek, J., Krismer, F., Levin, J., Lorenzl, S., Morris, H.R., Nestor, P., Oertel, W.H.,
Poewe, W., Rabinovici, G., Rowe, J.B., Schellenberg, G.D., Seppi, K., van
Eimeren, T., Wenning, G.K., Boxer, A.L., Golbe, L.I., Litvan, I., Boxer, A.L.,

Rajput, A., Pantelyat, A., Antonini, A., Lang, A.E., Giese, A., Mollenhauer, B.,
Colosimo, C., Kurz, C., Nilsson, C., Troakes, C., Irwin, D.J., Dickson, D.W., Gelpi, E.,
Krismer, F., Schellenberg, G.D., Respondek, G., Rabinovici, G., Wenning, G.K.,
Hoglinger, G.U., Morris, H.R., Litvan, 1., Rowe, J.B., Kassubek, J., Corvol, J.C.,
Whitwell, J.L., Levin, J., van Swieten, J., Bhatia, K.P., Josephs, K.A., Seppi, K.,
Golbe, L.I., Grossman, M., Nestor, P., Dodel, R., Lorenzl, S., van Eimeren, T.,
Arzberger, T., Miiller, U., Meissner, W.G., Poewe, W., Oertel, W.H., Compta, Y.,
Bordelon, Y., 2017. Clinical diagnosis of progressive supranuclear palsy: The

10

Neurolmage: Clinical 33 (2022) 102950

movement disorder society criteria. Mov. Disord. 32, 853-864. https://doi.org/
10.1002/mds.26987.

Hu, W.T., Wang, Z., Lee, V.-M.-Y., Trojanowski, J.Q., Detre, J.a., Grossman, M., 2010.
Distinct cerebral perfusion patterns in FTLD and AD. Neurology 75, 881-888.
https://doi.org/10.1212/WNL.0b013e3181f11e35.

Iturria-Medina, Y., Sotero, R.C., Toussaint, P.J., Mateos-Pérez, J.M., Evans, A.C.,
Weiner, M.W., Aisen, P., Petersen, R., Jack, C.R., Jagust, W., Trojanowki, J.Q.,
Toga, A.W., Beckett, L., Green, R.C., Saykin, A.J., Morris, J., Shaw, L.M.,
Khachaturian, Z., Sorensen, G., Kuller, L., Raichle, M., Paul, S., Davies, P., Fillit, H.,
Hefti, F., Holtzman, D., Mesulam, M.M., Potter, W., Snyder, P., Schwartz, A.,
Montine, T., Thomas, R.G., Donohue, M., Walter, S., Gessert, D., Sather, T.,
Jiminez, G., Harvey, D., Bernstein, M., Fox, N., Thompson, P., Schuff, N.,
Borowski, B., Gunter, J., Senjem, M., Vemuri, P., Jones, D., Kantarci, K., Ward, C.,
Koeppe, R.A., Foster, N., Reiman, E.M., Chen, K., Mathis, C., Landau, S., Cairns, N.J.,
Householder, E., Taylor-Reinwald, L., Lee, V., Korecka, M., Figurski, M.,

Crawford, K., Neu, S., Foroud, T.M., Potkin, S., Shen, L., Faber, K., Kim, S., Nho, K.,
Thal, L., Buckholtz, N., Albert, M., Frank, R., Hsiao, J., Kaye, J., Quinn, J., Lind, B.,
Carter, R., Dolen, S., Schneider, L.S., Pawluczyk, S., Beccera, M., Teodoro, L.,
Spann, B.M., Brewer, J., Vanderswag, H., Fleisher, A., Heidebrink, J.L., Lord, J.L.,
Mason, S.S., Albers, C.S., Knopman, D., Johnson, K., Doody, R.S., Villanueva-
Meyer, J., Chowdhury, M., Rountree, S., Dang, M., Stern, Y., Honig, L.S., Bell, K.L.,
Ances, B., Carroll, M., Leon, S., Mintun, M.A., Schneider, S., Oliver, A., Marson, D.,
Griffith, R., Clark, D., Geldmacher, D., Brockington, J., Roberson, E., Grossman, H.,
Mitsis, E., De Toledo-Morrell, L., Shah, R.C., Duara, R., Varon, D., Greig, M.T.,
Roberts, P., Albert, M., Onyike, C., D’Agostino, D., Kielb, S., Galvin, J.E.,

Cerbone, B., Michel, C.A., Rusinek, H., De Leon, M.J., Glodzik, L., De Santi, S.,
Doraiswamy, P.M., Petrella, J.R., Wong, T.Z., Arnold, S.E., Karlawish, J.H., Wolk, D.,
Smith, C.D., Jicha, G., Hardy, P., Sinha, P., Oates, E., Conrad, G., Lopez, O.L.,
Oakley, M., Simpson, D.M., Porsteinsson, A.P., Goldstein, B.S., Martin, K., Makino, K.
M., Ismail, M.S., Brand, C., Mulnard, R.A., Thai, G., Mc-Adams-Ortiz, C.,

Womack, K., Mathews, D., Quiceno, M., Diaz-Arrastia, R., King, R., Weiner, M.,
Martin-Cook, K., DeVous, M., Levey, A.L, Lah, J.J., Cellar, J.S., Burns, J.M.,
Anderson, H.S., Swerdlow, R.H., Apostolova, L., Tingus, K., Woo, E., Silverman, D.H.
S., Lu, P.H., Bartzokis, G., Graff-Radford, N.R., Parfitt, F., Kendall, T., Johnson, H.,
Farlow, M.R., Hake, A., Matthews, B.R., Herring, S., Hunt, C., Van Dyck, C.H.,
Carson, R.E., MacAvoy, M.G., Chertkow, H., Bergman, H., Hosein, C., Black, S.,
Stefanovic, B., Caldwell, C., Hsiung, G.Y.R., Feldman, H., Mudge, B., Assaly, M.,
Kertesz, A., Rogers, J., Bernick, C., Munic, D., Kerwin, D., Mesulam, M.M.,
Lipowski, K., Wu, C.K., Johnson, N., Sadowsky, C., Martinez, W., Villena, T.,
Turner, R.S., Johnson, K., Reynolds, B., Sperling, R.A., Johnson, K.A., Marshall, G.,
Frey, M., Lane, B., Rosen, A., Tinklenberg, J., Sabbagh, M.N., Belden, C.M.,
Jacobson, S.A,, Sirrel, S.A., Kowall, N, Killiany, R., Budson, A.E., Norbash, A.,
Johnson, P.L., Allard, J., Lerner, A., Ogrocki, P., Hudson, L., Fletcher, E.,
Carmichael, O., Olichney, J., DeCarli, C., Kittur, S., Borrie, M., Lee, T.Y., Bartha, R.,
Johnson, S., Asthana, S., Carlsson, C.M., Potkin, S.G., Preda, A., Nguyen, D.,
Tariot, P., Reeder, S., Bates, V., Capote, H., Rainka, M., Scharre, D.W., Kataki, M.,
Adeli, A., Zimmerman, E.A., Celmins, D., Brown, A.D., Pearlson, G.D., Blank, K.,
Anderson, K., Santulli, R.B., Kitzmiller, T.J., Schwartz, E.S., Sink, K.M.,
Williamson, J.D., Garg, P., Watkins, F., Ott, B.R., Querfurth, H., Tremont, G.,
Salloway, S., Malloy, P., Correia, S., Rosen, H.J., Miller, B.L., Mintzer, J., Spicer, K.,
Bachman, D., Finger, E., Pasternak, S., Rachinsky, I., Drost, D., Pomara, N.,
Hernando, R., Sarrael, A., Schultz, S.K., Ponto, L.L.B., Shim, H., Smith, K.E.,
Relkin, N., Chaing, G., Raudin, L., Smith, A., Fargher, K., Raj, B.A., Neylan, T.,
Grafman, J., Davis, M., Morrison, R., Hayes, J., Finley, S., Fried], K., Fleischman, D.,
Arfanakis, K., James, O., Massoglia, D., Fruehling, J.J., Harding, S., Peskind, E.R.,
Petrie, E.C., Li, G., Yesavage, J.A., Taylor, J.L., Furst, A.J., 2016. Early role of
vascular dysregulation on late-onset Alzheimer’s disease based on multifactorial
data-driven analysis. Nat. Commun. 7 https://doi.org/10.1038/ncomms11934.

Jaccard, P., 1912. The distribution of the flora in the Alpine Zone. New Phytol. 11,
37-50.

Jenkinson, M., Beckmann, C.F., Behrens, T.E.J., Woolrich, M.W., Smith, S.M., 2012. FSL.
Neuroimage 62, 782-790. https://doi.org/10.1016/j.neuroimage.2011.09.015.

Jenkinson, M., Smith, S., 2001. A global optimisation method for robust affine
registration of brain images. Med. Image Anal. 5, 143-156. https://doi.org/
10.1016/51361-8415(01)00036-6.

Kilroy, E., Apostolova, L., Liu, C., Yan, L., Ringman, J., Wang, D.J.J., 2014. Reliability of
two-dimensional and three-dimensional pseudo-continuous arterial spin labeling
perfusion MRI in elderly populations: comparison with 150-water positron emission
tomography. J. Magn. Reson. Imaging 39, 931-939. https://doi.org/10.1002/
jmri.24246.

Mackenzie, I.R.A., Neumann, M., 2016. Molecular neuropathology of frontotemporal
dementia: insights into disease mechanisms from postmortem studies. J. Neurochem.
138, 54-70. https://doi.org/10.1111/jnc.13588.

Martinez-Moller, A., Souvatzoglou, M., Delso, G., Bundschuh, R.A., Chefd’Hotel, C.,
Ziegler, S.I., Navab, N., Schwaiger, M., Nekolla, S.G., 2009. Tissue classification as a
potential approach for attenuation correction in whole-body PET/MRI: Evaluation
with PET/CT data. J. Nucl. Med. 50, 520-526. https://doi.org/10.2967/
jnumed.108.054726.

McKhann, G.M., Albert, M.S., Grossman, M., Miller, B., Dickson, D., Trojanowski, J.Q.,
2001. Clinical and pathological diagnosis of frontotemporal dementia. Arch. Neurol.
58, 1803. https://doi.org/10.1001/archneur.58.11.1803.

Mendez, M.F., Shapira, J.S., McMurtray, A., Licht, E., Miller, B.L., 2007. Accuracy of the
clinical evaluation for frontotemporal dementia. Arch. Neurol. 64, 830. https://doi.
org/10.1001/archneur.64.6.830.

Moodley, K.K., Perani, D., Minati, L., Anthony Della Rosa, P., Pennycook, F., Dickson, J.
C., Barnes, A., Elisa Contarino, V., Michopoulou, S., D’Incerti, L., Good, C., Fallanca,


https://doi.org/10.1016/j.cortex.2011.06.021
https://doi.org/10.1002/jmri.25367
https://doi.org/10.1016/j.neurobiolaging.2005.11.002
https://doi.org/10.1212/01.wnl.0000238163.71349.78
https://doi.org/10.1016/j.neuroimage.2009.09.017
https://doi.org/10.1016/j.neuroimage.2009.09.017
https://doi.org/10.1007/s00330-017-4784-1
https://doi.org/10.1177/0271678X16636393
https://doi.org/10.1161/STROKEAHA.118.023426
https://doi.org/10.1161/STROKEAHA.118.023426
https://doi.org/10.1002/ana.410240308
https://doi.org/10.1002/ana.410240308
https://doi.org/10.1093/brain/awm177
https://doi.org/10.1212/WNL.0b013e31821103e6
https://doi.org/10.1212/WNL.0b013e31821103e6
https://doi.org/10.1002/mrm.20580
https://doi.org/10.1016/j.jalz.2019.06.001
https://doi.org/10.1016/j.jalz.2019.06.001
https://doi.org/10.1093/brain/aww005
https://doi.org/10.1016/j.neuroimage.2014.02.011
https://doi.org/10.1002/mds.26987
https://doi.org/10.1002/mds.26987
https://doi.org/10.1212/WNL.0b013e3181f11e35
https://doi.org/10.1038/ncomms11934
http://refhub.elsevier.com/S2213-1582(22)00015-8/h0155
http://refhub.elsevier.com/S2213-1582(22)00015-8/h0155
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://doi.org/10.1016/S1361-8415(01)00036-6
https://doi.org/10.1016/S1361-8415(01)00036-6
https://doi.org/10.1002/jmri.24246
https://doi.org/10.1002/jmri.24246
https://doi.org/10.1111/jnc.13588
https://doi.org/10.2967/jnumed.108.054726
https://doi.org/10.2967/jnumed.108.054726
https://doi.org/10.1001/archneur.58.11.1803
https://doi.org/10.1001/archneur.64.6.830
https://doi.org/10.1001/archneur.64.6.830

T. Ssali et al.

F., Giovanna Vanoli, E., Ell, P.J., Chan, D., 2015. Simultaneous PET-MRI studies of
the concordance of atrophy and hypometabolism in syndromic variants of
Alzheimer’s disease and frontotemporal dementia: an extended case series. J.
Alzheimer’s Dis. 46, 639-653. doi: 10.3233/JAD-150151.

Nayak, K.S., Nielsen, J.-F., Bernstein, M.A., Markl, M., D Gatehouse, P., M Botnar, R.,
Saloner, D., Lorenz, C., Wen, H., S Hu, B., Epstein, F.H., N Oshinski, J., Raman, S. V,
2015. Cardiovascular magnetic resonance phase contrast imaging. J. Cardiovasc.
Magn. Reson. 17, 1-26. doi: 10.1186/5s12968-015-0172-7.

Ohta, S., Meyer, E., Fujita, H., Evans, A., 1996. Cerebral [150] water clearance in
humans determined by PET: I. theory and normal values. J. Cerehral Blood Flow
Metaholism 765-780.

Olm, C.A., Kandel, B.M., Avants, B.B., Detre, J.A., Gee, J.C., Grossman, M., McMillan, C.
T., 2016. Arterial spin labeling perfusion predicts longitudinal decline in semantic
variant primary progressive aphasia. J. Neurol. 263, 1927-1938. https://doi.org/
10.1007/500415-016-8221-1.

Paulus, D.H., Quick, H.H., Geppert, C., Fenchel, M., Zhan, Y., Hermosillo, G., Faul, D.,
Boada, F., Friedman, K.P., Koesters, T., 2015. Whole-body PET/MR imaging:
Quantitative evaluation of a novel model-based MR attenuation correction method
including bone. J. Nucl. Med. 56, 1061-1066. https://doi.org/10.2967/
jnumed.115.156000.

Puig, O., Henriksen, O.M., Vestergaard, M.B., Hansen, A.E., Andersen, F.L., Ladefoged, C.
N., Rostrup, E., Larsson, H.B.W., Lindberg, U., Law, L., 2019. Comparison of
simultaneous arterial spin labeling MRI and 150-H20 PET measurements of
regional cerebral blood flow in rest and altered perfusion states. J. Cereb. Blood Flow
Metab. Forthcoming. https://doi.org/10.1177/0271678X19874643.

Qiu, M., Maguire, R.P., Arora, J., Planeta-Wilson, B., Weinzimmer, D., Wang, J.,

Wang, Y., Kim, H., Rajeevan, N., Huang, Y., Carson, R.E., Constable, R.T., 2010.
Arterial transit time effects in pulsed arterial spin labeling CBF mapping: Insight
from a PET and MR study in normal human subjects. Magn. Reson. Med. 63,
374-384. https://doi.org/10.1002/mrm.22218.

Rascovsky, K., Hodges, J.R., Knopman, D., Mendez, M.F., Kramer, J.H., Neuhaus, J., Van
Swieten, J.C., Seelaar, H., Dopper, E.G.P., Onyike, C.U., Hillis, A.E., Josephs, K.A.,
Boeve, B.F., Kertesz, A., Seeley, W.W., Rankin, K.P., Johnson, J.K., Gorno-
Tempini, M.L., Rosen, H., Prioleau-Latham, C.E., Lee, A., Kipps, C.M., Lillo, P.,
Piguet, O., Rohrer, J.D., Rossor, M.N., Warren, J.D., Fox, N.C., Galasko, D.,
Salmon, D.P., Black, S.E., Mesulam, M., Weintraub, S., Dickerson, B.C., Diehl-
Schmid, J., Pasquier, F., Deramecourt, V., Lebert, F., Pijnenburg, Y., Chow, T.W.,
Manes, F., Grafman, J., Cappa, S.F., Freedman, M., Grossman, M., Miller, B.L., 2011.
Sensitivity of revised diagnostic criteria for the behavioural variant of
frontotemporal dementia. Brain 134, 2456-2477. https://doi.org/10.1093/brain/
awrl79.

Samson-himmelstjerna, F. Von, Madai, V.I., Sobesky, J., Guenther, M., 2016. Walsh-
Ordered Hadamard Time-Encoded Pseudocontinuous ASL (WH pCASL) 1824,
1814-1824. doi: 10.1002/mrm.26078.

Shirzadi, Z., Stefanovic, B., Chappell, M.A., Ramirez, J., Schwindt, G., Masellis, M.,
Black, S.E., MacIntosh, B.J., 2018. Enhancement of automated blood flow estimates
(ENABLE) from arterial spin-labeled MRI. J. Magn. Reson. Imaging 47, 647-655.
https://doi.org/10.1002/jmri.25807.

11

Neurolmage: Clinical 33 (2022) 102950

Smith, S.M., 2004. Overview of fMRI analysis. Br. J. Radiol. 77, S167-S175. https://doi.
0rg/10.1259/bjr/33553595.

Ssali, T., Anazodo, U.C., Narciso, L., Liu, L., Jesso, S., Richardson, L., Giinther, M.,
Konstandin, S., Eickel, K., Prato, F., Finger, E., St Lawrence, K., 2021. Sensitivity of
arterial spin labeling for characterization of longitudinal perfusion changes in
frontotemporal dementia and related disorders. Neurolmage Clin. 102853. https://
doi.org/10.1016/j.nicl.2021.102853.

Ssali, T., Anazodo, U.C., Thiessen, J.D., Prato, F.S., St. Lawrence, K., 2018. A non-
invasive method for quantifying cerebral blood flow by hybrid PET/MR. J. Nucl.
Med. 59, 1329-1334.

Teeuwisse, W.M., Schmid, S., Ghariq, E., Veer, LM., Van Osch, M.J.P., 2014. Time-
encoded pseudocontinuous arterial spin labeling: Basic properties and timing
strategies for human applications. Magn. Reson. Med. 72, 1712-1722. https://doi.
org/10.1002/mrm.25083.

Teune, L.K., Bartels, A.L., De Jong, B.M., Willemsen, A.T.M., Eshuis, S.A., De Vries, J.J.,
Van Oostrom, J.C.H., Leenders, K.L., 2010. Typical cerebral metabolic patterns in
neurodegenerative brain diseases. Mov. Disord. 25, 2395-2404. https://doi.org/
10.1002/mds.23291.

Toledo, J.B., Arnold, S.E., Raible, K., Brettschneider, J., Xie, S.X., Grossman, M.,
Monsell, S.E., Kukull, W.A., Trojanowski, J.Q., 2013. Contribution of
cerebrovascular disease in autopsy confirmed neurodegenerative disease cases in the
National Alzheimer’s Coordinating Centre. Brain 136, 2697-2706. https://doi.org/
10.1093/brain/awt188.

Tosun, D., Schuff, N., Rabinovici, G.D., Ayakta, N., Miller, B.L., Jagust, W., Kramer, J.,
Weiner, M.M., Rosen, H.J., 2016. Diagnostic utility of ASL-MRI and FDG-PET in the
behavioral variant of FTD and AD. Ann. Clin. Transl. Neurol. 3, 740-751. https://
doi.org/10.1002/acn3.330.

Tsai, R.M., Boxer, A.L., 2014. Treatment of frontotemporal dementia. Curr. Treat.
Options Neurol. 16, 1-14. https://doi.org/10.1007/511940-014-0319-0.

Van Gelderen, P., De Zwart, J.A., Duyn, J.H., 2008. Pittfalls of MRI measurement of
white matter perfusion based on arterial spin labeling. Magn. Reson. Med. 59,
788-795. https://doi.org/10.1002/mrm.21515.

van Waarde, A., Marcolini, S., de Deyn, P.P., Dierckx, R.A.J.O., 2021. PET agents in
dementia: an overview. Semin. Nucl. Med. 51, 196-229. https://doi.org/10.1053/j.
semnuclmed.2020.12.008.

Verfaillie, S.C.J., Adriaanse, S.M., Binnewijzend, M.A.A., Benedictus, M.R.,
Ossenkoppele, R., Wattjes, M.P., Pijnenburg, Y.A.L., van der Flier, W.M.,
Lammertsma, A.A., Kuijer, J.P.A., Boellaard, R., Scheltens, P., van Berckel, B.N.M.,
Barkhof, F., 2015. Cerebral perfusion and glucose metabolism in Alzheimer’s disease
and frontotemporal dementia: two sides of the same coin? Eur. Radiol. 25,
3050-3059. https://doi.org/10.1007/500330-015-3696-1.

Zhang, K., Herzog, H., Mauler, J., Filss, C., Okell, T.W., Kops, E.R., Tellmann, L.,
Fischer, T., Brocke, B., Sturm, W., Coenen, H.H., Shah, N.J., 2014. Comparison of
cerebral blood flow acquired by simultaneous [(15)O]water positron emission
tomography and arterial spin labeling magnetic resonance imaging. J. Cereb. Blood
Flow Metab. 34, 1373-1380. https://doi.org/10.1038/jcbfm.2014.92.


http://refhub.elsevier.com/S2213-1582(22)00015-8/h0205
http://refhub.elsevier.com/S2213-1582(22)00015-8/h0205
http://refhub.elsevier.com/S2213-1582(22)00015-8/h0205
https://doi.org/10.1007/s00415-016-8221-1
https://doi.org/10.1007/s00415-016-8221-1
https://doi.org/10.2967/jnumed.115.156000
https://doi.org/10.2967/jnumed.115.156000
https://doi.org/10.1177/0271678X19874643
https://doi.org/10.1002/mrm.22218
https://doi.org/10.1093/brain/awr179
https://doi.org/10.1093/brain/awr179
https://doi.org/10.1002/jmri.25807
https://doi.org/10.1259/bjr/33553595
https://doi.org/10.1259/bjr/33553595
https://doi.org/10.1016/j.nicl.2021.102853
https://doi.org/10.1016/j.nicl.2021.102853
http://refhub.elsevier.com/S2213-1582(22)00015-8/h0255
http://refhub.elsevier.com/S2213-1582(22)00015-8/h0255
http://refhub.elsevier.com/S2213-1582(22)00015-8/h0255
https://doi.org/10.1002/mrm.25083
https://doi.org/10.1002/mrm.25083
https://doi.org/10.1002/mds.23291
https://doi.org/10.1002/mds.23291
https://doi.org/10.1093/brain/awt188
https://doi.org/10.1093/brain/awt188
https://doi.org/10.1002/acn3.330
https://doi.org/10.1002/acn3.330
https://doi.org/10.1007/s11940-014-0319-0
https://doi.org/10.1002/mrm.21515
https://doi.org/10.1053/j.semnuclmed.2020.12.008
https://doi.org/10.1053/j.semnuclmed.2020.12.008
https://doi.org/10.1007/s00330-015-3696-1
https://doi.org/10.1038/jcbfm.2014.92

	Concordance of regional hypoperfusion by pCASL MRI and 15O-water PET in frontotemporal dementia: Is pCASL an efficacious alternative?
	Citation of this paper:
	Authors

	Concordance of regional hypoperfusion by pCASL MRI and 15O-water PET in frontotemporal dementia: Is pCASL an efficacious al ...
	1 Introduction
	2 Materials and methods
	2.1 Study participants
	2.2 PET/MRI acquisition
	2.3 Image processing
	2.4 15O-water PET perfusion quantification
	2.5 pCASL MRI perfusion quantification
	2.6 Statistics
	2.6.1 Generating hypoperfusion maps using case control analysis
	2.6.2 Agreement between PET and MRI-based hypoperfusion


	3 Results
	3.1 Participants
	3.2 Whole-Brain perfusion
	3.3 Regional hypoperfusion detected by PET and MRI
	3.3.1 Qualitative agreement of hypoperfusion maps
	3.3.2 Quantitative agreement hypoperfusion maps


	4 Discussion
	CRediT authorship contribution statement

	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supplementary data
	References


