
Advanced MR Neuroimaging in 
Early Stage Presenile Dementia

Geavanceerde MR beeldvorming van de hersenen 
in het vroege stadium van preseniele dementie

Rebecca Steketee



Advanced MR Neuroimaging in 
Early Stage Presenile Dementia

Geavanceerde MR beeldvorming van de hersenen 
in het vroege stadium van preseniele dementie

Proefschrift

ter verkrijging van de graad van doctor aan de
Erasmus Universiteit Rotterdam

op gezag van de
rector magnificus

prof.dr. H.A.P. Pols

en volgens het besluit van het College voor Promoties.

De openbare verdediging zal plaatsvinden op
vrijdag 5 februari 2016 om 9.30 uur.

door

Rebecca Martinetta Elisabeth Steketee
geboren te LeidenCover design:	 Rebecca Steketee

Photo cover: 	 Gaby Jongenelen fotografie
Thesis layout:	 Ton Everaers 	
Printing:		 Print Partners Ipskamp

ISBN: 

© Rebecca Steketee 2016
All rights reserved. No part of this thesis may be reproduced, distributed, stored in a 
retrieval system or transmitted in any form or by any means, without permission of the 
author, or, when appropriate, of the publishers of the publications.



Promotiecommissie

Promotoren: 
Prof.dr. A. van der Lugt
Prof.dr. J.C. van Swieten

Overige leden: 
Prof.dr. W.M. van der Flier
Prof.dr. S.A.R.B. Rombouts
Prof.dr. M.A. Frens

Copromotor:
Dr. M. Smits



Table of contents

1	G eneral introduction

2 	 Advanced MR neuroimaging in early-stage presenile 
dementia
2.1	 Diagnostic classification of arterial spin labeling and 

structural MRI in presenile early-stage dementia
2.2	 Early-stage differentiation between presenile Alzheimer’s 

disease and frontotemporal dementia using arterial spin 
labeling MRI

2.3	 Concurrent white and gray matter degeneration of 
disease-specific networks in early-stage Alzheimer’s 
disease and behavioral variant frontotemporal dementia

3	 Advanced MR neuroimaging in phenocopy 
frontotemporal dementia
3.1	 Structural and functional brain abnormalities place 

phenocopy frontotemporal dementia (FTD) in the FTD 
spectrum

3.2	 Functional connectivity and microstructural white matter 
changes in phenocopy frontotemporal dementia

4	V endor-specific features of ASL-MRI
4.1	 Inter-vendor reproducibility of pseudo-continuous arterial 

spin labeling at 3 Tesla
4.2	 Quantitative functional arterial spin labeling (fASL)-MRI 

– sensitivity and reproducibility of regional CBF changes 
using pseudo-continuous ASL product sequences

4.3	 Reproducibility of pharmacological ASL using scanners 
from different vendors: implications for multi-center drug 
studies

5	G eneral Discussion

6	 Summary / Samenvatting

7	D ankwoord
	L ist of publications
	 PhD portfolio
	 About the author

9

17

19

49

69

105

107

129

155
157

177

201

221

231

243
251
255
261



Chapter     1 

 
General Introduction



1110

G
en

er
al

 In
tro

du
ct

io
n

1
Dementia poses an increasing challenge for public health with an estimated num-
ber of patients of 35.6 million world-wide in 2010; moreover, the number of pa-
tients is expected to  double every 20 years [1]. In the Netherlands, over 260,000 
people suffer from dementia, of which approximately 12,000 people are affected 
before the age of 65 years, i.e. presenile dementia. Alzheimer’s disease (AD) is 
the most common underlying cause of dementia, both at older and younger age, 
and characterized by a gradual onset and progressive impairment of memory, 
language, and visuospatial functions [2]. Frontotemporal dementia (FTD) is more 
prevalent among the younger population [3] and manifests with a spectrum of 
clinical syndromes. The behavioral variant of frontotemporal dementia (bvFTD) 
is most common and usually presents with disinhibition, apathy, loss of empathy, 
perseverative behavior and/or hyperorality [4]. A subset of FTD as well as AD 
patients presents with language dysfunction as primary clinical feature, and is 
classified as having primary progressive aphasia (PPA) [5]. 

Early and accurate diagnosis is of utmost importance in these younger patients, 
as progression is more rapid in presenile dementia [6]. Furthermore, AD and FTD 
have different implications with respect to heritability, disease progression and 
life expectancy [7,8]. Besides facilitating proper and tailored care, early diagnosis 
will provide most benefit from the future therapies delaying disease progression.

Unfortunately, to establish the underlying cause of presenile dementia in the early 
stage proves to be difficult. First, younger dementia patients often initially pres-

ent with atypical symptoms. For instance, presenile AD more often has a non-
amnestic presentation than late onset AD [9]. Second, cognitive dysfunction in 
younger patients more frequently has a non-neurological cause but may never-
theless resemble a neurodegenerative disorder [10]. Diagnosis in patients with 
PPA is particularly difficult, as the underlying pathology can either be AD or FTD 
[5]. Often, the etiology underlying presenile dementia can be diagnosed only in 
later stages, when clinical symptoms have become distinctive, which is obviously 
a missed opportunity for possible intervention and care.

Structural magnetic resonance imaging (MRI) of the brain may support diagno-
sis of the underlying neurodegenerative disease by showing specific patterns 
of atrophy, but these are often absent or unspecific at the early stage [11,12]. 
Imaging biomarkers are therefore not included as core diagnostic criteria for 
AD or FTD. As neuronal injury has to be substantial to be detected as abnor-
mality on structural imaging, advanced MR neuroimaging techniques may be 
more sensitive to neurodegenerative processes in an earlier stage [13] (Fig-
ure 1). Specifically, alterations in brain morphology as detected with structural 
MRI in later stages are preceded by changes in (synaptic) function that can be 
captured using functional MR techniques, such as resting state functional MRI 
(rs-fMRI) and arterial spin labeling (ASL) MRI. Rs-fMRI measures spontaneous 
fluctuations of brain activation by acquiring functional MRI data when a par-
ticipant is at rest. By assessing which brain regions are simultaneously active,  
rs-fMRI allows us to map functional connections in the brain (Figure 2A). Such 
functional networks are robust over time and people, but also show alterations as 
a result of neurodegeneration. Importantly, these alterations are evident before 
atrophy occurs.

Another way to image synaptic dysfunction is by using ASL-MRI, which quanti-
tatively measures brain perfusion (Figure 2B). Brain perfusion is tightly coupled 
to metabolism, which is traditionally visualized by fluorodeoxyglucose-positron 

Figure 1: Hypothetical model of dynamic biomarkers of dementia. Of note is that advanced 
imaging techniques (orange) are more sensitive to early changes, such as synaptic dys-
function, while structural MRI (blue) detects brain changes in the later stage, when abnor-
malities are more severe. Reprinted with permission of Elsevier from Jack et al., 2010 [11], 
as adapted by Sperling et al., 2011 [13]. Arrows added.

Figure 2: Advanced MR neuroimaging applications A) Functionally connected brain re-
gions in a group of healthy older participants as identified by resting state fMRI; B) Cerebral 
blood flow (CBF, in ml/100g gray matter/min) in a healthy elderly participant as measured 
with ASL MRI; C) White matter microstructure in a group of healthy older participants as 
measured with diffusion tensor MR imaging.
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emission tomography (FDG-PET). FDG-PET can detect regional changes in neu-
ronal metabolism that precede structural damage in dementia, but has limited 
availability and relatively high costs. ASL-MRI has therefore been proposed as 
an alternative [14]. Besides being non-invasive, it can easily be added to routine 
diagnostic MRI protocols, which makes it attractive for clinical practice. However, 
despite being a quantitative technique, there is extensive variability between ASL 
data acquired on MR scanners of different vendors, as each vendor provides their 
own particular ASL implementation. Such variability needs to be assessed and 
accounted for before ASL can be (clinically) implemented on a large scale. 

In addition to changes in brain function, (macro)structural changes as a result of 
neurodegenerative disease are preceded by microstructural changes in the white 
matter of the brain. These changes can be detected by using diffusion tensor imag-
ing (DTI), which is sensitive to the diffusion of water. By measuring changes in the 
direction and magnitude of water diffusion, microstructural changes of white matter 
can be assessed before atrophy or white matter lesions are present (Figure 2C). In 
addition, this information can be used to reconstruct white matter trajectories, and 
thus to visualize anatomical connections in the brain, i.e. structural connectivity.

In conclusion, there are several advanced MR imaging techniques, namely rs-
fMRI, ASL and DTI, that may aid in diagnosing presenile dementia at an earlier 
stage. In this thesis, I investigate whether these advanced MR neuroimaging mea-
sures can serve as early neuropathological markers of presenile dementia. 

In Section 2, I describe the early brain changes found in presenile AD and FTD 
using ASL and DTI. In Chapter 2.1 I investigate the added value of ASL relative 
to structural gray matter MR imaging in the computer aided classification of pre-
senile dementia patients versus healthy controls. In Chapter 2.2 I extend these 
findings to investigating the contribution of ASL to early differential diagnosis of 
early AD and FTD. In Chapter 2.3 I describe the regional associations between 
gray and white matter abnormalities in AD and bvFTD using structural imaging, 
ASL and DTI.

In Section 3 I focus on a subset of patients that present with the characteristic 
behavioral features of bvFTD but who do not show abnormalities on routine struc-
tural imaging, or cognitive or functional decline. These patients are referred to 
as phenocopy FTD (phFTD) patients. Although previous studies report no abnor-
malities on conventional imaging, I show that there are structural and perfusion 
changes (Chapter 3.1) as well as changes in functional networks and white mat-
ter microstructure (Chapter 3.2) in these patients.

It should be noted that inclusion of FTD patients in clinical studies is particularly 
hard, as it is a rare disorder, even in a tertiary referral center like ours. Addition-
ally inclusion and exclusion criteria have to be  applied very strictly to ensure well 
defined samples, leading to modest bvFTD and phFTD sample sizes. 

As Section 2 and 3 illustrate the value of ASL as a clinical imaging tool, exploring 
its wider application – including but not limited to dementia – may be beneficial. 
However, as mentioned above, despite being a quantitative technique, not every 

ASL implementation provides the same information as a result of vendor specific 
implementation. In Section 4 I report to which extent the implementation of similar 
sequences by two different vendors affect ASL perfusion data in several experi-
mental designs. In Chapter 4.1, I assess whether baseline perfusion measure-
ments are reproducible when acquired with sequences from different vendors. In 
Chapter 4.2 I focus on imaging brain activation using ASL (functional ASL, fASL). 
I investigate the sensitivity of both sequences to detect task related brain activa-
tion, as well as their reproducibility in quantifying that activation. Finally in Chap-
ter 4.3, I study the reproducibility of pharmacological ASL (phASL), by comparing 
a caffeine induced perfusion decrease between the sequences.

In Section 5, I discuss the main findings, their clinical implications and method-
ological considerations. Finally, I suggest future directions for research on ad-
vanced MR imaging in dementia.
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ABSTRACT

Because hypoperfusion of brain tissue precedes atrophy in dementia, the de-
tection of dementia may be advanced by the use of perfusion information. Such 
information can be obtained non-invasively with arterial spin labeling (ASL), a 
relatively new MR technique quantifying cerebral blood flow (CBF). Using ASL 
and structural MRI, we evaluated diagnostic classification in 32 prospectively in-
cluded presenile early-stage dementia patients and 32 healthy controls. Patients 
were suspected of Alzheimer’s disease or frontotemporal dementia. Classification 
was based on CBF as perfusion marker, gray matter (GM) volume as atrophy 
marker, and their combination. These markers were each examined using six fea-
ture extraction methods: a voxel-wise method and a region of interest (ROI)-wise 
approach using five ROI-sets in the GM. These ROI-sets ranged in number from 
72 brain regions to a single ROI for the entire supratentorial brain. Classification 
was performed with a linear support vector machine classifier (SVM). For valida-
tion of the classification method on the basis of GM features, a reference dataset 
from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database was used 
consisting of AD patients and healthy controls. In our early-stage dementia popu-
lation, the voxelwise feature-extraction approach achieved more accurate results 
(area under the curve (AUC) range=86-91%) than all other approaches (AUC=57-
84%). Used in isolation, CBF quantified with ASL was a good diagnostic marker 
for dementia. However, our findings indicated only little added diagnostic value 
when combining ASL with the structural MRI data (AUC=91%) which did not sig-
nificantly improve over accuracy of structural MRI atrophy marker by itself.

INTRODUCTION

The growing prevalence of dementia is an increasing health problem [1]. Early 
and accurate diagnosis is beneficial for patient care, aiding the planning of care 
and living arrangements, and preserving function and independence for as long 
as possible [2,3]. In addition, an early and accurate diagnosis increases research 
opportunities into understanding the disease process and into the development of 
treatments. However, early-stage diagnosis can be very difficult, as clinical symp-
toms and the loss of brain tissue, atrophy, may not yet be marked. To aid the diag-
nosis of dementia, machine-learning techniques applied to imaging and associ-
ated data are of interest. These techniques may improve diagnosis of individual 
patients, since they are trained on group differences which may not be noted from 
qualitative visual inspection of brain imaging data. The machine-learning tech-
niques use labeled data to train a classifier to categorize two groups (e.g. patients 
and controls) based on features derived from brain imaging or other data. Several 
studies demonstrated the successful classification of dementia based on atrophy 
derived from structural MRI using such machine-learning methods, (e.g. [4-13]).

Because hypoperfusion of brain tissue precedes atrophy in dementia [14,15], 
early diagnosis may be advanced by the use of perfusion information. Such infor-
mation can be obtained with ASL, an MRI technique which measures brain perfu-
sion noninvasively, i.e. without the need for injecting contrast media [16,17]. ASL 
uses inversion labeling of arterial blood to quantify the CBF. 

Although previous studies have indicated that perfusion information may be valu-
able for diagnosing early-stage dementia [18-20], to the best of our knowledge 
only three studies have applied machine-learning techniques to ASL data show-
ing the diagnostic value of ASL for Alzheimer’s disease (AD) using linear discrimi-
nant analysis [21], for frontotemporal dementia (FTD) using logistic regression 
methods [22], and for mild cognitive impairment using regression preceded by 
local linear embedding [23].

In this work, we studied the value of CBF as quantified with ASL for differentia-
tion of dementia patients from healthy controls using machine-learning techniques. 
This was studied on a patient group consisting of presenile (disease onset <65 
years), early-stage dementia patients suspected of AD or FTD and a matched con-
trol group (Group I). For comparison of the structural-MRI-based classifications with 
previous work (e.g. [4-13]), we also included a reference dataset from the Alzheim-
er’s Disease Neuroimaging Initiative (ADNI) database (Group II). We evaluated 
several linear SVM classification methods. Two aspects of the classification model 
were examined: 1) the type of data, and 2) the feature-extraction approach. For 
the first aspect, we included three groups of data in the analysis: CBF as perfusion 
marker on its own, gray matter (GM) volume as an atrophy marker, obtained from 
high-resolution structural T1-weighted (T1w) MRI, and their combination. CBF and 
GM features were combined using four methods: feature concatenation, feature 
multiplication, and classifier combination using both the product rule and the mean 
rule [24]. For the second aspect regarding feature extraction, we examined the two 
main approaches that were used in previously published dementia-classification 
papers: voxel-wise (e.g. [8]) and ROI-wise feature extraction (e.g. [10]).



2322

Ad
va

nc
ed

 M
R 

ne
ur

oi
m

ag
in

g 
in

 e
ar

ly
-s

ta
ge

 p
re

se
ni

le
 d

em
en

tia

2.1

MATERIALS AND METHODS

Participants

Group I consisted of participants from the Iris study, which was approved by the 
review board at our institution. Informed consent was obtained from all partici-
pants. For this group, 32 presenile patients with early-stage dementia (17 male, 
age = 62.8±4.1 years) were recruited from the outpatient clinic. As presenile de-
mentia is defined by the age at disease onset (<65 years), this does not exclude 
a 69-year-old patient to suffer from a presenile form of dementia. Therefore, we 
considered patients in the age range of 45-70 years and with a Mini Mental State 
Examination (MMSE) score ≥ 20 for inclusion. Exclusion criteria were normal pres-
sure hydrocephalus, Huntington’s disease, cerebral vascular disease, psychiatric 
disease, alcohol abuse, brain tumor, epilepsy or encephalitis. All patients under-
went neurological and neuropsychological examination as part of their routine 
diagnostic work up, and diagnosis of dementia was established in a multidis-
ciplinary clinical meeting on the basis of neurological, neuropsychological and 
conventional-imaging criteria. Patients who were subsequently suspected of hav-
ing either AD [25-27] or FTD [28] were asked to participate in this study. The 
participating patients had a MMSE score of 26.6±2.9 (mean ± standard deviation) 
out of 30. This indicated that cognitive function was not yet much impaired, and 
confirmed that dementia was still at an early stage. Based on patient history and 
neuropsychological testing, every patient was assigned a provisional diagnostic 
label in the multidisciplinary meeting. These labels were probable AD (n=8), pos-
sible AD (n=3), AD/FTD (n=9), possible FTD (n=8), and probable FTD (n=3). We 
additionally included 32 age-matched healthy controls (18 male, age = 62.0±4.4 
years). Control subjects had no history of neurological or psychiatric disease and 
did not have contraindications for MRI. An MMSE score was obtained from 23 of 
the controls, which was 29.0±1.0 on average.

Group II consisted of participants from the ADNI and was used as reference da-
taset for validation of the pipeline for classification based on GM features. This 
group was included to enable comparison with results from previous papers. The 
ADNI was launched in 2003 by the National Institute on Aging, the National Insti-
tute of Biomedical Imaging and Bioengineering, the Food and Drug Administra-
tion, private pharmaceutical companies and non-profit organizations, as a $60 
million, 5-year public-private partnership. The primary goal of ADNI has been to 
test whether serial MRI, PET, other biological markers, and clinical and neuro-
psychological assessment can be combined to measure the progression of mild 
cognitive impairment (MCI) and early AD. The ADNI cohort used in this paper is 
adopted from the study of Cuingnet et al. [11], from which we selected the AD 
patient group and the elderly control group. The inclusion criteria for participants 
were defined in the ADNI GO protocol (http://www.adni-info.org/Scientists/Pdfs/
ADNI_Go_Protocol.pdf). The patient group consisted of 137 patients (67 male, 
age = 76.0±7.3 years, MMSE = 23.2±2.0)), and the control group of 162 partici-
pants (76 male, age = 76.3±5.4 years, MMSE = 29.2±1.0). 

MR imaging

For Group I, images were acquired on a 3T MR scanner (Discovery MR750, GE 
Healthcare, Milwaukee, WI, USA) using a dedicated 8-channel brain coil. For each 
participant, a T1w image and a pseudo-continuous ASL image [29,30] were ac-
quired. T1w images were acquired with a 3D inversion recovery (IR) fast spoiled 
gradient-recalled echo (FSPGR) sequence with the following parameters: inversion 
time (TI) = 450 ms, repetition time (TR) = 7.9 ms, and echo time (TE) = 3.1 ms. 
These T1w images had a resolution of 0.94x0.94 mm in the sagittal plane and a 
slice thickness of 1.0 mm. For ten of the controls, T1w images were acquired axially 
with a resolution of 0.94x0.94x0.8 mm and acquisition parameters of TI=450 ms, 
TR=6.1 ms, and TE=2.1 ms. Acquisition time was around 4 minutes. The ASL data 
were acquired with a post-labeling delay time of 1.53 s using background suppres-
sion. 3D acquisition was performed with an interleaved stack of spiral readouts 
using 512 sampling points on 8 spirals, resulting in an isotropic 3.3 mm resolution 
in a 24 cm field of view. Other imaging parameters were: TR=4.6 s, TE=10.5 ms, 
number of excitations = 3, labeling pulse duration =1.45 s. The reconstructed voxel 
size was 1.9x1.9x4 mm. For the ASL data, the acquisition time was 4:30 minutes.

For Group II, T1w imaging data were acquired at 1.5T. Acquisition had been per-
formed according to the ADNI acquisition protocol [31].

Image Processing

Probabilistic tissue segmentations were obtained for white matter (WM), gray mat-
ter (GM) and cerebrospinal fluid (CSF) on the T1w image using the unified tissue 
segmentation method [32] of SPM8 (Statistical Parametric Mapping, London, UK). 
To minimize errors in the image processing, visual inspections of the tissue maps 
were performed after specific image processing steps. The tissue segmentation 
procedures did not compensate for white matter lesions and infarcts, but this was 
not necessary as patients with a history of cerebrovascular accidents (CVA) or 
CVA reported in their MRI examination were excluded from our study. Accord-
ingly, since the study population was quite young and vascular dementia patients 
were not included, only few white matter lesions were present.

For Group I, ASL imaging data consisted of a difference image (ΔA) and a control 
image (A0) [33]. To obtain an indication of the image quality, we estimated the 
signal-to-noise ratio (SNR) of the ΔA images of five randomly chosen patients and 
five controls. SNR was defined as,

	 [1]
 

in which μΔA is the mean ΔA in a small ROI in the brain, and σnoise is the standard 
deviation of the signal in a small ROI in the background. For the patients the SNR 
was 20.3 ± 7.7 (mean ± std), and for the controls 27.0 ± 5.4. Figure 1A shows an 
example ΔA scan for a patient with SNR=24.4.

SNR∆A = 
σnoise

µ∆A
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For each subject, T1w images were rigidly registered to the A0 images using 
Elastix registration software [34] by maximizing mutual information [35] within a 
mask. For the T1w images, a dilated brain mask obtained with the brain extraction 
tool (BET) [36] was used, and for the A0 image, voxels with zero intensity, outside 
the brain, were masked out. All registrations were visually checked. Tissue maps 
and brain masks were transformed to ASL space accordingly. In the ASL space, 
ΔA and A0 were corrected for partial volume effects using local linear regression 
based on the tissue probability maps using a 3D kernel of 3x3x3 voxels [37,38]. 
CBF maps were quantified using the single-compartment model by Buxton et al. 
[33] as implemented by the scanner manufacturer. Figure 1B shows the partial 
volume corrected CBF map which corresponds to the ΔA image in Figure 1A. Af-
ter quantification, CBF maps were transformed to T1w space. In the analysis only 
the CBF in the GM was used, as cortical CBF is of primary interest in the disease 
processes studied here. In addition, quantification of CBF with ASL in WM is less 
reliable than in GM [39].

For partial volume correction of the ASL images and for estimation of intracranial 
volume, a brain mask was required for each subject. This brain mask was con-
structed using a multi-atlas segmentation approach. We performed brain extrac-
tion [36] on the T1w images associated with a set of 30 atlases [40,41], checked 
the brain extractions visually, and adjusted extraction parameters if needed. The 
extracted brains were transformed to each subject’s T1w image and the labels 
were fused, resulting in a brain mask for each subject. The multi-atlas segmenta-
tion approach is explained in more detail the next section. 

Common template space and individual 
regions-of-interest (ROIs)
For each subject, we defined two image spaces which refer to the coordinate sys-
tems of the subject’s ASL and T1w scan respectively: an ASL-space (ΩASL) and a 
T1w-space (ΩT1w). Additionally, a common template space (ΩTemplate) was defined 
on the basis of the T1w images of all subjects. For registration of images, the fol-
lowing notation is used: a transformation T is applied to an image (moving image, 
M) to optimally fit another image (fixed image, F). The deformed moving image 
can be written as M(T). Figure 2 illustrates the image spaces and the transforma-
tions between them. 

The template space (ΩTemplate) was constructed based on the T1w images of all 
subjects using a procedure that avoids bias towards any of the individual T1w 
images [42]. In this approach, the coordinate transformations from the template 
space to the subject’s T1w space (Ti: ΩTemplate  ΩT1wi) were derived from pairwise 
image registrations. For computation of Ti, the T1w image of an individual subject 
(T1wi) was registered to all other subjects’ images (T1wj) using T1wi as the fixed 

Figure 1: A) ASL difference scan (ΔA) of a dementia patient (SNR=24.4), and B) the corre-
sponding CBF map in the GM after partial volume correction in color overlay. The back-
ground image in B) is the T1-weighted image.

Figure 2: Image spaces including processed images in these spaces: ASL space (ΩASL), 
T1w space (ΩT1w) and the template space (ΩTemplate). Transformations between the image 
spaces are indicated by Q, R, S, T, and U. The arrows are pointing from the fixed to the 
moving domain. Different subjects are represented by i and j. From all T1wi, a template 
space image (1) is calculated. In each image space, the dotted boxes represent the pro-
cessed images.
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image. This resulted in a set of transformations Ui,j: ΩT1wi  ΩT1wj . By averaging the 
transformations Ui,j, the transformation Si: ΩT1wi  ΩTemplate was calculated: 

 
	 [2]

The transformation Ti was calculated as an inversion of Si: Ti = Si
-1. Note that the 

identity transformation Ui,i is also included in [2]. The pairwise registrations were 
performed using a similarity, affine, and non-rigid B-spline transformation model 
consecutively. A similarity transformation is a rigid transformation including isotro-
pic scaling. The non-rigid B-spline registration used a three-level multi-resolution 
framework with isotropic control-point spacing of 24, 12, and 6 mm in the three 
resolutions respectively. A T1w template image was created by averaging the de-
formed individual T1w images. This template was thresholded and dilated to create 
a dilated brain mask for this population. To prevent background information in the 
T1w images from influencing the process, the complete pairwise registration proce-
dure was repeated masking the T1wi images with these dilated brain masks in ΩT1wi. 
To check if subjects were properly registered to the template space, the final T1w 
template image was visually inspected. Processed images (Pi) were transformed to 
template space using Pi(Ti) for the brain masks and tissue maps, and using Pi(Ri(Ti)) 
for the CBF maps with Ri: ΩT1wi  ΩASLi .We defined a common GM mask in template 
space by combining the GM segmentations of all subjects using majority vote. The 
voxel-wise CBF features included only voxels within this common GM mask.

Five sets of ROIs in the gray matter were constructed for every subject individually 
in T1w space (ΩT1w) differing in the number and size of ROIs (Figure 3): A) region-
al labeling of the supratentorial brain (region; 72 features), B) selection of brain 
regions affected by AD or FTD based on the literature (selection; 28 features; 
[43-55], C) brain lobes (lobe; occipital, temporal, parietal, frontal lobes and cen-
tral structures in both hemispheres; 10 features), D) hemispheres (hemisphere; 
2 features), and E) the total gray matter in the entire supratentorial brain (brain; 1 
feature). The ROI-sets were constructed using a multi-atlas segmentation proce-
dure. Thirty labeled T1w images containing 83 ROIs each [40,41] were used as 
atlas images. The atlas images were registered to the subject’s T1w image using 
a rigid, affine, and non-rigid B-spline transformation model consecutively. A rigid 
transformation model was used instead of the similarity transformation model that 
was used in the template space registrations. The rigid model was used because 
the similarity transformation failed here, probably due to the cropping around the 
brain which had been performed in the atlas images to remove most non-brain tis-
sue. Registration was performed by maximization of mutual information [35] within 
dilated brain masks [36]. For initialization, the dilated brain masks were rigidly reg-
istered. For non-rigid registration, the same multi-resolution settings were used as 
in the template-space construction. The subjects’ T1w images were corrected for 
inhomogeneities to improve registrations [56]. Labels were fused using a majority 
voting algorithm [57]. All final region segmentations were visually inspected. The 
brain stem, corpus callosum, third ventricle, lateral ventricles, cerebellum, and 
substantia nigra were excluded. For construction of the lobe, hemisphere and 

Si(x) = 1N Ui,j (x)Σ
(j=1)

N

brain GM ROIs, the regions were 
fused in the original atlas images 
before transformation to ΩT1w.

Classification methods

We evaluated two aspects of de-
mentia classification, which are 
discussed in this section: 1) the 
type of data, and 2) the method 
used to extract features. For the 
first aspect, classifications were 
performed using three types of 
data: CBF values quantified with 
ASL, GM volumes derived from 
the T1w images, and their com-
bination. Four combination strat-
egies were explored. In the first 
strategy, the feature vectors for 
CBF and GM were concatenat-
ed into one large feature vector, 
which was used to train the clas-
sifier ([CBF GM], feature concat-
enation). In the second strategy, 
we multiplied the CBF and GM 
features element-wise (CBF * GM, 
feature multiplication). In the third 
and fourth strategy, two separate 
SVM models for CBF and GM were 
combined by respectively the 
product rule: 
and the mean rule: 
 
 
[24]. In these approaches, the 
combined classifier was obtained 
by multiplication or averaging of 
the posterior class probabilities 

(ω) of the single modality classifiers and by renormalizing the posterior prob-
abilities. As an SVM does not naturally output posterior probabilities, these were 
obtained from the distance between the sample and the classifier by applying a 
logistic function [58]. For the second aspect, six methods were used to extract 
features from the data: a voxel-wise method (voxel) and a ROI-wise approach 
using the five previously defined ROI-sets (region, selection, lobe, hemisphere, 
and brain). These methods were applied in turn to the T1w data, ASL data and 
combined data. Voxel-wise features were defined as CBF intensities and GM 
probabilistic segmentations in the template space (ΩTemplate) [8,11]. For the CBF 

(   (ω(CBF) + ω(GM)))1
2

Figure 3: The five ROI-sets for ROI-wise feature 
extraction of the gray matter: A) region (72 
features), B) selection (28 features), C) lobe (10 
features), D) hemisphere (2 features), and E) 
brain (1 feature).

(ω(CBF) * ω(GM))
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features, only voxels within the common GM mask were included. For the GM seg-
mentations, we performed a modulation step, i.e. multiplication by the Jacobian 
determinant of the deformation field (Figure 2, transformation Ti), to take account 
of compression and expansion [59]. This modulation step ensures that the overall 
GM volume was not changed by the transformation to template space. The ROI-
wise features were calculated in subject T1w space (ΩT1w) for the five ROI-sets. 
The CBF features were defined as the mean CBF intensity in the GM, and the GM 
features as the GM volume obtained from the probabilistic GM maps [10,11]. To 
correct for head size, the GM features were divided by intracranial volume. All 
features were normalized to have zero mean and unit variance.

Analysis and statistics

For classification, linear SVM classifiers [60] were applied using the LibSVM soft-
ware package [61]. Classification performance was quantified by the AUC. The 
SVM C-parameter was optimized using grid search on the training set with LOO 
cross-validation.

On Group I, the SVM classifiers were trained and tested using both LOO cross-
validation and iterated four-fold cross-validation. LOO cross-validation was used 
for calculation of classification performance because it uses the maximum number 
of available data for training of the classifier, resulting in the best possible classi-
fier using those data and features. In four-fold cross-validation, on the other hand, 
only a part of the available training data is used, which allows for calculation of the 
standard deviations on the AUC. These standard deviations provide an indication 
of the robustness of the classifier, i.e. the dependence of the performance on 
the sampling of training and test sets. For the iterated four-fold cross-validation, 
classification was performed iteratively on four groups, each consisting of eight 
patients and eight control subjects, using repeatedly three groups for training and 
one group for testing. The total number of iterations was 50. To assess whether 
ASL improved the performance of the classifications relative to those based on 
structural GM features only, we performed McNemar’s binomial exact test. 

For detection of features associated with group differences using the SVM classifier, 
we calculated statistical significance maps (p-maps). Using permutation testing, a 
null distribution for the features was obtained using 5000 permutations [62,63]. The 
p-maps were calculated for every feature extraction method on both the CBF and 
GM data. We used a p-value threshold of α=0.05 and we did not correct for multiple 
comparisons, as permutation testing has a low false positive detection rate [64]. 
Voxel-wise p-maps were visually inspected to identify clusters of significant voxels.

On Group II, we evaluated the classifications based on GM features. Instead of 
cross-validation, separate training and test sets were used for classification. The 
participants were randomly split into two groups of the same size, a training set 
and a test set, while preserving the age and sex distribution [11]. All post-pro-
cessing and classification methods were identical to those of group I, except for 
the construction of the template space which is for group II only based on the 

training set. In Cuingnet et al. [11], classification results are presented as the 
highest sum of sensitivity and specificity. For comparison, we also included this 
measure for Group II. 

A

B

Figure 4: Classification performances quantified by the area under the ROC-curve (AUC) 
determined using (a) leave-one-out and (b) four-fold cross-validation. For the four-fold 
cross-validation, the bars represent mean AUC and the standard deviations are shown as 
error bars. Features were extracted using two approaches: voxel-wise and ROI-wise using 
5 GM ROI-sets (region, selection, lobe, hemisphere and brain). We included CBF data, GM 
data, and their combination using 1) feature concatenation ([CBF GM]), 2) feature multipli-
cation (CBF * GM), 3) the product rule                               , and 4) the mean rule:	 . (ω(CBF) * ω(GM))
(   (ω(CBF) + ω(GM)))1

2
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RESULTS

Group I

Figure 4 shows the classification results for a) the LOO cross-validation, and b) 
the iterated four-fold cross-validation. The voxelwise feature-extraction approach 
(AUC range=86-91%) resulted in higher performance than all other approaches 
(AUC range=57-84%). CBF and GM single modality classifications performed 
similarly in the voxel-wise approach, but in the ROI-wise approaches the AUC for 
the CBF classification declined with decreasing feature numbers.

For the voxel-wise method, the combination of CBF and GM data (AUC 
range=89-91%) performed somewhat better than classification based on a sin-
gle modality (AUC=86-88%) as can be appreciated from the ROC-curves shown 
in Figure 5. For the other approaches, the GM classification performed best 
(AUC range=77-84%) and this was not improved by adding the CBF data (AUC 
range=73-83%). In the voxel-wise approach, the feature multiplication method had 
a slightly higher performance than the other approaches, but overall the perfor-
mances of the four combination methods were similar. For the region-wise meth-

od, combination of CBF and GM by the product and mean combination methods 
(AUC=83%) performed better than feature concatenation or multiplication (AUC 
range=78-81%), while in the other ROI-wise approaches with fewer ROIs, feature 
concatenation was the best performing combination method.

The McNemar tests showed no significant differences between the performance of 
the voxel-wise classification based on GM features and the other voxel-wise clas-
sifications: CBF (p=0.38), the mean rule (p=0.38), and the other combination meth-
ods (all p=1.0).

Generally, the mean classification performances for the iterated four-fold cross-
validation were similar to those obtained with LOO cross-validation (Figure 4b). 
The standard deviations, indicated by the error bars in Figure 4b, showed that the 
classifications had a relatively small variance and were rather robust.

Posterior probabilities for the voxel-wise classifications are shown in Figure 6 and 
do not indicate that the type of dementia influences the success for patients of 
being correctly classified, as AD and FTD patients cannot be clearly separated 
in the plot. It should be noted that the classifiers were not trained for this specific 
differentiation. 

Figure 5: Receiver operator characteristic (ROC) curves for the voxel-wise classifications 
using LOO cross-validation: based on CBF features, GM features, and the combination of 
both using feature concatenation ([CBF GM]), feature multiplication (CBF * GM), the prod-
uct rule 	 , and 4) the mean rule	 . (ω(CBF) * ω(GM)) (   (ω(CBF) + ω(GM)))1

2
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Figure 6: Scatter plot of the posterior probabilities for the voxel-wise classifications based 
on GM features (x-axis) and CBF features (y-axis). Patients are represented by dots colored 
and sized according to the assigned provisional diagnostic label. Controls are represented 
by blue squares. The green line (y=1-x) shows the decision boundary for the product rule 
and mean rule combination methods (for a threshold of 0.5 on the combined posterior 
probability).
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P-maps for the voxel-wise classifications are shown in Figure 7. For CBF (Fig-
ure 7a), several clusters of significantly different voxels were observed, located 
mainly in the thalamus, amygdala, and anterior and posterior cingulate gyrus. For 
GM (Figure 7b), clusters of significantly different voxels were seen in the hippo-
campus, insula, posterior cingulate gyrus and thalamus. We also observed signifi-
cantly different voxels in regions with a low GM probability, around the ventricles 
and corpus callosum. Table 1 lists all regions with visually observed clusters of 
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Figure 8: Voxel-wise p-maps 
A) within the amygdala for CBF, 
and B) within the hippocampus 
for GM. These two regions 
showed the highest percentage 
of significant voxels. The re-
gions were based on the region 
labeling in template space. 
Non-blue voxels are significant-
ly different (p<0.05).

Table 1: Regions with clusters of significant voxels in the p-maps

CBF GM

Amygdala (left > right) Hippocampus (bilateral) 

Cingulate gyrus, anterior part (left) Insula (bilateral) 

Cingulate gyrus, posterior part 
(right) 

Cingulate gyrus, posterior part (bilat-
eral)

Thalamus (bilateral) Thalamus (bilateral) 

Postcentral gyrus (right > left) Medial temporal gyrus (bilateral) 

Inferior frontal gyrus (bilateral) Inferior temporal gyrus (bilateral) 

Putamen (right > left) Lingual gyrus (bilateral) 

Insula (left) Superior frontal gyrus (bilateral) 

Medial frontal gyrus (bilateral) 

Superior frontal gyrus (left) 

Caudate nucleus (left) 

Occipital gyrus (left) 

Gyrus parahippocampalis (bilateral) 

Medial temporal gyrus (bilateral) 
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significantly different voxels in the p-map. Within these regions, as defined by 
Hammers et al. [41] and Gousias et al. [40], only a small percentage of voxels 
was significantly different. For CBF, the highest percentage of significantly differ-
ent voxels was observed in the amygdala (20%), and for GM in the hippocampus 
(18%), see Figure 8. 

In the supplementary materials, the p-values for the region classification are 
listed. For CBF, two significantly different regions were found, and for GM one 
region. For CBF, one of the significantly different regions was also clearly found 
in the voxel-wise p-maps. However, for GM this correspondence was less clear 
since the only significantly different ROI (right Subgenual anterior cingulate gyrus) 
was not shown in the voxel-wise p-map. The regions with the most clear clusters 
of significantly different voxels in the voxel-wise p-map (hippocampus, insula and 
thalamus) were not found to be significantly different in the region-wise approach. 
In the selection and lobe ROI-wise approaches , two significantly different ROIs 
were found for both CBF (selection: superior parietal gyrus left and pre-subgenual 
anterior cingulate gyrus right; lobe: occipital lobe left and frontal lobe right) and 
GM (selection: subgenual anterior cingulate gyrus right and pre-subgenual ante-
rior cingulate gyrus left; lobe: temporal lobe left and right). For hemisphere and 
brain, no significant ROIs were found.

Group II

Classification performances based on GM features for the ADNI reference data 
are shown in Figure 9. For both voxel- and ROI-wise approaches, we obtained 
an AUC of about 90%. For the voxel-wise method, the performance reported by 
Cuingnet et al. [11] was somewhat higher than what we found (Table 2). For the 
region-wise method, performances were similar: we obtained a slightly higher 
sum of sensitivity and specificity, and Cuingnet et al. [11] obtained a slightly high-
er AUC.

DISCUSSION

We evaluated different approaches for classification of early-stage presenile de-
mentia patients and controls. These approaches included different types of MRI 
data, and both voxel-wise and ROI-wise methods for feature extraction. In this 
section we first discuss the classification performances on Group I. Second, the 
added value of ASL for diagnosis of dementia is discussed. Finally, we discuss 
the validation of methods using the reference dataset of Group II.

Classification performance

The voxel-wise classification methods showed a high diagnostic performance with 
an AUC of up to 91% for early-stage presenile dementia (Group I). We can con-
sider this a high accuracy for this patient population, because the patients were 
still at an early stage of the disease, when both clinical symptomatology and GM 
atrophy are known to be less pronounced than at more advanced stages of the 
disease. Additionally, our patient population was relatively young, since we only 
included presenile dementia patients. The group was also rather heterogeneous, 

Figure 9: Classification performances for the ADNI data quantified by the area under the 
ROC-curve (AUC). GM features were extracted using two approaches: voxel-wise, and 
ROI-wise using 5 GM ROI sets (region, selection, lobe, hemisphere, and brain).
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Table 2: Classification performance on the ADNI reference data for the voxel- and region-
wise approaches compared to the performances on the same data reported by Cuingnet et 
al. [11]. The method Voxel-Direct-D-gm is similar to our voxel-wise method, using modu-
lated GM maps, and the method Voxel-Atlas-D-gm is similar to our method region, using 
features for a set of ROIs. Performance measures were area under the ROC curve (AUC), 
sensitivity (Sens.), specificity (Spec.), and the sum of sensitivity and specificity (Sum). 

Study Method AUC 
(%)

Sens. 
(%)

Spec. 
(%)

Sum

This study voxel 89 85 79 165

Cuingnet et al. Voxel-Direct-D-gm 95 81 95 176

This study region 90 83 90 172

Cuingnet et al. Voxel-Atlas-D-gm 92 78 91 169
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as patients were included when they were suspected of suffering from either AD 
or FTD, in which different regions of the brain are affected. In AD, hypoperfusion 
and atrophy are expected mainly in the medial temporal and parietal lobes, while 
in FTD this is mainly seen in the frontal and temporal lobes [65]. Such heteroge-
neity of affected brain regions makes the classification of dementia more difficult. 
Due to these issues, diagnostic performance in this group may be expected to be 
lower than that in homogeneous patient populations at more advanced stages of 
disease. However, one can also argue that a young patient group and therefore 
also a young control group, may have positively influenced the diagnostic perfor-
mance as the younger control group is not so much affected by age-related atro-
phy and might therefore be better distinguishable. For Group I, cross-validation 
was used for estimating classifier performance. This technique is frequently used 
and mainly applied when a relatively small amount of data is available (for clas-
sification of dementia). The voxel-wise methods overall provided higher perfor-
mance than the ROI-based techniques, which indicates that important diagnostic 
information was lost by averaging over the ROIs. This is illustrated by the p-maps 
obtained with permutation testing (Figure 7-Figure 8: Voxel-wise p-maps A) within 
the amygdala for CBF, and B) within the hippocampus for GM. These two regions 
showed the highest percentage of significant voxels. The regions were based on 
the region labeling in template space. Non-blue voxels are significantly different 
(p<0.05).), which showed that the voxel-wise classifiers mainly rely on small clus-
ters of voxels within the anatomically defined regions used here. These clusters 
only maximally covered 20% of the voxels within such a region. Therefore, we can 
assume that the used anatomical region labeling was not optimal for the ROI-wise 
classifications, as the regions may have been too large to be sensitive to informa-
tion from a small proportion of significantly different voxels. 

For the voxel-wise and region methods, the feature concatenation method was 
outperformed by the other combination methods, possibly due to the large num-
ber of features relative to the small amount of data. However, for the other ROI-
wise approaches, feature concatenation was the best performing combination 
methods. The relatively small standard deviations obtained with the four-fold 
cross-validation indicated that the classifications were rather robust. 

When using one feature only, i.e. whole brain measures, ROI-wise methods for 
GM still gave a relatively good performance (AUC=73%). However for CBF, the 
classification performance declined with decreasing number of features. Espe-
cially remarkable was the reduction in AUC for CBF after selection of 28 demen-
tia-related brain regions. For the GM classifications, we did not find this dramatic 
decrease in performance. This might be due to the fact that the regions were 
selected on the basis of the literature reporting either focal atrophy or hypoperfu-
sion/hypometabolism. Such regions may not coincide, particularly not in the early 
stage of dementia. For instance, in fluoro-deoxyglucose positron emission tomog-
raphy (FDG-PET) studies no significant hypoperfusion is found in specific brain 
regions which are known to have volume loss in AD, for example the hippocam-
pus [66,67], or vice versa. For assessing the diagnostic performance of CBF clas-
sification methods, the selection classification may have reduced performance 
because certain regions may have been included that only exhibited atrophy but 
not perfusion changes.

Using the p-maps, we visualized which features were significant for classification. 
For CBF, we mainly found clusters of significantly different voxels in the amyg-
dala, thalamus and cingulate gyrus, corresponding to findings from the litera-
ture on AD reporting hypoperfusion in the cingulate gyrus and prefrontal cortex.  
Hypoperfusion in the parietal lobe is also reported, but was not found here [19]. 
For GM, significantly different voxels were found in the hippocampus, insula, thal-
amus and cingulate gyrus, corresponding to the literature [68-70]. GM p-maps 
were mostly symmetrical, showing similar clusters of significantly different voxels 
bilaterally, whereas CBF p-maps where more asymmetrical. Some asymmetry is 
expected particularly in FTD patients [71]. Cuingnet et al. [11] did not calcu-
late p-maps, but evaluated the optimal margin hyperplane (w-map), which pro-
vides qualitative information on the classifiers showing regions in which atrophy 
increased the likelihood of being classified as AD. These regions were the medial 
temporal lobe (including hippocampus), thalamus, posterior cingulate gyrus, infe-
rior and middle temporal gyri, posterior middle frontal gyrus, and fusiform gyrus. 
This corresponds well to our p-maps as we found the same regions except the 
last two. In addition, we detected clusters of significantly different voxels in the 
insula.

Because in AD and FTD different brain regions are affected, atrophy and hypo-
perfusion information could be used to make a differential diagnosis. A future aim 
of this work is to perform a multi-class classification to distinguish the two groups 
of patients. One year after inclusion, follow-up information will be used to establish 
a definitive diagnosis which is needed for the multi-class classification.

A minor limitation of this work is that a different T1-weighted protocol was used  
for 10 of the control subjects. We believe that the impact of this is minor, because 
the used sequences are very similar, both are near isotropic with a resolution ≤ 
1mm, and both sequences allow for good differentiation between white and gray 
matter. 

The added value of ASL

CBF-based classification yielded high diagnostic performance for the voxelwise 
and region-wise approaches with AUCs of 87% and 76%, respectively. For the 
voxel-wise classification, this was similar to the diagnostic performance based 
on GM features (p=0.38, McNemar’s test). This indicates that CBF quantified with 
ASL is a good diagnostic marker for early-stage dementia, in concordance with 
previous studies [18-20].

Although CBF may be a good diagnostic marker by itself, our results showed no 
added value over atrophy markers based on structural MRI. The four different 
combination methods - feature concatenation, feature multiplication, the product 
rule, and the mean rule - showed a slight improvement in AUC for the voxel-wise 
approaches, but the McNemar tests showed no significant increase in diagnostic 
performance by using any methods (p≥0.38). For ASL to add value, other combi-
nation methods than these four may need to be explored to more efficiently com-
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bine the CBF and GM features. In addition, one should note that the limited added 
value of ASL over structural MRI found in this work may be partly attributed to 
the specific methodology used, both in ASL acquisition and analysis. A potential 
confounder in this study is the arterial transit time (ATT), which could conceivably 
be different between patient and control group. However, we expect these differ-
ences to be small, since on the one hand patients with cerebral vascular disease 
were excluded and on the other hand the patients and control groups were age-
matched. We compared our results to those of three previously published papers 
or abstracts studying the added value of ASL for the diagnosis of dementia. Du 
et al. [22] based classification of FTD patients and controls on logistic regression. 
The mean CBF and GM volume in certain regions in the frontal and parietal lobes 
were used as features. Performance was evaluated on the training data. Classifi-
cation based on GM volume only showed no significant separation between the 
groups, but including CBF yielded an AUC of 80% (p<0.01). The second study 
by Dashjamts et al. [21] performed linear discriminant analysis to discriminate 
between AD patients and controls using LOO cross-validation. Features were de-
fined for the whole brain as the normalized CBF intensities and the GM segmen-
tation in DARTEL template space [72]. For the GM features no modulation step 
was performed. The number of features was reduced using a VBM approach, 
which performs voxel-wise t-tests at different significance levels. The classifica-
tion AUCs were 78% for GM, 89% for CBF, and 92% for the combination of both 
using concatenation. These findings are similar to our results, except for the AUC 
for GM, which in their study was lower than our results and lower than the values 
reported by Cuingnet et al. [11] and Klöppel et al. [8]. The classifiers may have 
been overtrained since the feature reduction was performed on the complete set 
and since optimal significance levels for the classification on both CBF and GM 
were selected using the labels of the test data. The third study, an abstract by 
Schuff et al. [23], studied the classification of early MCI using local linear embed-
ding and logistic regressions. Features were defined as the mean CBF or tissue 
volume for a set of ROIs. The accuracies of the classification were 67% based on 
the volume features, 58% based on CBF, and 71% for the combination of both.

These studies on classification using ASL [21-23] conclude that ASL improves 
the classification of dementia over structural MRI. Although in our dataset we also 
observed a small increase in performance by combining CBF and GM, we could 
not conclude that this significantly improves classification, as classifications on 
the basis of GM features alone already had a high performance. For early-stage 
dementia lower performances were expected, as for instance Klöppel et al. [8] 
reported a GM-based classification accuracy of 81.1% in a mild AD group (age 
≤ 80 years, MMSE range = 20-30). The relatively high performances for the GM-
based classifications we found here may be attributed to the presenile patient and 
control population, as addressed in the previous section. We therefore assume 
that the added value of ASL in this study was limited by the relatively high perfor-
mance of the classifications based on structural MRI.

In addition, the small samples sizes of each of these studies may hinder a reliable 
comparison. Similar to the studies mentioned above, we used a relatively small 
dataset (32 patients/32 controls; Du et al.: 21 FTD/24 AD/25 controls [22]; Dash-
jamts et al.: 23 AD/23 controls [21]; Schuff et al.: 7 AD/44 early MCI/17 MCI/29 

controls [23]). To our knowledge, the added value of ASL for classification of 
dementia has not been assessed with larger sample size studies, but for further 
verification of our conclusion larger sample size studies would be preferred. 

Comparison with related work

The GM image-processing and classification methods were evaluated on an AD 
patient group and a healthy control group from the ADNI database (Group II) to en-
able comparison with related work. The classification performances we obtained 
were generally comparable (Table 2) to those of Cuingnet et al. [11], from which 
the subject groups were adopted. However, some performance differences could 
be observed, which we think may be largely attributed to three differences in the 
methodology. The first difference is in the region approach, in which we used 72 
regions constructed with multi-atlas registration, whereas the Voxel-Atlas-D-gm 
of Cuingnet et al. [11] uses 119 regions from a single atlas [73]. Although our 
atlas contains fewer ROIs, which could impact the performance either positively, 
as fewer features reduce the risk of overtraining, or negatively, as fewer features 
contain less information, we chose this atlas because multi-atlas-based segmen-
tation is more accurate and robust than single-atlas-based segmentation [57]. 
Second, the data used for template-space construction differs. We based the 
template space for Group II on the training data only, whereas Cuingnet’s Voxel-
Direct-D-gm method uses the complete set. Our approach requires less compu-
tation time which is practical for clinical use, but may perform slightly worse as the 
testing subjects are not included in the template space. Third, we used a different 
method for template-space construction. Cuingnet et al. uses the DARTEL algo-
rithm [72] which differs from our method in three main ways: 1) DARTEL iteratively 
maps the scans to their average, instead of using the pairwise registrations of our 
approach; 2) DARTEL uses tissue segmentations instead of directly registering 
T1w images; and 3) DARTEL uses a large-deformation diffeomorphic algorithm, 
while our approach uses a small-deformation parametric (B-spline) transforma-
tion model assuming small deformations. Although the methods use different ap-
proaches, both aim to find the group mean image.

Although some steps in our method differed from the method of Cuingnet et al. 
[11], classification performances on the same dataset were very similar, indicat-
ing that our methodology is valid and providing context for our findings in the 
presenile early-stage dementia patients (Group I).

Conclusion

Of the different classification methods, voxel-wise classifications provided the 
best classification performance for early-stage presenile dementia and controls 
with an AUC of about 91%. This can be considered a high diagnostic accuracy 
in this presenile patient population in the very early stage of either of two different 
types of dementia.
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Although CBF quantified with ASL was found to be a good diagnostic marker of 
dementia, with similar diagnostic accuracy as GM in the voxel-based classifica-
tions, its added value over structural MRI was not significant.
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SUPPLEMENTARY MATERIAL
 
Table 3: P-values obtained with permutation tests for the region-wise classification. Red 
values are significant (p<0.05, not corrected for multiple comparisons). Italic regions were 
included in the selection classification. 

CBF GM

left right left right

1 Hippocampus 0.63 0.30 0.63 0.62

2 Amygdala 0.13 0.81 0.83 0.59

3 Anterior temporal lobe, medial part 0.80 0.23 0.38 0.79

4 Anterior temporal lobe, lateral part 0.18 0.52 0.55 0.15

5 Gyrus parahippocampalis 0.69 0.93 0.75 0.55

6 Superior temporal gyrus, central part 0.90 0.82 0.56 0.49

7 Medial and inferior temporal gyri 0.77 0.92 0.34 0.56

8 Lateral occipitotemporal gyrus 0.89 0.63 0.60 0.55

9 Insula 0.56 0.15 0.23 0.88

10 Lateral remainder of occipital lobe 0.34 0.25 0.88 0.65

11 Cingulate gyrus, anterior part 0.46 0.60 0.65 0.51

12 Cingulate gyrus, posterior part 0.38 0.57 0.66 0.25

13 Middle frontal gyrus 0.74 0.29 0.69 0.85

14 Posterior temporal lobe 0.40 0.15 0.69 0.21

15 Remainder of parietal lobe 0.53 0.42 0.10 0.52

16 Caudate nucleus 0.68 0.74 0.48 0.72

17 Nucleus accumbens 0.74 0.94 0.09 0.21

18 Putamen 0.07 0.05 0.73 0.64

19 Thalamus 0.28 0.14 0.55 0.82

20 Pallidum 0.83 0.51 0.45 0.87

21 Precentral gyrus 0.37 0.02 0.29 0.33

22 Straight gyrus 0.59 0.77 0.33 0.71

23 Anterior orbital gyrus 0.80 0.59 0.78 0.95

24 Inferior frontal gyrus 0.79 0.84 0.47 0.59
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25 Superior frontal gyrus 0.99 0.33 0.28 0.15

26 Postcentral gyrus 0.14 0.07 0.47 0.38

27 Superior parietal gyrus 0.94 0.48 0.91 0.63

28 Lingual gyrus 0.24 0.71 0.97 0.11

29 Cuneus 0.27 0.85 0.43 0.16

30 Medial orbital gyrus 0.81 0.57 0.78 0.79

31 Lateral orbital gyrus 0.36 0.53 0.34 0.12

32 Posterior orbital gyrus 0.91 0.56 0.51 0.60

33 Subgenual anterior cingulate gyrus 0.83 0.50 0.91 0.03

34 Subcallosal area 0.07 0.42 0.16 0.80

35 Pre-subgenual anterior cingulate gyrus 0.66 0.19 0.23 0.41

36 Superior temporal gyrus, anterior part 0.24 0.16 0.59 0.24
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ABSTRACT

Objective To investigate arterial spin labeling (ASL)-MRI for the early diagnosis 
of and differentiation between the two most common types of presenile dementia: 
Alzheimer’s disease (AD) and frontotemporal dementia (FTD), and for distinguish-
ing age-related from pathological perfusion changes.

Methods 13 AD and 19 FTD patients, and 25 age-matched older and 22 younger 
controls underwent 3D pseudo-continuous ASL-MRI at 3T. Gray matter (GM) vol-
ume and cerebral blood flow (CBF), corrected for partial volume effects, were 
quantified in the entire supratentorial cortex and in 10 GM regions. Sensitivity, 
specificity and diagnostic performance were evaluated in regions showing sig-
nificant CBF differences between patient groups or between patients and older 
controls. 

Results AD compared with FTD patients had hypoperfusion in the posterior cingu-
late cortex, differentiating these with a diagnostic performance of 74%. Compared 
to older controls, FTD patients showed hypoperfusion in the anterior cingulate 
cortex, whereas AD patients showed a more widespread regional hypoperfusion 
as well as atrophy. Regional atrophy was not different between AD and FTD. Diag-
nostic performance of ASL to differentiate AD or FTD from controls was good (78-
85%). Older controls showed global hypoperfusion compared to young controls. 

Conclusion ASL-MRI contributes to early diagnosis of and differentiation be-
tween presenile AD and FTD.

INTRODUCTION

Although less prevalent, presenile dementia (age of onset ≤65 years) comprises 
a substantial subset of dementia patients [1]. Compared to late-onset dementia, 
it more often has an atypical presentation and more progressive disease course. 
Early diagnosis of presenile dementia remains difficult as different etiologies are 
hard to distinguish. Presenile Alzheimer’s disease (AD) more often has a non-am-
nestic presentation than late-onset AD [2]. Additionally, non-neurological causes 
of cognitive dysfunction are more prevalent in younger patients and may mimic 
neurodegenerative disorders, particularly obscuring differentiation between psy-
chiatric disease and frontotemporal dementia (FTD) [3]. Another large subset of 
young patients presents with primary progressive aphasia (PPA), in which the 
underlying pathology – AD or FTD – is often unclear [4]. 

Conventional magnetic resonance imaging (MRI) often shows distinctive brain 
atrophy only in later stages AD and FTD [5]. Early diagnosis requires techniques 
that detect early brain changes, such as fluorodeoxyglucose-positron emission 
tomography (FDG-PET). FDG-PET visualizes hypometabolism in temporo-parietal 
regions, posterior cingulate and precuneus in AD, while FTD affects the prefrontal 
cortex (PFC), anterior cingulate cortex (ACC) and anterior temporal cortex [6]. 
Arterial spin labeling (ASL)-MRI, measuring brain perfusion, has been proposed 
as an alternative as it is noninvasive and easily added to routine diagnostic MRI 
protocols, whereas FDG-PET has limited availability and relatively high costs [7]. 
Hypoperfusion measured with ASL is consistent with PET in advanced AD and 
FTD, indicating that ASL could contribute to differential diagnosis [8,9]. The use 
of ASL in the earliest stages of dementia is being increasingly studied [10,11], but 
little is known about ASL findings in the early stage of presenile dementia, when 
diagnosis is often still uncertain. To reliably assess regional cerebral blood flow 
(CBF) changes in such patients, we also need to determine normal regional CBF 
variability, as this is substantial in healthy young adults [12].

The aim of this study was to investigate ASL-MRI for the early diagnosis of and dif-
ferentiation between the two most common types of presenile dementia: AD and 
FTD [2]. We also investigated age-related CBF changes to distinguish pathologi-
cal from physiological changes in – regional – perfusion. 

MATERIALS & METHODS

Participants

Newly presenting patients visiting our outpatient memory clinic between January 
2011 and September 2013, aged 45 to 70 years, and with a Mini Mental State 
Examination (MMSE) score ≥ 20 (indicating mild dementia) were prospectively 
considered for inclusion. All patients underwent neurological and neuropsycho-
logical examination as part of their routine diagnostic work up. We consecutively 
included patients with a diagnosis of possible or probable AD or FTD. In addi-
tion, patients were included with PPA in which the underlying etiology can be 
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either AD or FTD. The reference standard was nosological diagnosis of AD or 
FTD by consensus according to the McKhann [13] and Rascovsky [14] criteria, 
or AD or FTD underlying PPA [4]. Diagnosis was established either at baseline 
(initial visit), or after follow-up when diagnosis at baseline was uncertain, and veri-
fied independently by two experienced neurologists. Conventional structural MRI 
was assessed as part of the diagnostic process and simultaneously assessed 
for exclusion criteria, ASL-MRI was not. Patients with psychiatric or neurological 
disorders other than dementia were excluded. Other exclusion criteria were nor-
mal pressure hydrocephalus, Huntington’s disease, cerebral vascular disease, 
alcohol abuse, brain tumor, epilepsy or encephalitis.

Healthy young (18 to 40 years) and older (45 to 70 years) controls were recruited 
through advertisement, and older controls also from the patient peers. Data from 
these young participants were previously reported in a reproducibility study of 
ASL [15]. Both control groups were matched for gender, and older controls for 
age with the patients. A researcher screened all participants, who were included 
only when there was no history of neurological or psychiatric disease, and no 
contraindications for MRI. Older controls were administered the MMSE to assess 
global cognitive functioning. 

The study was approved by the local medical ethics committee. All participants 
gave written informed consent.

Image acquisition

All participants were scanned at 3T (Discovery MR750 system, GE Healthcare, 
USA). Perfusion was measured with state-of-the-art [16] whole brain 3D pseudo-
continuous ASL (p-CASL) (background-suppressed, post-labeling delay 1525ms, 
labeling duration 1450ms, echo time (TE) 10.5ms, repetition time (TR) 4632ms, 
interleaved FSE stack-of-spiral readout of 512 sampling points on 8 spirals, iso-
tropic resolution 3.3mm in a field of view (FOV) of 240mm, 36 axial slices, number 
of excitations 3, acquisition time 4.29 min). The labeling plane was positioned 9 
cm below the anterior commissure-posterior commissure line. A high resolution 
3D fast spoiled gradient-echo T1-weighted (T1w) image (FOV 240 mm, TR/TE/in-
version time 7.9/3.06/450ms, ASSET factor 2, matrix 240*240, and slice thickness 
1mm, acquisition time 4.41 min) was acquired for anatomical reference.

Image data processing 

The data were processed according to methods described previously [17] to ob-
tain partial volume effect corrected CBF values from gray matter (GM) only. 

Tissue segmentation
Gray matter (GM), white matter and cerebrospinal fluid maps were obtained from 
the T1w image using the unified tissue segmentation method [18] of SPM8 (Sta-
tistical Parametric Mapping, London, UK). GM volumes were computed from the 
GM map. CBF was analyzed in GM only.

ASL post-processing
The ASL imaging dataset consisted of two images, a perfusion-weighted image 
(PWI) and a proton density image (PD), that were required for CBF calculation 
[16]. CBF maps from representative patients are shown in Figure 1. The GM map 
derived from the T1w image was rigidly registered with the PD image for each 
participant (Elastix registration software [19]). Then GM maps were transformed 
to ASL image space to enable partial volume (PV) correction. PV effects were 
corrected in PWI and PD images using local linear regression within a 3D kernel 
based on tissue maps [20]. The PV-corrected ASL images were quantified as CBF 
maps using the single-compartment model [16] as implemented by the scanner 
manufacturer. Finally CBF maps were transformed to T1w image space for further 
analysis.

ROI labeling
For each participant, regions of interest (ROIs) were defined using a multi-atlas 
approach. This involved the registration of 30 labeled T1w images, each contain-
ing 83 ROIs [21,22], to the participants’ T1w images. The labels of the 30 atlas 
images were fused using a majority voting algorithm to obtain a final ROI labeling 

Figure 1: Cerebral blood 
flow (CBF in ml/100g GM/
min) maps for a representa-
tive AD (left column) and 
FTD patient (right column). 
The top row shows their 
skull-stripped CBF map, the 
bottom row shows their color-
coded CBF maps overlaid on 
the structural T1w images. 
Prominent hypoperfusion 
in the PCC (thick arrows) in 
AD compared to FTD. Also 
note the global and more 
extensive hypoperfusion in 
AD compared to the focal 
hypoperfusion in the ACC in 
FTD (thin arrows).
CBF: cerebral blood flow; 
AD: Alzheimer’s disease; 
FTD: frontotemporal demen-
tia; T1w: T1 weighted; PCC: 
posterior cingulate cortex; 
ACC: anterior cingulate 
cortex.
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[23]. Registration to the participants’ nonuniformity corrected T1w images [24] 
were performed with a rigid, affine, and non-rigid B-spline transformation model 
consecutively. For this registration, both the participants’ and the labeled T1w im-
ages were masked using the Brain Extraction Tool [25]. 

Region selection
CBF was assessed per participant globally in the entire supratentorial cortex, 
and regionally in 10 predefined cortical regions relevant for dementia, based on 
previously reported PET-findings in AD and FTD [26-28] (Table 1). Mean GM CBF 
and volumes in these regions were extracted for the left and right hemisphere 
separately and subsequently reported as an average of the bilateral regions. GM 
volumes were reported as percentage of the total intracranial volume (% ICV).

Data analysis

Gender differences across patient and control groups were examined using chi-
square tests (p<0.05). One-way analysis of variance (ANOVA) with Bonferroni 
correction (p<0.05) was used to examine age and MMSE differences across AD 
and FTD patients and older controls; and to compare global and regional GM CBF 
and volume across the patient and control groups. Variation within and between 
groups was visualized with a boxplot.

Sensitivity and specificity of regional CBF were evaluated for both patient groups 
using Receiver Operating Characteristic (ROC) analysis. We examined regions 
known to be affected in dementia that showed significant differences between 
FTD or AD patients and older controls. Regions that showed significant differ-
ences (p<0.05, Bonferroni corrected) between FTD and AD patients and con-
trols in the one-way ANOVA were selected to investigate their performance in dif-
ferentiating the groups. Diagnostic performance was expressed by areas under 
the curve (AUC) with 95% confidence intervals. For the regions with the highest 
AUCs, optimal cut-off points were determined to discriminate between the exam-
ined groups by locating the cut-off point where the distance from maximum sen-
sitivity and specificity was minimal. Distance was calculated for each observed 
cut-off point using the equation: distance = √[(1 – sensitivity)2 + (1 – specificity)2]. 
Based on these cut-off points, false positives (FPs) and false negatives (FNs) 
were determined to explore whether age, gender, MMSE or PPA variant affected 
misclassification.  

Statistical analyses were performed in IBM SPSS Statistics, version 20.0 (New 
York, USA).

RESULTS

Participant characteristics

100 participants were included in our study: 53 dementia patients, 22 healthy 
young adult and 25 healthy older participants (Table 2). Post hoc, 21 of the 53 in-
cluded patients were excluded due to diagnoses other than AD or FTD during fol-
low-up (7), lack of progression (4), low data quality (4), or because of incomplete 
imaging data (6). Median follow-up was 1.2 years (range 2 weeks – 2.8 years).

Table 1: selected regions of interest (ROIs) 

ROI (literature) Anatomical region [21,22]

Regions 
affected

Medial temporal lobe 
(MTL)

Hippocampus
Gyri parahippocampalis et ambiens

Remainder of temporal 
lobe

Anterior temporal lobe, medial part
Anterior temporal lobe, lateral part
Superior temporal gyrus, central part
Medial and inferior temporal gyri
Posterior temporal lobe
Superior temporal gyrus

Precuneus Superior parietal gyrus
Posterior cingulate cortex 
(PCC)

Cingulate gyrus, posterior part

Thalamus Thalamus
Anterior cingulate cortex 
(ACC)

Cingulate gyrus, anterior (supra-
genual) part
Subgenual anterior cingulate gyrus
Presubgenual anterior cingulate 
gyrus

Medial prefrontal cortex 
(medial PFC)

Straight gyrus (gyrus rectus)
Superior frontal gyrus
Medial orbital gyrus
Posterior orbital gyrus

Regions 
initially 
unaffected

Precentral gyrus Precentral gyrus
Occipital lobe Lateral remainder of occipital lobe

Calcarine cortex Lingual gyrus
Cuneus

Reported regions were matched as closely as possible to our anatomically defined ROIs 
[21,22].
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Gender was not different across groups (χ2 (3, n=79) = 1.822, p>.05). Age was 
not different between AD and FTD patients and older controls (F(2,54) = 0.886, 
p>.05). MMSE was different across the patient groups and older controls (F(2,53) 
= 13.476, p<.05): both patient groups had lower scores compared to older con-
trols, but not compared to each other (Table 2). Due to language deficits, two 
patients with PPA had MMSE scores of <20. Their full neuropsychological ex-
amination indicated only moderate impairment in all cognitive domains except 
for language, affecting the MMSE score. Their data were therefore retained in the 
analysis.

 

Global perfusion and volume changes

Mean CBF of the supratentorial cortex (Table 3, Figure 2) was not different be-
tween AD and FTD. Compared with older controls, global perfusion was lower 
in AD, but not in FTD. Older controls showed lower global perfusion than young 
controls. Mean GM volume was not different between AD and FTD, but was lower 
in both AD and FTD compared to controls (Table 3).

Regional perfusion and volume changes

Changes related to dementia
Of the regions affected by dementia, the PCC showed lower CBF in AD than 
FTD (Table 3, Figure 2). Compared to older controls, CBF was lower in all these 
regions in AD, but only in the ACC in FTD. GM volume was not different between 
AD and FTD, but was lower in AD compared to controls in all regions affected in 

Table 2: Participant characteristics 

AD FTD Older  
controls

Young 
controls

N (male, female) 13 (8, 5) 19 (11, 8) 25 (13, 12) 22 (9, 13)

Mean age ± SD 
in years 62.2 ± 5.46 63.0 ± 4.46 60.9 ± 5.85 22.1 ± 2.12

Mean MMSE  
± SD 25.3 ± 2.29 25.8 ± 3.88 29.2 ± 0.98a N/A

Probable cause 
of dementia

11 AD
2 PPA-AD

8 FTD
11 PPA-FTD N/A N/A

a based on 24 healthy participants’ scores
AD: Alzheimer’s disease; FTD: frontotemporal dementia; MMSE: Mini Mental State Exami-
nation; N/A: not available or applicable; PPA: primary progressive aphasia; SD: standard 
deviation.
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Figure 2: Regional cerebral blood flow (CBF in ml/100g GM/min) in FTD and AD patients 
and older and young controls. The central box represents values from lower to upper quar-
tile (25-75 percentile), the middle line represents the median, and vertical bars extend from 
minimum to maximum values. Markers outside the bars indicate extreme values (sphere: 
value ≥ 1.5 x interquartile range (IQR); asterisk: value ≥ 3 x IQR.
ACC: anterior cingulate cortex; AD: Alzheimer’s disease; CBF: cerebral blood flow; FTD: 
frontotemporal dementia; GM: gray matter; MTL: medial temporal lobe; PCC: posterior 
cingulate cortex; PFC: prefrontal cortex; ROI: region of interest.
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dementia except the ACC and medial PFC. FTD had lower volumes in all regions 
except the thalamus (Table 3).

Of the regions initially unaffected by dementia, CBF in and volume of the precen-
tral gyrus showed differences neither between AD and FTD nor between each of 
the patient groups and older controls. Mean CBF and GM volume in the occipital 
lobe and calcarine cortex was lower in AD than in older controls, but did not differ 
between FTD and controls.

Age-related changes
Mean CBF in all ROIs was lower in older than in young controls (Table 3, Figure 
2). Mean GM volumes (Table 3) were lower in all ROIs except the medial temporal 
lobe (MTL) (Table 3). In both control groups, CBF was relatively highest in the 
PCC and lowest in the occipital lobe.

Diagnostic performance of ASL in dementia

CBF was lower in AD than FTD in the PCC (Table 3), in which ROC analysis yield-
ed an AUC of 0.741 (Table 4). The optimal cut-off point differentiated AD from FTD 
with 69% sensitivity and 68% specificity (Figure 3A).

As all regions showed lower CBF in AD than controls (Table 3), these were all ex-
amined (Table 4). The precuneus performed best (AUC: 0.849) and differentiated 
AD patients from controls with 77% sensitivity and 76% specificity (Figure 3B).

FTD had lower CBF than controls in the ACC (Table 3), in which ROC analysis 
yielded an AUC of 0.775 and differentiated FTD from controls with 79% sensitivity 
and 76% specificity (figure 3C).

Overall, misclassification of participants was not explained by age, gender, PPA 
variant or MMSE, as these variables deviated less than 1 standard deviation in 
FP and FN cases compared to true positive and negative cases. However, male 
controls were labeled as diseased more than female controls: in differentiating 
AD from healthy controls, 5 out of 6 FP cases were male and in differentiating FTD 
from controls 6 out of 6.

DISCUSSION

The main finding of our study is that ASL-MRI contributes to early differential diag-
nosis of presenile dementia. Compared to FTD patients, AD patients showed hy-
poperfusion in the PCC. Differentiation between the patient groups based on this 
finding had a diagnostic performance of 74%. Compared to age-matched con-
trols, FTD patients showed focal hypoperfusion in the ACC, whereas AD patients 
showed a more extensive hypoperfusion. These CBF changes discriminated FTD 
and AD patients well from age-matched controls (diagnostic performances of Ta
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78% and 85% respectively). Finally, we observed that CBF was globally reduced 
with increased age, which should be distinguished from the pathological hypo-
perfusion in dementia. Atrophy and hypoperfusion corresponded frequently in 
AD, but not in FTD. Crucially, gray matter volume was not different between AD 
and FTD, indicating that these cannot be distinguished based on regional atrophy 
at this stage and in this patient population. This indicates that ASL-MRI provides 
contributing information for the differential diagnosis. 

The observed lower CBF in the PCC in AD than FTD is in agreement with previous 
studies [8,9,29]. Notably, we found CBF measurement in the PCC performing rea-
sonably (74%) to differentiate presenile AD from FTD, which may thus serve as a 
diagnostic marker to differentiate these diseases at an early stage. Previous stud-
ies reported additional differential regional hypoperfusion in the precuneus and 
temporo-parietal cortex in AD, and in the ACC and frontal cortex in FTD [8,9,29]. 
Our AD patients had lower CBF than FTD patients in all regions, including in those 
typically lower in FTD, which may have obscured differences between the patient 
groups. Nevertheless, the extensive CBF changes are consistent with literature 
[30-32], and with the finding that  in early FTD the extent of atrophy exceeds that 
of hypoperfusion, while in AD these are similar [29].

This discrepancy in hypoperfusion may also explain why CBF changes in FTD pa-
tients were limited to the ACC. Additional hypoperfusion in FTD has been reported 
in the temporal lobe, medial PFC, and thalamus [29], whereas hypometabolism on 
PET is generally limited to frontal regions in early-stage fluent PPA and behavioral-
variant FTD (bv-FTD) [33]. The localized ACC hypoperfusion may thus be due to 
the disease still being at an early stage. Furthermore, focal ACC neuronal loss has 
been associated with tau pathology [34] which is correlated with both bv-FTD and 
PPA variants [35], suggesting our FTD sample comprises predominantly patients 
with tau pathology.

CBF was globally decreased in AD, but of note is that a global CBF decrease 
does not necessarily indicate dementia. Compared to young controls, older con-
trols also show globally decreased CBF. This is concordant with previous studies 
[36] and suggests that CBF reduces with aging. To our knowledge, no longitudi-
nal ASL studies exist to verify this, but a longitudinal PET study supports this con-
clusion [37]. Closer examination of the global CBF changes showed that relative 
regional differences are generally preserved with age but also with neurodegen-
eration. For instance, despite the disproportionate widespread hypoperfusion in 
AD, and being most severely affected in AD and FTD, the PCC and ACC remain 
among the regions with the highest CBF. This intrinsically high regional CBF may 
obscure subtle neurodegenerative changes, and thus requires quantitative mea-
surement rather than visual inspection. 

This study has some limitations. First, our ROI definition was somewhat different 
from functionally definition of ROIs by literature. The structural ROIs used here may 
explain some unexpected findings, such as hypoperfusion in the calcarine cortex 
in AD. Our structural ROI also included the lingual gyrus and cuneus, which have 
shown hypoperfusion in AD [30] and may thus have affected this entire region’s 
CBF. Nevertheless, our results are generally consistent with previous findings. Fi
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We specifically chose this multi-subject atlas [21,22] because its automated ROI 
definition is more robust than single-subject atlases. Second, the cross-sectional 
design does not allow for generalization of results to aging as a process. Still, the 
results provide insight in physiological CBF changes associated with higher age, 
compared to pathological CBF changes in higher age with concomitant dementia. 
Third, our sample is rather heterogeneous, comprising not only patients with AD 
or FTD phenotype, but also with PPA with AD or FTD as underlying pathology. Pa-
tient misclassification seemed not be affected by PPA variant, nor by gender, age, 
or MMSE. The heterogeneity of our sample on the other hand illustrates precisely 
the complexity of this patient population and the difficulty inherent to nosologi-
cal diagnosis as a reference standard: a degree of uncertainty always remains, 
although it decreases as the disease progresses. Nevertheless, like the majority 
of in vivo dementia studies, our study relies on a reference standard that implies 
classification by means of best available evidence. In addition, we report group 
effects which may not necessarily generalize to individual patients. These issues 
may challenge the diagnostic value of ASL. However, we collected ASL data at a 
time point in the diagnostic process when diagnosis was not yet definitive. Only 
after follow-up, diagnosis was established. This shows that with ASL diagnosis 
can be made earlier than with routine clinical criteria, even at the individual pa-
tient level. Future studies should focus on validation of group results for individual 
diagnosis. Finally, the current results were obtained using a single scanner, while 
CBF measurement may not be robust across imaging centers. Inter-scanner and 
inter-vendor differences should be taken into account in patient studies [15] to 
reliably interpret quantitative CBF changes indicative of dementia and establish 
cut-off values.

In conclusion, we show that ASL-MRI can contribute to early diagnosis of prese-
nile dementia and differentiate between AD and FTD where structural MRI does 
not. Hypoperfusion in the precuneus, ACC and PCC may serve as quantitative 
diagnostic markers for respectively presenile AD, FTD, and their differentiation. 
Widespread hypoperfusion is seen in early stage presenile AD, but needs to be 
distinguished from a physiological CBF decrease in the older population. The 
clinical implementation of ASL should eventually be based on data of multicenter 
studies. This will help to determine and validate reference values and further im-
prove diagnostic performance of differential diagnosis in early stage presenile 
dementia.
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ABSTRACT

In presenile Alzheimer’s disease (AD) and behavioral variant frontotemporal de-
mentia (bvFTD), abnormalities of white matter (WM) microstructure, gray matter 
(GM) volume and GM perfusion are found in disease-specific regions. This study 
investigates whether these WM and GM abnormalities co-occur on a regional 
level in the context of a common disease process.

Eleven AD and nine bvFTD patients, and 18 controls underwent structural im-
aging, diffusion tensor imaging (DTI), and arterial spin labeling (ASL) to assess 
GM volume, WM fractional anisotropy (FA) and mean diffusivity (MD), and GM 
cerebral blood flow (CBF) respectively. First, between-group differences were 
assessed for each measure separately. Second, for WM tracts affected in AD and 
bvFTD, FA and MD were extracted and correlated with regional mean GM volume 
and CBF at either end of the WM tract. Subsequently, correlations between WM 
and GM measures were compared between groups to establish disease-specific 
differences in regional WM-GM coherence.

Separate structural WM and GM abnormalities were more extensive in bvFTD than 
in AD, and hypoperfusion was evident in AD but not in bvFTD. Compared with 
controls, WM-GM coherence was stronger between the cingulum and frontotem-
poral GM in AD, and temporoparietal GM in bvFTD. Additionally, in AD compared 
with controls, coherence was stronger between the inferior fronto-occipital fas-
ciculus microstructure and occipital GM perfusion.

In this first study assessing regional WM-GM coherence in AD and bvFTD we 
show that WM microstructure and GM volume and perfusion measures are coher-
ent. This is particularly strong in regions implicated in AD and bvFTD pathology 
indicating concurrent degeneration in disease-specific networks. This methodol-
ogy allows for the detection of incipient abnormalities that go undetected in com-
parative group analyses.

INTRODUCTION

Alzheimer’s disease (AD) and frontotemporal dementia (bvFTD) are two common 
types of presenile dementia (onset ≤ 65 years) [1]. These diseases are charac-
terized by distinct abnormalities in gray matter (GM) and white matter (WM), as 
measured with magnetic resonance imaging (MRI) [2-7]. Although regional rela-
tionships between GM volume and perfusion have been widely studied in AD and 
bvFTD [8-15], it is still largely unclear whether and how WM and GM abnormali-
ties are related. One hypothesis is that WM and GM abnormalities develop in a 
Wallerian-like degenerative manner, in which GM cell death leads to degeneration 
of WM tracts connecting affected GM regions. Another possible mechanism is 
that WM degeneration occurs independently from GM volume loss and/or hypo-
perfusion [16]. However, since both diseases are characterized by specific WM 
and GM abnormalities, it is conceivable that these abnormalities do not occur in 
isolation, but that they co-occur in the context of a common disease process. Re-
gional coherence would indicate that abnormalities in local WM and GM occur to 
a similar degree, and thus reflect regionally concurrent degeneration.

Thus far, relationships between abnormalities in WM microstructure and GM vol-
ume have been found to be inconsistent in AD [17-21], whereas in bvFTD WM 
microstructural abnormalities have been consistently found to exceed GM vol-
ume loss [3,22-24]. One study looked at the relationship between WM microstruc-
ture, GM volume, and GM perfusion in AD and bvFTD [25], and confirmed that 
WM microstructure is more severely affected in bvFTD than in AD. Additionally, it 
confirmed that GM volume loss and WM microstructural abnormalities in bvFTD 
exceed GM hypoperfusion, whereas in AD the degree of (micro)structural abnor-
malities and GM hypoperfusion is similar. However, this study did not assess the 
spatial relationships between WM microstructure and GM measures. This pre-
cludes the demonstration of possible regional relationships between WM and GM 
abnormalities, which is of particular interest given their disease-specific regional 
distribution.  

In this study we aimed to establish whether there is coherence between regional 
abnormalities of WM microstructure and GM volume and perfusion in AD and in 
bvFTD. First, we assessed abnormalities of WM microstructure, GM volume and 
GM perfusion for each measure separately. Second, we correlated WM measures 
in affected tracts with volume and perfusion in the GM regions at either end of the 
tract.

MATERIALS AND METHODS

Participants

Patients were recruited at the Alzheimer Centre Southwest Netherlands and in-
cluded in the analysis if they were clinically diagnosed with AD [26] or bvFTD 
[27], had an age of 45 to 70 years, and a Mini-Mental State Examination (MMSE, 
[28]) score of ≥ 20. Patient exclusion criteria were other causes of dementia, other 
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neurological disorders, psychiatric diagnosis, contraindications for MRI, and ex-
pected loss to follow up within 1 year. Healthy age and gender matched controls 
with an age between 45 and 70 years, and without psychiatric or neurological his-
tory, were recruited from patient peers and through advertisement.

Both patients and controls underwent a full neuropsychological assessment eval-
uating attention and concentration, executive functioning, memory, language, so-
cial cognition, and constructive and visuospatial skills and MMSE. The MMSE was 
assessed in healthy controls after the MRI scan by the researcher. All participants 
gave written informed consent, and the study was approved by the local medical 
ethics committee. 

Image acquisition

Scanning was performed on a 3-Tesla GE Discovery MR750 system (GE Health-
care, Milwaukee, WI, US). 

Diffusion imaging
DTI was acquired with 25 non-collinear directions using a spin echo echo planar 
imaging (EPI) sequence and with full coverage of the supratentorial brain (echo 
time (TE) set to minimum with range 81.9ms-90.8ms, repetition time (TR) 7.9ms, 
voxel size 1.9x1.9x2.5mm3 with a 240mm field of view (FOV), array spatial sensi-
tivity encoding technique (ASSET) acceleration factor 2, flip angle 90°, maximum 
b-value 1000 s/mm2, 3 non-diffusion-weighted volumes, 59 axial slices per vol-
ume, total acquisition time 3:50min). 

Structural imaging
A high-resolution three-dimensional (3D) inversion recovery fast spoiled gradient 
echo T1-weighted (T1w) image was acquired for GM volumetric assessment with 
TE 3.06ms, TR 7.90ms, inversion time 450ms, isotropic voxel size 1mm3 with a 
240mm FOV, ASSET acceleration factor 2, flip angle 12°, 176 sagittal slices, total 
acquisition time 4:41min.

Perfusion imaging
Perfusion images were acquired using whole brain 3D pseudo-continuous ASL 
(p-CASL), which is currently the recommended sequence for clinical use [29] 
(interleaved fast spin-echo stack-of-spiral readout of 512 sampling points on 8 
spirals, TE 10.5ms, TR 4632ms, isotropic voxel size 3.3mm3 with a 240mm FOV, 
36 axial slices, number of excitations (NEX) 3, total acquisition time 4:29min; with 
background suppression, post label delay 1525ms, labeling duration 1450ms). 
The labeling plane was positioned 9cm below the anterior commissure – posterior 
commissure line.

Demographical analysis

Using SPSS Statistics, version 20.0 (New York, USA), gender differences across 
groups were assessed using chi-square tests and age differences using one-way 
ANOVA, with Bonferroni correction for multiple comparisons. As MMSE was not 
normally distributed across groups (Shapiro-Wilk test p<0.05) a nonparametric 
Kruskal-Wallis test was used to assess differences between groups, with Dunn-
Bonferroni correction for multiple comparisons. Thresholds for significance were 
set at p<0.05.

DTI processing and analysis

Data were analyzed using FMRIB Software Library (FSL5, Oxford, UK) [30-32]. 
Data were corrected for motion and eddy currents using Eddy Correct and then 
skull-stripped using BET [33]. 

Tract-Based Spatial Statistics (TBSS)
Using whole brain TBSS, WM tracts showing fractional anisotropy (FA) abnormali-
ties were identified. First, diffusion tensors were reconstructed using DTIFIT [34], 
resulting in an FA output image for each participant. Second, FA images were 
registered using TBSS [35]. TBSS removed brain-end artifacts and end slices 
in order to exclude FA image outliers. Participant FA images were non-linearly 
registered to the FMRIB58 FA template, followed by normalization to the Montreal 
Neurological Institute (MNI) template. The mean of all normalized participant FA 
images was taken to create a mean FA skeleton, which was then binarized. All 
participant FA images were projected onto the binary FA skeleton, resulting in an 
FA value skeleton for each participant. 

Group differences in FA were tested using Randomize [36]. Using the Gen-
eral Linear Model (GLM) a one-way ANOVA design with three groups 
(AD≠bvFTD≠controls) was defined. Six t-contrasts (AD>HC, HC>AD, bvFTD>HC, 
HC>bvFTD, AD>bvFTD, bvFTD>AD) were constructed to assess post-hoc dif-
ferences in FA between groups. Nonparametric permutation testing with 5000 
permutations and threshold-free cluster enhancement (TFCE, [37]) were applied. 
Results were family-wise error corrected for multiple comparisons (p<0.05).

In order to identify post-hoc t-tests results within the boundaries of the f-test re-
sults, common binary masks were created using Fslmaths. First, for the f-test and 
all t-tests a binary mask was created (p=0.95). Second, each t-test binary mask 
was multiplied with the f-test binary mask, resulting in a common binary mask for 
every t-test. Last, cluster size (k≥50) was extracted from all t-test common binary 
masks using Cluster. 

Using FSLview, results were visualised and anatomically identified with the imple-
mented JHU White-Matter Tractography Atlas and the JHU ICBM-DTI-81 White-
Matter labels. WM tracts showing decreased FA in AD and/or bvFTD in the current 
study, and known to be associated with cognition were selected for tractography: 
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anterior thalamic radiation [38,39], cingulum [40], forceps major [39,41] and mi-
nor [39,42,43] (representing respectively the splenium and genu of the corpus 
callosum), inferior fronto-occipital fasciculus [44-46], inferior longitudinal fas-
ciculus [46,47], superior longitudinal fasciculus [47,48] and uncinate fasciculus 
[40,42,45].  

Tractography
From the selected WM tracts, median FA values were extracted. In addition, me-
dian values of mean diffusivity (MD) were extracted to obtain a more comprehen-
sive view on how WM measures relate to GM measures. Automated probabilistic 
tractography (AutoPtx, [49]) was used to apply a tensor fit with DTIFIT [34], fol-
lowed by a FNIRT registration and a Bedpostx probabilistic model fit for each par-
ticipant. Then Probtracx was run for all selected WM tracts (Table 1) using default 
space seed, target, stop and exclusion masks available in AutoPtx [49], resulting 
in a tract density image for each tract in each participant. Tract density images 
were normalized by dividing these by the number of tracts included in the image 
and then thresholded for WM tract segmentation, based on the best-fit segmenta-
tion thresholds established by De Groot et al. (2014) (see Supplementary Table 
1 for thresholds). 

Using FSLstats, FA and MD images were masked with thresholded tract images 
to acquire median FA and MD values for each tract. Significant effects of age 
and TE on FA and MD were identified using linear regression and corrected for if 
necessary.

Structural imaging and ASL processing and analysis

Tissue segmentation 
The unified tissue segmentation method [50] of SPM8 (Statistical Parametric Map-
ping, London, UK) was used to segment the T1w image into GM, WM and cere-
brospinal fluid maps. Volume and cerebral blood flow (CBF) were derived from 
GM only. 

ASL post-processing
The ASL dataset consisted of a labeled and a control image. The GM map of each 
participant was rigidly registered with the ASL control image (Elastix registration 
software [51]). Subsequently, GM maps were transformed to ASL image space to 
enable partial volume (PV) correction. Both labeled and control ASL images were 
corrected for PV effects using local linear regression within a 3D kernel based 
on tissue maps [52]. Then, CBF was quantified in the PV-corrected ASL images 
using the single-compartment model [29]. CBF maps were transformed to T1w 
image space to enable labeling of regions.

ROI labeling
A multi-atlas approach was used to define regions of interest (ROIs) for each 
participant. The atlas included 30 labeled T1w images, each containing 83 ROIs 
[53,54]. These atlas images were registered to the participants’ T1w images us-

ing a rigid, affine, and non-rigid B-spline transformation model consecutively. For 
this registration, both the participants’ and the labeled T1w images were masked 
(Brain Extraction Tool, [33]) and T1w images were non-uniformity corrected [55]. 
ROI labels were fused using a majority voting algorithm [56]. 

Regional GM volume and CBF analysis
GM volume and CBF were analyzed in the global supratentorial brain and in ROIs. 
The multi-atlas approach parcellated each participant’s T1w image into 83 ROIs. 
The cerebellum, brainstem, pallidum, substantia nigra, ventricles and WM regions 
were excluded from analysis. The remaining GM ROIs were analyzed at the gyral 
level, by combining regions smaller than a single gyrus to constitute an entire gy-
rus (Supplementary Table 2). Regional GM volumes were corrected for head size 
by normalizing to total intracranial volume (ICV). These are referred to as normal-
ized GM (nGM) volumes and reported as percentage of ICV. CBF was divided by 
nGM volume to correct for atrophy. Significant effects of age on nGM volume and 
CBF were identified using linear regression and corrected if necessary.

As nGM volumes and CBF values were not normally distributed across groups 
(Shapiro-Wilk test p<0.05), a nonparametric Kruskal-Wallis test with Dunn-Bonfer-
roni correction for multiple comparisons was used to compare measures from the 
global supratentorial cortex and the ROIs between groups. 

Correlation analyses

Correlation analyses were performed for WM tracts that were affected in both AD 
and/or bvFTD (Table 1). To determine the cortical regions at either end of the tract 
(ROI1 and ROI2), tracts were visualized in FSLview using the JHU White-Matter 
Tractography Atlas overlaid on the MNI 1mm template, and/or the default WM 
masks available in AutoPtx [49]. For WM tracts that projected to multiple corti-
cal regions, GM measures (nGM volume, CBF) were averaged over all cortical 
regions included in ROI1 or ROI2. This resulted in six variables per tract: FA, MD, 
nGM volume in ROI1 and ROI2, and CBF in ROI1 and ROI2 (Figure 1). Correla-
tions between WM measures (FA and MD) and GM measures (nGM and CBF in 
ROI1 and ROI2) were assessed with Spearman analysis. Correlations exceeding 
the threshold of 0.6≤rho≤-0.6 are reported. 

Figure 1: Schematic overview of variables entered into correlation analysis. WM = white 
matter, FA = fractional anisotropy, MD = mean diffusivity, ROI = region of interest, nGM = 
normalized gray matter, CBF = cerebral blood flow.



7776

Ad
va

nc
ed

 M
R 

ne
ur

oi
m

ag
in

g 
in

 e
ar

ly
-s

ta
ge

 p
re

se
ni

le
 d

em
en

tia

2.3

Ta
bl

e 
1.

 A
ffe

ct
ed

 W
M

 tr
ac

ts
 a

nd
 G

M
 re

gi
on

s 
at

 e
ith

er
 e

nd
 o

f t
he

se
 tr

ac
ts

, a
nd

 th
ei

r a
bb

re
vi

at
io

ns
. 

W
M

 tr
ac

t
A

bb
r.

C
or

tic
al

 R
O

I1
A

bb
r.

C
or

tic
al

 R
O

I2
A

bb
r.

An
te

rio
r t

ha
la

m
ic

 
ra

di
at

io
n

AT
R

In
fe

rio
r f

ro
nt

al
 g

yr
us

IF
G

H
ip

po
ca

m
pa

l f
or

m
at

io
n

H
F

O
rb

ito
fro

nt
al

 g
yr

us
O

FG

C
in

gu
lu

m
 (c

in
gu

la
te

 
gy

ru
s)

C
G

c
Su

bc
al

lo
sa

l a
re

a
Po

st
er

io
r c

in
gu

la
te

 c
or

te
x

PC
C

An
te

rio
r c

in
gu

la
te

 c
or

te
x

AC
C

Pr
ec

un
eu

s

C
in

gu
lu

m
 

(h
ip

po
ca

m
pu

s)
C

G
h

Po
st

er
io

r c
in

gu
la

te
 c

or
te

x
PC

C
H

ip
po

ca
m

pa
l f

or
m

at
io

n
H

F

Pr
ec

un
eu

s
An

te
rio

r t
em

po
ra

l l
ob

e
AT

L

Fo
rc

ep
s 

m
aj

or
FM

a
Le

ft 
lin

gu
al

 g
yr

us
O

cc
ip

ita
l

Ri
gh

t l
in

gu
al

 g
yr

us
O

cc
ip

ita
l

Le
ft 

cu
ne

us
Ri

gh
t c

un
eu

s

Le
ft 

la
te

ra
l o

cc
ip

ita
l l

ob
e

Ri
gh

t l
at

er
al

 o
cc

ip
ita

l l
ob

e

Fo
rc

ep
s 

m
in

or
FM

i
Le

ft 
su

pe
rio

r f
ro

nt
al

 g
yr

us
SF

G
Ri

gh
t s

up
er

io
r f

ro
nt

al
 g

yr
us

SF
G

Le
ft 

st
ra

ig
ht

 g
ry

us
Ri

gh
t s

tra
ig

ht
 g

yr
us

Le
ft 

or
bi

ta
l f

ro
nt

al
 g

yr
us

O
FG

Ri
gh

t o
rb

ita
l f

ro
nt

al
 g

yr
us

O
FG

In
fe

rio
r f

ro
nt

o-
oc

ci
pi

ta
l 

fa
sc

ic
ul

us
IF

O
F

In
fe

rio
r f

ro
nt

al
 g

yr
us

IF
G

Li
ng

ua
l g

yr
us

O
cc

ip
ita

l

O
rb

ito
fro

nt
al

 g
yr

us
O

FG
C

un
eu

s

La
te

ra
l o

cc
ip

ita
l l

ob
e

In
fe

rio
r l

on
gi

tu
di

na
l 

fa
sc

ic
ul

us
IL

F
In

fe
rio

r t
em

po
ra

l g
yr

us
IT

G
Li

ng
ua

l g
yr

us
O

cc
ip

ita
l

Su
pe

rio
r t

em
po

ra
l g

yr
us

 
ST

G
C

un
eu

s

An
te

rio
r t

em
po

ra
l l

ob
e

AT
L

La
te

ra
l o

cc
ip

ita
l l

ob
e

Su
pe

rio
r l

on
gi

tu
di

na
l 

fa
sc

ic
ul

us
SL

F
Pr

ec
en

tra
l g

yr
us

In
fe

rio
r t

em
po

ra
l g

yr
us

IT
G

In
fe

rio
r f

ro
nt

al
 g

yr
us

IF
G

Po
st

er
io

r t
em

po
ra

l l
ob

e
PT

L

U
nc

in
at

e 
fa

sc
ic

ul
us

U
F

In
fe

rio
r f

ro
nt

al
 g

yr
us

IF
G

Su
pe

rio
r t

em
po

ra
l g

yr
us

ST
G

O
rb

ito
fro

nt
al

 g
yr

us
O

FG
An

te
rio

r t
em

po
ra

l l
ob

e
AT

L
Af

fe
ct

ed
 W

M
 tr

ac
ts

 a
nd

 c
or

tic
al

 R
O

Is
 w

er
e 

an
al

yz
ed

 in
 th

e 
le

ft 
an

d 
in

 th
e 

rig
ht

 h
em

is
ph

er
e 

(e
xc

ep
t f

or
 th

e 
fo

rc
ep

s 
m

aj
or

 a
nd

 m
in

or
). 

G
M

 
m

et
ric

s 
w

er
e 

av
er

ag
ed

 p
er

 R
O

I, 
re

su
lti

ng
 in

 fi
ve

 v
ar

ia
bl

es
 fo

r t
he

 c
or

re
la

tio
n 

an
al

ys
is

: F
A 

of
 W

M
 tr

ac
t, 

G
M

 v
ol

um
e 

RO
I1

, C
BF

 R
O

I1
, G

M
 

vo
lu

m
e 

RO
I2

 a
nd

 C
BF

 R
O

I2
.



7978

Ad
va

nc
ed

 M
R 

ne
ur

oi
m

ag
in

g 
in

 e
ar

ly
-s

ta
ge

 p
re

se
ni

le
 d

em
en

tia

2.3

Differences between these within-group correlations were subsequently tested 
for significance using a Fisher’s r to z transformation with Bonferroni correction for 
multiple comparisons. As sample sizes were small, uncorrected significant results 
are also reported.

WM-GM coherence was considered positive when correlations between FA and 
GM measures were positive, or when correlations between MD and GM measures 
were negative. WM-GM coherence was considered negative when correlations 
between FA and GM measures were negative, or correlations between MD and 
GM measures were positive.

RESULTS

Participant and disease characteristics 

Eleven AD patients, 9 bvFTD patients and 18 healthy controls were included in 
the study. Gender (χ2 (2, n=37) = 2.508, p>0.05) and age (F(2,35) = .823, p>0.05) 
were not different between groups. MMSE differed across groups (H(2) = 19.938, 
p<0.05), with post hoc analyses indicating that both patient groups had lower 
MMSE scores compared to controls, but not to each other (Table 2). One AD pa-
tient was excluded from the ASL analysis due to low image quality. 

Separate WM and GM abnormalities 

WM abnormalities
AD and bvFTD patients compared with controls showed decreased FA (Figure 2, 
Supplementary Tables 3-4) in the anterior thalamic radiation, cingulate gyral and 
hippocampal cingulum, forceps major and minor, inferior fronto-occipital fascicu-
lus, inferior and superior longitudinal fasciculus, and uncinate fasciculus. 

In bvFTD patients compared with AD patients, FA was decreased in all the above-
mentioned WM tracts (Supplementary Table 5). AD patients did not show regions 
of decreased FA compared with bvFTD patients. 

Table 2: Participant characteristics 

Healthy controls bvFTD AD

N (male) 18 (8) 9 (4) 11 (8)

Mean age ± SD in years 59.8 ± 6.73 62.3 ± 5.68 62.3 ± 5.04

Median MMSE (range) 30 (27-30) 28 (24-30) 25 (22-28)
AD = Alzheimer’s disease; bvFTD = behavioral variant frontotemporal dementia; MMSE = 
Mini Mental State Examination; SD = standard deviation
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nGM volume loss
In AD patients compared with controls, nGM volumes were reduced in the bilateral 
parietal cortex, left temporal cortex, right occipital regions, right thalamus and left 
nucleus accumbens. In bvFTD patients compared with controls, global supratento-
rial nGM volume was reduced, as were volumes of the bilateral frontal, temporal 
and parietal cortices and bilateral basal ganglia. There was more extensive volume 
loss in the frontal lobe in bvFTD than AD patients (Supplementary Table 6).

GM hypoperfusion
AD patients compared with controls showed reduced CBF (corrected for nGM 
volume) in the posterior temporal lobe bilaterally, left superior temporal gyrus, 
bilateral precuneus and left posterior cingulate, and in the lateral remainder of 
the right occipital lobe. In bvFTD patients, CBF (corrected for nGM volume) was 
not different from controls. AD patients compared with bvFTD patients showed 
reduced CBF (corrected for nGM volume) in the bilateral orbitofrontal gyri, right 
hippocampal formation, left superior and right inferior temporal gyrus, and right 
fusiform gyrus (Supplementary Table 7).

Correlations between WM and GM measures

Only tracts found to be affected in AD and/or bvFTD (Supplementary Tables 3-5; 
Table 1) were selected for the correlation analysis.  

Within-group WM-GM correlations
Within-group correlations (rho ≥ 0.6) between WM and GM measures are shown in 
Supplementary Table 8. Both patient groups showed more correlations between 
WM and GM measures than controls. 

Between-group differences in WM-GM correlations 
Group differences detected with Fisher Z testing are shown in Table 3. In AD 
patients compared with controls, strong positive correlations were found between 
cingulum microstructure and frontal GM perfusion and temporal GM volume, and 
between inferior fronto-occipital fasciculus microstructure and occipital GM vol-
ume and perfusion (Figure 3). 
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Figure 3. White matter (WM) tracts and gray matter (GM) regions that are correlated in AD 
and bvFTD. A: Cingulum microstructure (blue) correlated with frontal and temporal GM in 
AD (red) and temporal and parietal GM in bvFTD (green). B: Inferior fronto-occipital fas-
ciculus microstructure (blue) correlated with occipital GM in AD (red).
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In bvFTD patients compared with controls, strong positive correlations were found 
between cingulum microstructure and parietal GM perfusion and temporal GM 
volume. 

In bvFTD compared with AD, a strong positive correlation was observed between 
cingulum microstructure and parietal GM perfusion (Figure 4). Not a stronger, but 
negative rather than positive correlation was observed between uncinate fascicu-
lus microstructure and frontal GM perfusion.
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Figure 4. Correlation between median FA of the right hippocampal cingulum and median 
CBF corrected for GM volume in the right PCC and precuneus in controls, AD, and bvFTD 
patients. Correlations were significantly different between AD and bvFTD patients. Dashed 
lines indicate non-significant correlations; solid line indicates significant correlation.
FA = fractional anisotropy, CBF = cerebral blood flow, GM = gray matter, PCC = posterior 
cingulate cortex, AD = Alzheimer’s disease, bvFTD = behavioral variant frontotemporal 
dementia. 
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DISCUSSION

In this study we observed a disease-specific dissociation between structural and 
perfusion abnormalities with more microstructural WM abnormalities and GM atro-
phy in bvFTD patients, and more hypoperfusion in AD patients. More importantly, 
we observed coherence between WM microstructure and GM volume and perfu-
sion in both AD and bvFTD, which was strongly increased compared to controls 
in regions implicated in AD and bvFTD. We hypothesize that this is due to concur-
rent degeneration in disease specific networks. 

Our findings of WM and GM abnormalities assessed separately are in line with 
the published literature. Compared to controls, bvFTD showed more extensive 
structural abnormalities in both WM and GM than AD. In bvFTD, WM abnormalities 
were observed throughout the entire brain, and GM atrophy in the frontal, temporal, 
parietal and subcortical regions [2,3,5]. In AD, WM abnormalities were less exten-
sive and found in frontal, parietal and occipital regions and GM atrophy in tempo-
ral, parietal, occipital and subcortical regions [2,4,5]. Only AD showed prominent 
temporal, parietal and occipital hypoperfusion [57], while there was no significant 
hypoperfusion in bvFTD.

In this study, we took these – known – findings a step further by assessing the 
coherence between regional WM and GM measures. In the healthy elderly, only a 
small number of regions showed positive coherence between WM microstructure 
and GM volume. Coherence between WM microstructure and GM perfusion was 
even less pronounced. Conversely, patients showed strong coherence in many 
disease-specific regions. This indicates that WM and GM changes co-occur to 
a similar degree, and may thus reflect concurrent degeneration of WM and GM. 
The strong positive coherence between WM and GM measures in patients was 
particularly prominent between cingulum microstructure and associated temporal 
GM volume and frontal GM perfusion in AD, and between cingulum microstruc-
ture and temporal GM volume and parietal GM perfusion in bvFTD. 

The cingulum is central to the Papez circuit, which comprises regions implicated in 
AD such as the entorhinal cortex, fornix and hippocampal formation. The positive 
coherence between cingulum microstructure and GM volume of the hippocampal 
formation and anterior temporal lobe can thus be explained by concurrent anterior 
medial temporal atrophy and cingulum degeneration. Additionally, we observed 
coherence between the cingulum and its associated anterior GM regions, which 
we hypothesize to be related to the posterior to anterior propagation of AD pathol-
ogy [58]. This propagation is widely believed to result from Wallerian degeneration 
in which WM pathology is presumably secondary to GM pathology. However, there 
also is increasing evidence that WM pathology is primary to GM pathology in AD 
[59]. Our cross-sectional correlational study design does not allow for claims on 
changes over time, but rather shows evidence of concurrent changes in WM and 
GM. Instead of AD being primarily a WM or GM disease, we speculate that WM mi-
crostructural abnormalities and GM abnormalities are dependent in pathogenesis, 
as changes of the cingulum microstructure and associated GM regions seem to 
co-occur. In support of this, individual WM and GM measures in this study showed 
a similar degree of WM and GM structural abnormalities in AD.

In bvFTD, positive coherence between cingulum microstructure and parietal GM 
perfusion was not only evident in comparison with controls, but also with AD pa-
tients, in whom this regional coherence was absent. On a group level, cingulum 
microstructure in bvFTD was abnormal but parietal perfusion was not. Neverthe-
less, the strong positive coherence indicates that as cingulum WM deteriorates, 
perfusion decreases too, implying incipient parietal perfusion abnormalities, as 
previously reported in bvFTD [60]. Additionally, higher coherence was observed 
exclusively in the right hemisphere, consistent with the notion of greater right than 
left hemisphere involvement in bvFTD [61-63]. 

It may seem counterintuitive that bvFTD showed high coherence in posterior re-
gions and AD in anterior regions, when relating it to propagation of pathology 
from anterior to posterior in bvFTD, and from posterior to anterior in AD.  Higher 
coherence may be expected in more severely affected anterior regions in bvFTD 
and posterior regions in AD. Instead, this study shows coherence between WM 
and GM measures in the less rather than the more severely affected regions. We 
postulate that when abnormalities are incipient, WM and GM changes are con-
current, whereas this coherence is lost once abnormalities are advanced. This is 
in line with previous findings of changes of functional connectivity in the default 
mode network (DMN). The DMN consists of a frontal and parietal component, 
connected through the cingulum. In parallel with our findings, in bvFTD functional 
connectivity is generally found to be higher in the parietal than in the frontal DMN, 
whereas in AD functional connectivity is found to be lower in the parietal than in 
the frontal DMN [64]. The coherence we found between the uncinate fasciculus 
and frontal GM perfusion in AD can be similarly interpreted in the context of the 
salience network (SN), which has previously shown increased frontal functional 
connectivity in AD [64].

Additionally, in AD coherence was also observed between inferior fronto-occipital 
fasciculus microstructure and occipital GM perfusion, but not occipital GM vol-
ume. GM abnormalities of the occipital lobe are not consistently implicated in AD 
pathology [13,57,65] and indeed when we assessed GM measures separately, 
we found dissimilar perfusion and GM volume abnormalities.

Surprisingly, in bvFTD we observed negative coherence between uncinate fascic-
ulus microstructure and frontal GM perfusion, suggesting diverging WM and GM 
changes. This may seem remarkable as both uncinate fasciculus WM abnormali-
ties and frontal hypoperfusion have been reported in bvFTD [3,66]. In our study 
we corrected perfusion for GM volume and showed that perfusion was slightly 
increased in the frontal GM in bvFTD, albeit non-significantly. Slightly increased 
perfusion may suggest functional compensation for structural damage in the fron-
tal lobe. It was only seen in the frontal lobe, which is indeed the most severely af-
fected brain region structurally in bvFTD. As we found rather extensive frontal WM 
and GM volume abnormalities, we suspect that the slightly increased perfusion 
may be the final stage of a compensatory process, just prior to the occurrence of 
hypoperfusion.

Overall, our findings demonstrate that the concurrent changes in WM and GM 
adhere to the disease-specific distribution of abnormalities, generally propagat-
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ing from posterior to anterior regions in AD and from anterior to posterior regions 
in bvFTD. It is of interest that the correlational methodology appears to be sensi-
tive to incipient abnormalities that are not (yet) evident as differences between 
groups. 

This study knows some limitations. First, our patient group sizes were relatively 
small. To correct for the sensitivity of small samples to outliers, we used non-
parametric testing which is generally more stringent and thus carries the risk of 
false negative results. A potentially larger problem is the difference in sample size 
of the patient groups compared with controls. In a large sample, the threshold for 
significance of correlations is lower, i.e. relatively low correlation coefficients were 
significant in our control sample but not in patients. This may have skewed a fair 
comparison between the groups. We accounted for this by reporting all correla-
tions above the threshold of rho ≥ 0.6. Second, a single FA and MD value was 
used for each WM tract. In long association fibers this may not be fully represen-
tative as it may obscure regional differences within the WM tract. This was partly 
forestalled by using the median WM measure rather than the mean. A further op-
tion would have been to parcellate these tracts into smaller sections. However, as 
we aimed to study coherence as defined by WM anatomy and its associated GM 
projections, we chose to look at anatomical connections as a whole rather than 
at subregions. Similarly, regional heterogeneity may have affected the large GM 
ROIs. For instance, GM within the occipital lobe was not similarly affected, with 
the right medial part showing GM volume loss whereas the right lateral part and 
left occipital ROI did not. Such heterogeneity within an ROI may result in inconsis-
tent coherence patterns with associated WM microstructure.

In conclusion, we observed a disease-specific dissociation between structural 
degeneration and hypoperfusion. More importantly, we established a framework 
for assessing coherence between WM microstructure and GM volume and per-
fusion in AD and bvFTD. Within this framework we show that such coherence is 
mostly absent in healthy elderly controls, but present both in AD and bvFTD. Co-
herence is particularly strong in regions implicated in AD and bvFTD pathology, 
indicating concurrent degeneration in disease-specific networks. Moreover, the 
correlational methodology applied in this framework allows for the detection of 
incipient abnormalities that would go undetected in comparative group analyses. 
Our future research is aimed at further defining these relationships at different 
stages of aging and neurodegeneration. 
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SUPPLEMENTARY MATERIAL
 
Table 1. White matter tracts affected in Alzheimer’s disease (AD) and/or behavioral vari-
ant frontotemporal dementia (bvFTD) based on the tract-based spatial statistics (TBSS) 
(p<0.05) analysis of fractional anisotropy (FA). Tractography tract thresholds based on De 
Groot et al. (2014), but multiplied with a factor of eight due to the resolution difference. 

White matter tract Tractography threshold
Anterior thalamic radiation (ATR) 0.016
Cingulum (cingulate gyrus) 0.08
Cingulum (parahippocampal region) 0.16
Forceps major (FMa) 0.04
Forceps minor (FMi) 0.08
Inferior fronto-occipital fasciculus (IFOF) 0.08
Inferior longitudinal fasciculus (ILF) 0.04
Superior longitudinal fasciculus (SLF) 0.008
Uncinate fasciculus (UF 0.08

 
 
 
 
Table 2. Gray matter regions of interest (ROIs) and their abbreviations. 

Lobe Gyrus Abbr. Consisting of:

Frontal

Superior frontal gyrus SFG
Central superior fron-
tal gyrus
Anterior superior fron-
tal gyrus

Middle frontal gyrus MFG

Inferior frontal gyrus IFG

Straight gyrus

Orbitofrontal gyrus OFG
Anterior orbital gyrus
Medial orbital gyrus
Lateral orbital gyrus
Posterior orbital gyrus

Subcallosal area

Anterior cingulate cortex ACC

Insula

Precentral gyrus
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Temporal

Anterior temporal lobe ATL
Medial anterior tem-
poral lobe
Lateral anterior tem-
poral lobe

Posterior temporal lobe PTL

Amygdala

Hippocampal formation HF
Hippocampus
Parahippocampal 
gyrus

Superior temporal gyrus STG

Inferior temporal gyrus ITG

Fusiform gyrus

Parietal

Postcentral gyrus

Posterior cingulate cortex PCC

Precuneus

Remainder of parietal lobe

Occipital

Lingual gyrus

Cuneus

Lateral remainder of occipital 
lobe

Subcorti-
cal

Thalamus

Putamen

Caudate

Nucleus accumbens
Regions of interest (ROIs) assessed for gray matter volume and cerebral flood flow. Parcel-
lated gyri (according to [53,54], right column) were combined (middle column) for analysis.

Table 3. Post-hoc two sample t-test for FA investigating AD < HC (n=29; pcorrected<0.05; 
k=50). k= voxel. L = left. R = right. 

Cluster size (k) White matter tracts within cluster

8687 L, R anterior thalamic radiation 
L, R body of the corpus callosum 
L, R cingulum 
L corticospinal tract
L forceps major
L, R forceps minor
L, R genu of the corpus callosum
L, R inferior fronto-occipital fasciculus
L inferior longitudinal fasciculus
L posterior corona radiata
L splenium of the corpus callosum 
L, R superior corona radiata
L, R superior longitudinal fasciculus
L, R uncinate fasciculus

1691 R cingulum
R  corticospinal tract
R forceps major
R inferior fronto-occipital fasciculus
R inferior longitudinal fasciculus   
R posterior corona radiata
R splenium of the corpus callosum
R superior longitudinal fasciculus

1469 R cingulum
R forceps major
R inferior fronto-occipital fasciculus
R inferior longitudinal fasciculus

1313 L anterior thalamic radiation
L cingulum
L forceps major
L  inferior fronto-occipital fasciculus
L inferior longitudinal fasciculus
L splenium of the corpus callosum
L superior longitudinal fasciculus

92 L forceps major
L splenium of the corpus callosum

51 R superior longitudinal fasciculus
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Table 4. Post-hoc two sample t-test for FA investigating bvFTD < HC (n=20; pcorrected<0.05; 
k=50). k= voxel. L = left. R = right.  

Cluster size (k) White matter tracts within cluster

55201 L, R anterior corona radiata
L, R anterior thalamic radiation
L, R body of the corpus callosum
L, R cingulum
L, R corticospinal tract
L, R Genu of the corpus callosum
L, R forceps major
L, R forceps minor
L, R inferior fronto-occipital fasciculus
L, R inferior longitudinal fasciculus
L, R splenium of the corpus callosum
L, R superior corona radiata
L, R superior longitudinal fasciculus

691 R anterior thalamic radiation
R inferior fronto-occipital fasciculus

204 R anterior corona radiata

161 L superior longitudinal fasciculus

105 L forceps major
L inferior fronto-occipital fasciculus
L inferior longitudinal fasciculus

93 L forceps major
L inferior fronto-occipital fasciculus
L inferior longitudinal fasciculus

59 R inferior fronto-occipital fasciculus
R inferior longitudinal fasciculus

55 R  corticospinal tract

52 L forceps major
L inferior fronto-occipital fasciculus
L inferior longitudinal fasciculus

 

Table 5. Post-hoc two sample t-test for FA investigating bvFTD < AD (n=27; pcorrected<0.05; 
k=50). k= voxel. L = left. R = right. 

Cluster size (k) White matter tracts within cluster

36853 L, R anterior corona radiata
L, R anterior thalamic radiation
L, R body of the corpus callosum
L, R cingulum
L, R corticospinal tract
L, R Genu of the corpus callosum
R forceps major
L, R forceps minor
L, R inferior fronto-occipital fasciculus
L, R inferior longitudinal fasciculus
R splenium of the corpus callosum
R superior corona radiata
L, R superior longitudinal fasciculus
L, R Uncinate fasciculus

1488 L cingulum
L forceps major
L posterior corona radiata
L splenium of the corpus callosum

854 R cingulum
R splenium of the corpus callosum

683 L superior longitudinal fasciculus

280 R corticospinal tract

146 L inferior longitudinal fasciculus

136 L posterior thalamic radiation
L inferior longitudinal fasciculus

121 R anterior thalamic radiation

117 R cingulum
R forceps major

102 L superior longitudinal fasciculus

100 L corticospinal tract

95 R cingulum

95 R superior longitudinal fasciculus

85 L superior longitudinal fasciculus

61 L superior longitudinal fasciculus

53 L superior longitudinal fasciculus
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ABSTRACT

Purpose ‘Phenocopy’ frontotemporal dementia (phFTD) patients may clinically 
mimic the behavioral variant of FTD (bvFTD), but do not show functional decline 
or abnormalities upon visual inspection of routine neuroimaging. We aimed to 
identify abnormalities in gray matter (GM) volume and perfusion in phFTD and to 
assess whether phFTD belongs to the FTD spectrum. We compared phFTD pa-
tients with both healthy controls and bvFTD patients.

Materials & methods Seven phFTD and 11 bvFTD patients, and 20 age-matched 
controls underwent structural T1-weighted magnetic resonance imaging (MRI) 
and 3D pseudo-continuous arterial spin labeling (pCASL) at 3T. Normalized GM 
(nGM) volumes and perfusion, corrected for partial volume effects, were quanti-
fied regionally as well as in the entire supratentorial cortex, and compared be-
tween groups taking into account potential confounding effects of gender and 
scanner. 

Results PhFTD patients showed cortical atrophy, most prominently in the right 
temporal lobe. Regional GM volume was otherwise generally not different from ei-
ther controls or from bvFTD, despite the fact that bvFTD showed extensive fronto-
temporal atrophy. Perfusion was increased in the left prefrontal cortex compared 
to bvFTD and to a lesser extent to controls.

Conclusion PhFTD and bvFTD show overlapping cortical structural abnormalities 
indicating a continuum of changes especially in the frontotemporal regions. To-
gether with functional changes suggestive of a compensatory response to incipi-
ent pathology in the left prefrontal regions, these findings are the first to support a 
possible neuropathological etiology of phFTD and suggest that phFTD may be a 
neurodegenerative disease on the FTD spectrum.

INTRODUCTION

FTD is a presenile neurodegenerative disorder affecting the frontal and temporal 
lobes, with the behavioral variant (bvFTD) as its most common subtype. BvFTD 
is characterized by progressive deterioration in social and personal conduct [1]. 
Core clinical features are behavioral disinhibition, apathy, loss of empathy, and 
perseverative, stereotypical or compulsive behavior. In addition to these symp-
toms, the diagnosis of probable bvFTD requires frontotemporal changes on neu-
roimaging and a gradual decline in functional abilities [2]. A subset (reports range 
from 7% up to 37% [3,4]) of predominantly male patients presents with behavioral 
changes characteristic of bvFTD, but without abnormalities on structural magnet-
ic resonance imaging (MRI) or fluorodeoxyglucose-positron emission tomography 
(FDG-PET) [5-8]. In addition, these patients have a more benign disease course 
[7] and do not show a decline in activities of daily living [9]. This clinical syndrome 
is referred to as ‘phenocopy’ FTD (phFTD) [10]. 

Because normal neuroimaging features and no cognitive decline over time are re-
ported in these patients, a neurodegenerative etiology is disputed. Autopsy find-
ings are sparse, but have not shown features of neurodegeneration [11,12], Very 
recently, repeat expansion in the C9ORF72 gene has been associated with very 
slowly progressive FTD, resembling phFTD. Some patients with this mutation have 
initially been diagnosed with phFTD [3,13], but currently, phFTD is still defined as 
a clinical syndrome. An alternative notion is that phFTD patients might have a pre-
existent psychiatric disorder and decompensate during mid-life [14-16].

In the present study we used advanced quantitative MRI techniques and analyses 
to investigate both structural and functional abnormalities in phFTD in more detail, 
as the typical behavioral changes in phFTD imply neurophysiological changes 
which may be detected with these advanced methods [3]. We used arterial spin 
labeling (ASL)-MRI to quantify brain perfusion with higher spatial resolution than 
thus far achieved with PET [17]. Focal atrophy can be detected by regional quan-
tification of gray matter volume on structural imaging. Gray matter volume and 
perfusion in phFTD patients were compared with both healthy controls and bvFTD 
patients in order to assess whether phFTD belongs to the FTD spectrum.

METHODS

Participant selection

PhFTD and bvFTD patients were recruited from the Alzheimer Center Southwest 
Netherlands at Erasmus MC, Rotterdam, The Netherlands, which is a tertiary refer-
ral center with special focus on FTD. Exclusion criteria for both phFTD and bvFTD 
patients were contraindications for MR imaging and lack of hetero-anamnestic in-
formation. In addition, phFTD patients were excluded when there was a diagnosis 
of dementia, or when other neurological or psychiatric disorders were suspected.
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Of the fifteen patients that fulfilled the criteria for phFTD, i.e. behavioral features 
but no imaging findings consistent with bvFTD, and no progression for at least 
one year after initial diagnostic work-up, six patients declined to participate; one 
was excluded due to refusal of neuropsychological assessment; and one eventu-
ally showed progressive cognitive impairment at neuropsychological follow-up, 
resulting in the analysis of seven phFTD patients. One patient showing an asymp-
tomatic cortical infarct in the right parietal lobe on MRI was retained in the analy-
ses, as no residual clinical symptoms were reported and the infarct was not in a 
region of interest for FTD. Image processing results were visually checked and 
did not show any effect of the infarct on segmentation or registration procedures. 
All phFTD patients were screened for the presence of the repeat expansion of the 
C9ORF72 gene.

Twelve bvFTD patients with possible bvFTD [2] with an onset before 65 years 
and a Mini Mental State Examination (MMSE) score ≥ 20 were prospectively re-
cruited as part of a larger ongoing study on advanced MR neuroimaging in the 
early stage of presenile dementia. If the diagnosis at the initial visit was uncertain, 
definitive diagnosis was confirmed after sufficient follow-up. One patient was ex-
cluded from analysis due to poor perfusion data quality, resulting in the analysis 
of 11 bvFTD patients.

Healthy age-matched controls were recruited through advertisement and from the 
patients’ peers. They were matched for gender with the phFTD patients. Exclusion 
criteria were history of neurological or psychiatric disorders and contraindications 
for MRI. Of the twenty-three controls, two were excluded due to missing data 
and one because of below-average scores on neuropsychological assessment, 
resulting in the analysis of twenty healthy controls.

The study was approved by the medical ethics committee of Erasmus MC. All 
participants gave written informed consent.

Neuropsychological and psychiatric assessment

All participants underwent extensive neuropsychological examination as part of 
routine diagnostic work-up, assessing language and speech, attention and men-
tal processing speed, executive functions, memory, and social cognition. PhFTD 
patients had an additional assessment to verify whether they fulfilled the criterion 
of no progression for at least one year. Additionally, they were assessed by an 
experienced psychiatrist to rule out major psychiatric disorders other than de-
mentia. Psychiatric assessment was based on interviews with the patients and 
their caregivers, the Brief Psychiatric Rating Scale (BPRS [18]; Dutch translation 
[19]), and the psychiatrist’s observations.

Image acquisition

Patients underwent MR imaging on two identical 3T scanners (Discovery MR750 
system GE Healthcare, USA) with identical protocols. Seven healthy controls and 
all phFTD patients were scanned on one, and 13 healthy controls and all bvFTD 
patients on the other scanner. 

Structural imaging
For gray matter volumetric assessment and anatomical reference, a high-reso-
lution three-dimensional (3D) inversion recovery (IR) fast spoiled gradient-echo 
(FSPGR) T1-weighted (T1w) image was acquired (inversion time (TI) 450ms, echo 
time (TE) 3.06ms, repetition time (TR) 7.904s, flip angle 12°, ASSET factor 2, iso-
tropic resolution 1mm3 in a 240mm field of view (FOV), 176 sagittal slices, total 
acquisition time 4.41 min).

Perfusion imaging
Perfusion images were acquired using whole brain 3D pseudo-continuous ASL 
(p-CASL), currently the recommended sequence for clinical use [20] (interleaved 
fast spin-echo stack-of-spiral readout of 512 sampling points on 8 spirals, back-
ground suppressed, post labeling delay 1525 ms, labeling duration 1450 ms, TE 
10.5 ms, TR 4632 ms, isotropic resolution 3.3 mm3 in a 240 mm FOV, 36 axial 
slices, number of excitations (NEX) 3, total acquisition time 4.29 min). The labeling 
plane was positioned 9 cm below the anterior commissure – posterior commis-
sure line.

Image data processing 

We processed imaging data according to the methods described in detail by 
Bron et al., 2014 [21].

Tissue segmentation
Using the unified tissue segmentation method in SPM8 (Statistical Parametric 
Mapping, London, UK), we segmented T1w images into gray matter (GM), white 
matter and cerebrospinal fluid maps. The GM maps were subsequently used to 
derive GM volumes and cerebral blood flow (CBF). 

ASL post-processing
The ASL data consisted of a difference image and a control image. GM maps were 
rigidly registered with the difference image (Elastix registration software [22]) and 
registrations were checked visually. Tissue maps were transformed to ASL image 
space to perform partial volume (PV) correction, and PV effects in ASL difference 
and control images were subsequently corrected using local linear regression 
within a 3D kernel based on tissue maps [23]. We quantified PV-corrected ASL 
images as CBF maps using the single-compartment model [20]. CBF maps were 
transformed to T1w image space for further analysis.
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ROI labeling
We defined regions of interest (ROIs) for each participant using a multi-atlas ap-
proach. This involved registration of 30 labeled T1w images, each containing 83 
cortical and subcortical ROIs [24,25], to the participants’ T1w images. The labels 
of the 30 atlas images were fused by means of majority voting to obtain a final ROI 
labeling [26]. Rigid, affine, and non-rigid B-spline transformation models were 
applied successively for registration to the participants’ nonuniformity-corrected 
T1w images [27]. Both the participants’ and the labeled T1w images were masked 
for this registration using the Brain Extraction Tool [28].

ROI analysis
For all ROIs, we derived GM volumes and mean GM CBF values. The subcorti-
cal ROIs, cerebellum, brainstem, ventricles and white matter were excluded from 
analysis. ROIs that parcellated gyri in multiple sections were combined to consti-
tute entire gyri (supplementary table 1). GM volumes and mean GM CBF values 
were subsequently obtained for the left and right hemisphere separately. Region-
al GM volumes were divided by the total intracranial volume to correct for head 
size and are referred to as normalized GM (nGM) volumes.

 

Data analysis

Using SPSS Statistics, version 20.0 (New York, USA) we first analyzed differences 
in gender and scanner across groups with Fisher’s exact test. Both were signifi-
cantly different between groups (p<0.05). To separate the confounding effect of 
gender and scanner differences from the actual effect of group differences, we 
used hierarchical regression to sequentially assess the effects of scanner, gen-
der, and group on nGM and CBF. Only if the effects of scanner and gender were 
not significant and a significant effect of group was found, nGM and regional CBF 
ROIs were further tested for differences between groups. This was done using 
a nonparametric Kruskal-Wallis test with Dunn-Bonferroni correction for multiple 
comparisons (i.e. phFTD versus controls, phFTD versus bvFTD, bvFTD versus 
controls) as nGM, CBF, age and MMSE were not normally distributed across 
groups (Shapiro-Wilk test p<0.05). The findings were visually represented in box-
plots of nGM and CBF for each of the brain lobes. Statistical thresholds were set 
at p<0.05.

RESULTS

Participant characteristics

Age was not different between groups (H(2) = 1.129, p>.05, Kruskal-Wallis test) 
(table 1). MMSE was significantly different between groups (F(2) = 10.182, p<.05, 
Kruskal-Wallis test): both phFTD and bvFTD patients had significantly lower MMSE 
scores than controls. 

None of the phFTD patients had a C9ORF72 mutation, nor could their behavioral 
disturbances be attributed to an underlying psychiatric disorder. Neuropsycho-
logical assessment was normal in one and suggestive of FTD in six phFTD pa-
tients, but did not demonstrate progressive decline.

Median follow-up to establish definitive diagnosis of bvFTD was 1.4 years (range 
1.7 months - 2.4 years).

Table 1: participant characteristics 

Controls phFTD bvFTD

N (male) 20 (20) 7 (7) 11 (5)

Median age in years (25th-75th %ile) 64 (62-66) 61 (60-70) 63 (57-66)

Median MMSE (25th-75th %ile) 28 (28-30) 27 (26-28) 27 (24-28)
bvFTD = behavioral variant frontotemporal dementia; IQR = interquartile range; MMSE = 
Mini Mental State Examination; phFTD = phenocopy frontotemporal dementia; SD = stand-
ard deviation

Gray matter volumetric changes

There were significant differences in nGM volume between groups mostly in fron-
tal and temporal regions (Figure 1A, Table 2). PhFTD patients had lower supra-
tentorial nGM volume than controls which was most pronounced in the right pos-
terior temporal lobe, right superior temporal gyrus and bilateral fusiform gyrus. 
BvFTD showed extensive bilateral frontotemporal nGM volume loss compared 
to controls. Compared to phFTD, bvFTD showed lower nGM volume in the right 
hippocampal formation and the right amygdala. Other nGM volumes were not 
significantly different between bvFTD and phFTD. This spectrum of findings, with 
mean nGM volumes being highest in controls, lowest in bvFTD and in-between in 
phFTD, was particularly apparent in the frontal and temporal lobes (Figure 2A). 

Perfusion changes in the gray matter

There were significant differences in CBF between groups in frontal regions (Fig-
ure 1B, Table 3). CBF in the bilateral subcallosal area was higher in phFTD than 
both in bvFTD and controls, as illustrated in Figure 2B. CBF in bvFTD was lower 
than in phFTD in the left superior and inferior frontal gyrus, the left orbitofrontal 
gyrus, and in the bilateral straight gyrus. bvFTD showed lower CBF than controls 
in the left inferior frontal and straight gyrus, and the left orbitofrontal gyrus.
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DISCUSSION

To the best of our knowledge, our study is the first to show cortical brain ab-
normalities in phFTD. We found cortical atrophy in phFTD, most prominently in 
the right superior and posterior temporal lobe, and the fusiform gyrus bilaterally. 
Furthermore, we found left frontal hyperperfusion in phFTD compared to bvFTD 
and to a lesser extent to controls, which may reflect functional compensation for 
incipient pathology.

Regional right temporal atrophy was not only seen in phFTD but also present in 
bvFTD, suggesting similar underlying pathophysiology. Atrophy in right temporal 
regions has been linked to impaired emotion recognition and empathy in neu-
rodegenerative disease [29,30], and more specifically to emotional blunting in 
bvFTD [31]. In addition, frontotemporal atrophy lateralized to the right hemisphere 
is more often associated with socially undesirable behavior in FTD than when lat-
eralized to the left [32]. The fact that we found atrophy in this specific region may 
explain why symptoms in phFTD patients are mostly isolated to the behavioral do-
main, in contrast to bvFTD patients who show a more widespread frontotemporal 
atrophy and additional cognitive and functional decline.

Figure 1: schematic overview of cortical regions showing (A) normalized GM volume and 
(B) perfusion abnormalities. Figure 1A shows in red regional nGM atrophy present in both 
phFTD and bvFTD; in blue regional nGM volume loss in bvFTD compared to both phFTD 
and controls; and in yellow regional nGM volume loss in in bvFTD when compared to 
controls, but not compared to phFTD. Figure 1B shows in cyan hyperperfusion in phFTD 
compared to bvFTD in regions that show hypoperfusion in bvFTD compared to controls; 
in green regional hyperperfusion in phFTD compared to both bvFTD and controls; and in 
violet regional hyperperfusion in phFTD compared to bvFTD. 
HC = healthy controls; phFTD = phenocopy frontotemporal dementia; bvFTD = behavioral 
variant frontotemporal dementia; nGM = normalized gray matter.
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Our findings are in contrast to previous studies, in which no atrophy in phFTD was 
found using semi-quantitative ratings [7,33]. One possible explanation might be 
that such semiquantitative rating was not sufficiently sensitive. However, other 
studies using the potentially more sensitive VBM method did not show any abnor-
malities either [5,34], except for one case study reporting non-specific parieto-
occipital, thalamic and subtle frontoinsular atrophy [3]. The discrepancy with the 
present study may lie in the fact that we used highly specific patient selection 
criteria, i.e. behavioral features consistent with bvFTD, without progression for at 
least one year, without psychiatric disorders and without C9ORF72 mutations. It 
may also be due to methodological differences between voxel-wise and ROI anal-
yses. ROI analysis circumvents the problem of inter-individual anatomical variabil-
ity, as well as subsequent corrections for such variability that may compromise 
resolution (such as smoothing). Additionally, statistical power of ROI analysis is 
hampered less by corrections for multiple comparisons than voxel-wise testing. 

Apart from the focal right temporal atrophy, nGM volumes in phFTD were gener-
ally not different from neither bvFTD nor from controls. Only the right hippocampal 
formation and amygdala showed more atrophy in bvFTD compared with phFTD, 
suggesting preservation of those regions in phFTD, whereas these were severe-
ly affected in bvFTD [35]. Of note is that otherwise, nGM volumes were similar 
between phFTD and bvFTD, despite widespread GM loss in bvFTD compared 
to controls. These findings suggest that there is a continuum in nGM volumes 
ranging from normal on the one end to clearly abnormal in bvFTD on the other, 
with phFTD in-between. Together with the overlapping finding in both phFTD and 
bvFTD of right temporal lobe atrophy, this suggests that phFTD may be a disease 
on the FTD spectrum.

Our study was the first to use ASL-MRI in phFTD to assess perfusion. ASL is 
tightly coupled to brain metabolism and function as measured with FDG-PET, but 
previous PET studies failed to find any abnormalities in phFTD [5,8]. We found 
higher perfusion in phFTD in the bilateral straight gyus and left superior, inferior 
and orbital frontal gyrus compared to bvFTD, and to a lesser extent compared to 
controls. Some of these regions, i.e. in the left inferior frontal gyrus, correspond to 
those showing hypoperfusion in bvFTD compared to controls. Such hyperperfu-
sion in phFTD relative to bvFTD may reflect a compensatory process of increased 
activity to compensate for incipient pathology in regions affected in bvFTD [36]. 
A similar pattern could be observed in the right straight gyrus, where perfusion 
was increased in phFTD compared to bvFTD, while there was a trend (p=0.06) 
towards hypoperfusion in bvFTD compared to controls. The other hyperperfused 
regions in phFTD relative to bvFTD, namely the superior frontal gyrus and sub-
callosal region, did not show hypoperfusion in bvFTD. Although not observed in 
our bvFTD sample, left superior frontal hypoperfusion has been found in FTD in 
previous ASL studies [37-39]. Similarly, PET studies have reported subcallosal 
hypometabolism in FTD [40-42]. Therefore, a compensatory process may still be 
hypothesized.

Taken together, our findings in phFTD suggest functional compensation as well as 
focal structural abnormalities overlapping with those found in bvFTD. Overlapping 
focal cortical atrophy was limited to the right temporal lobe, consistent with the 

disease-specific prominent behavioral changes of phFTD, while cortical volumes 
in the remaining frontotemporal regions were in-between normal and those in 
bvFTD. These findings support the idea that phFTD is a disease of the FTD spec-
trum. One could even wonder whether phFTD is not simply an early manifestation 
of bvFTD. The notion of phFTD as a neurodegenerative disease is however still dis-
puted due to the absence of disease progression in these patients. Psychiatric dis-
orders have been proposed as an alternative or contributory etiology [14-16,43]. 
In support of this view, imaging findings show substantial overlap between FTD 
and disorders such as schizophrenia [44,45] and depression [46,47]. In addition, 
phFTD patients may carry a C9ORF72 mutation [3,13] which is not only associated 
with bvFTD, but also with psychotic symptoms [48]. Yet in our patients, alternative 
psychiatric diagnoses were ruled out, which renders interpretation in the context 
of neurodegenerative disease more likely. In addition, none of the phFTD patients 
had a mutation of the C9ORF72 gene. Therefore, as of yet, phFTD still seems to be 
described best as a clinical syndrome. As such, our phFTD population comprised 
patients with a distinct clinical profile: behavioral features consistent with bvFTD, 
without progression for at least one year, without psychiatric disorders and without 
the C9ORF72 mutation. This well-defined clinical profile may have enabled a first 
link between the typical behavioral changes in phFTD and potential neurophysi-
ological changes as detected with imaging.

The present study has some limitations. Firstly, the sample size was small. This 
is inherent to phFTD being a rare disease, with only 17 documented cases in a 
large tertiary referral center as ours. Nevertheless, we studied a very well-defined 
phFTD sample, by strictly controlling for disease progression and alternative psy-
chiatric etiology. One patient did have an asymptomatic cortical infarct in the right 
parietal lobe, but as this did not affect image processing results we expect it did 
not influence our findings. Secondly, groups were not fully gender-matched and 
were scanned on two - albeit identical - scanners. We tried to minimize potential 
confounding effects of gender and scanner by applying a very stringent analy-
sis. Using hierarchical regression, we only  investigated regions on which group 
had a significant effect but gender and scanner did not. Not only did this strin-
gent analysis limit the number of regions that were eventually analyzed between 
groups, it even carries the risk of possible false negative results. However, our 
primary concern was to decrease the probability of false positives due to gender 
and scanner effects, and as such this stringent analysis strengthens the validity 
of our findings. Finally, despite a one year follow-up to ensure the absence of 
progression, longer follow-up in a longitudinal study will be even better suited to 
assess whether patients show no or very slow progression. Therefore, follow-up 
of our phFTD sample is currently ongoing. Ultimately, post-mortem examination 
is essential to determine whether neuropathology is present and if so, what type. 
Hence, studies investigating both neurodegenerative etiology and neuropsychi-
atric presentation of behavioral changes later in life [49] may further elucidate the 
relationship between behavior and neurophysiology.

In conclusion, in addition to overlapping focal right temporal lobe atrophy in 
phFTD and bvFTD, we found a continuum of frontotemporal cortical volumes 
ranging from normal on the one end to clearly abnormal in bvFTD on the other, 
with phFTD in-between. Furthermore, we observed left frontal hyperperfusion in 
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phFTD, suggestive of a compensatory process in response to incipient pathology 
in regions affected in FTD. To the best of our knowledge, our findings are the first 
evidence of a neuropathological substrate of phFTD and to possibly place it in 
an FTD spectrum. This may serve as the basis for further assessment in larger 
patient samples with longitudinal clinical and pathological follow-up.
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SUPPLEMENTARY MATERIALS

Table 1: regions of interest (ROIs)  

Lobe Gyrus Consisting of:

Frontal

Superior frontal gyrus
Middle frontal gyrus
Inferior frontal gyrus
Straight gyrus
Orbitofrontal gyrus Anterior orbital gyrus

Medial orbital gyrus
Lateral orbital gyrus
Posterior orbital gyrus

Subcallosal area
Anterior cingulate gyrus
Insula
Precentral gyrus

Temporal

Anterior temporal lobe Medial anterior temporal lobe
Lateral anterior temporal lobe

Posterior temporal lobe
Amygdala
Hippocampal formation Hippocampus

Parahippocampal gyrus
Superior temporal gyrus
Inferior temporal gyrus
Fusiform gyrus

Parietal

Postcentral gyrus
Posterior cingulate gyrus
Precuneus
Remainder of parietal lobe

Occipital

Lingual gyrus
Cuneus
Lateral remainder of occipital 
lobe

Regions of interest (ROIs) assessed for gray matter volume and cerebral flood flow. Parcel-
lated gyri (according to [24,25], right column) were combined (middle column) for analysis.
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ABSTRACT

Phenocopy frontotemporal dementia (phFTD) is a rare and poorly understood clin-
ical syndrome. PhFTD presents with core behavioural variant FTD (bvFTD) symp-
toms (apathy, disinhibition, loss of insight), in the absence of associated cognitive 
deficits and brain abnormalities on conventional MRI, and without progression 
over time. In contrast with phFTD, brain abnormalities in functional connectivity 
and white matter microstructure have been observed in bvFTD. We hypothesise 
that phFTD belongs to the same disease spectrum as bvFTD, and investigated 
whether functional connectivity and microstructural white matter changes similar 
to bvFTD are also present in phFTD.

Seven phFTD patients (mean age 63.4y; 7 male) without disease progression and 
without alternative psychiatric diagnosis, twelve bvFTD patients (60.2y; 7male) 
and seventeen age-matched controls (64.1y; 17male) underwent resting state 
functional MRI (rs-fMRI) and diffusion tensor imaging (DTI). The default mode 
network (DMN), identified using independent component analysis (ICA), and DTI 
metrics (fractional anisotropy, mean diffusivity, radial diffusivity, axial diffusivity), 
calculated using tract-based spatial statistics (TBSS), were compared between 
all groups (FSL, Oxford, UK).

PhFTD patients compared with controls showed a subtle increase in DMN con-
nectivity, and subtle microstructural changes in several white matter tracts, such 
as the cingulum, uncinate fasciculus and genu of the corpus callosum. BvFTD 
patients showed abnormalities in the same regions as phFTD patients, but had 
a lower increase in DMN connectivity, and more extensive microstructural white 
matter changes.

These findings can be interpreted as neuropathological changes, i.e. neuronal 
dysfunctioning and myelin damage, inducing functional compensation and re-
duced directional diffusion, and are in support of the hypothesis that phFTD be-
longs to the same disease spectrum as bvFTD. Advanced MRI techniques, such 
as rs-fMRI and DTI, would therefore be potentially suited to improve diagnosis of 
phFTD by objectively identifying brain abnormalities.  

INTRODUCTION

Phenocopy (or nonprogressive) frontotemporal dementia (phFTD) is a rare and 
poorly understood syndrome, which was only recently described by Davies et al. 
(2006) [1] in a subgroup of behavioural variant FTD (bvFTD) patients who had a 
better prognosis than expected. PhFTD symptomatology is very similar to that of 
bvFTD, but some aspects of phFTD are essentially different. In phFTD, core bvFTD 
symptoms, such as apathy, behavioural disinhibition, and loss of insight [2], are 
generally not accompanied by cognitive and brain abnormalities as is the case in 
bvFTD. PhFTD patients show a cognitive profile that ranges from normal to sug-
gesting FTD [3-8] and have a relatively intact performance of daily living activities 
(ADL) [2,7,9]. These clinical features in phFTD appear stable over time, whereas 
in bvFTD patients rapid progression of cognitive deficits is evident [1,7,10,11]. 
On conventional (structural) magnetic resonance imaging (MRI), phFTD patients 
show no or only borderline abnormalities [1,11] in the frontal and temporal regions 
that are typically affected in bvFTD [12,13]. Positron emission tomography (PET) 
does not show the frontal hypometabolism as observed in bvFTD [14]. As bvFTD 
patients may initially also present without structural MRI abnormalities, early-stage 
distinction between phFTD and bvFTD may be difficult.

A pathophysiological explanation for phFTD symptomatology is currently unavail-
able. Patients often remain undiagnosed or receive an alternative psychiatric di-
agnosis. Additionally, they are occasionally found to be C9orf72 mutation carriers 
[15]. It is therefore of importance to investigate the presence of possible brain 
abnormalities underlying their symptoms using more advanced MRI techniques 
such as resting state functional MRI (rs-fMRI) and diffusion tensor imaging (DTI). 
These techniques measure subtle brain changes so far left unexplored, by look-
ing at functional connectivity and microstructural white matter. In bvFTD, pari-
etal regions of the default mode network (DMN), one of the major functional net-
works, show increased connectivity [16-18]. Frontal DMN connectivity changes 
are found to be more ambiguously involved, either increased [19] or decreased 
[16,18]. Such functional changes are thought to precede grey matter atrophy ap-
pearing at the later stages of bvFTD [16,20]. White matter abnormalities in bvFTD 
are found mainly in frontal and temporal areas such as the uncinate fasciculus 
(UF), cingulum and the genu of the corpus callosum (CC) [21]. Similar regions are 
found to be already affected in asymptomatic-FTD mutation-carriers [20]. 

As phFTD patients present with behavioural symptoms similar to bvFTD, we hy-
pothesise that phFTD belongs to the same disease spectrum. This study investi-
gates whether phFTD patients have underlying brain abnormalities that are similar 
to those seen in bvFTD patients: functional brain abnormalities expressed as DMN 
connectivity changes and microstructural white matter abnormalities expressed 
as diffusion changes.
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METHODS

Participants

All patients were recruited in the Alzheimer Centre Southwest Netherlands. PhFTD 
patient inclusion criteria were: age between 40 and 75 years; prominent behav-
ioural changes interfering with social functioning, consisting of disinhibition and/
or apathy and/or stereotypy; stability of patient’s initial situation (i.e. no reported 
progression one year after initial routine diagnostic workup). 

BvFTD patients were part of a larger ongoing study of advanced MR neuroimag-
ing in early stage presenile dementia with the following inclusion criteria: age be-
tween 45 and 70 years; a suspected diagnosis of bvFTD [22]; a clinical dementia 
rating (CDR) scale score of ≤ 1; a Mini-Mental State Examination (MMSE) [23] 
score of ≥ 20.

Exclusion criteria for both patient groups were contraindications for MRI; inability 
to comprehend and/or execute fMRI tasks; other neurological disorders; past or 
current substance abuse; other psychiatric diagnosis. In addition, specific exclu-
sion criteria for the phFTD patients were: diagnosis of dementia and missing het-
eroanamnesis. Specific exclusion criteria for bvFTD patients were: expected loss 
to follow up within one year and a different cause of dementia. 

Healthy controls (aged 60 to 70 years), without neurological or psychiatric history, 
were recruited through advertisement. They were matched for gender with phFTD 
patients and for age with all patients.

The study was approved by the local medical ethics committee. All participants 
gave written informed consent.

Stimuli and apparatus

Psychiatric, neuropsychological and genetic mutation assessment
PhFTD patients underwent full psychiatric assessment as part of this study to ex-
clude alternative diagnoses. Psychiatric assessment consisted of a psychiatric di-
agnostic interview by a senior psychiatrist with both the patient and the caregiver. 
Additionally, the Brief Psychiatric Rating Scale (BPRS) [24,25] was administered. 

All participants underwent a full neuropsychological assessment consisting of a 
test battery of language, memory, attention and concentration, executive func-
tioning, constructive and visuospatial skills, and social cognition. The assessment 
was conducted and evaluated by an experienced neuropsychologist at the Al-
zheimer Centre Southwest Netherlands. 

MMSE [23] was assessed in phFTD patients during their psychiatric assessment, 
in bvFTD patients during their neuropsychological assessment, and in the healthy 
controls after the MRI scan by the researcher.

Additionally, DNA of phFTD patients was tested for the C9orf72 mutation.

Image acquisition
Scanning was performed on two 3T GE Discovery MR750 systems (GE Health-
care, Milwaukee, WI, US) with identical protocols. PhFTD patients and twelve 
healthy controls were scanned on one, and bvFTD patients and eight healthy 
controls on the other scanner.

A high-resolution three-dimensional (3D) inversion recovery (IR) fast spoiled gra-
dient echo (FSPGR) T1-weighted (T1w) image was acquired for anatomical refer-
ence with a field of view (FOV) of 240mm, inversion time (TI) of 450ms, echo time 
(TE) of 3.06ms, repetition time (TR) of 7.904s, array spatial sensitivity encoding 
technique (ASSET) acceleration factor of 2, flip angle of 12°, acquisition matrix of 
240x240, slice thickness of 1mm, resulting in isotropic voxel size of 1mm3. 176 
sagittal slices covering the entire brain were acquired in 4.41 minutes. 

Functional scans with full coverage of the supratentorial brain were acquired 
using a gradient echo echo planar imaging (EPI) sequence with a TE/TR of 
30/3000ms, ASSET acceleration factor of 2, flip angle of 90°, acquisition matrix of 
96x96, slice thickness of 3mm, and FOV of 240mm. 200 volumes, each consisting 
of 44 axial slices, were acquired in 10 minutes. Additionally, five dummy scans  
were acquired which were not included in the analysis. Participants were instruct-
ed to focus on a fixation cross, to think of nothing in particular and to not fall 
asleep. 

DTI scans with full coverage of the supratentorial brain were acquired with 25 
non-collinear directions using a spin echo EPI sequence with a FOV of 240mm, 
TE/TR of 84.7/7.93ms, ASSET acceleration factor of 2, flip angle of 90°, acquisition 
matrix of 128x128, and slice thickness of 2.5mm. Maximum b-value was 1000 s/
mm2. Three volumes were acquired without diffusion weighting. In total 28 vol-
umes, each consisting of 59 oblique slices, were acquired in 3.50 minutes. 

Data analysis

Structural MRI
Grey matter volumes were calculated for all participants according to the meth-
ods described in Bron et al. (2014) [26]. First, grey matter maps were obtained 
from the T1w image using the unified tissue segmentation method of SPM8 (Sta-
tistical Parametric Mapping, London, UK). Second, intracranial volume (ICV) was 
calculated. Third, for each participant the grey matter volume was divided by ICV 
to correct for head size. Grey matter volume, expressed as % ICV, was compared 
between groups using a one-way ANOVA and post-hoc Bonferroni tests (IBM 
SPSS Statistics, version 21.0, New York, USA).

Rs-fMRI
Resting state data were analysed using FMRIB Software library (FSL4.1.9, Oxford, 
UK) [27-29]. T1w images were first reoriented to ensure the same orientation as 
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the standard template T1 images. The skull was stripped using the Brain Extrac-
tion Tool (BET) [30].

The Multivariate Exploratory Linear Optimized Decomposition into Independent 
Components (MELODIC) toolbox was used to preprocess the data and to per-
form independent component analysis (ICA). Preprocessing consisted of several 
steps. First the high pass filter was set to remove low-frequency drifts (cut-off 
120s). Then MCFLIRT [31] motion correction was applied to correct for linear 
motion followed by spatial smoothing performed with a Gaussian kernel of 5mm 
FWHM. During registration, functional data were first linearly registered to the 
corresponding T1w images (full search, 7 degrees of freedom (DOF)). This was 
followed by both linear and nonlinear registration to a standard template brain (full 
search, 12 DOF) with a warp resolution of 10mm and a resampling resolution of 
4mm. Resting state networks were identified by performing a multi-session tem-
poral concatenation ICA. Component output was limited to 20. Dual regression 
[32] was used to identify the group components in the functional data of each 
participant. The component representing the DMN was identified. FSLcc was 
used to identify the component showing the highest correlation between a DMN 
template [33] and ICA output. The Randomize tool [34] was used to assess be-
tween-group differences in DMN network connectivity. The design was construct-
ed using the general linear model (GLM) toolbox. A one-way ANOVA with three 
groups (phFTD≠bvFTD≠controls) was performed to assess which regions showed 
different connectivity between groups. Effects per group were investigated and 
six t-contrasts (phFTD>HC, HC>phFTD, bvFTD>HC, HC>bvFTD, phFTD>bvFTD, 
bvFTD>phFTD) were constructed to assess post-hoc between-group differences. 
Grey matter volume was added as covariate to account for grey matter atrophy. 
Threshold-free cluster enhancement (TFCE) [35] and nonparametric permutation 
testing with 5000 permutations was applied. Results were not family-wise error 
corrected for multiple comparisons on a voxel level. However, the f-test resulting 
from the one-way ANOVA and the group effects (phFTD, bvFTD, controls) were 
Bonferroni corrected for the number of contrasts, thus using an effective threshold 
of p<0.0125. Subsequent Bonferroni correction for the number of post hoc t-tests 
was considered unnecessary as their results were assessed within the constraints 
of the omnibus f-test, This was done by creating common binary masks to identify 
post-hoc t-tests results within the omnibus f-test positive connectivity regions. Us-
ing the Fslmaths tool, first binary masks were created for the f-test  and for every 
t-test. Second, the binary mask of each t-test was multiplied with binary mask of 
the f-test, resulting in common binary masks for each t-test. 

All t-test common binary masks (p<0.05, not corrected for multiple comparisons), 
the f-test and the three group effects (p<0.05, Bonferroni corrected for multiple 
contrasts) were evaluated using the Cluster tool to extract cluster size with a clus-
ter threshold of k≥20 voxels.

Results were visualised using FSLview. The Harvard-Oxford Cortical Structural At-
las and the Harvard-Oxford Subcortical Structural Atlas implemented in FSLView 
were used to anatomically identify the DMN regions.

DTI
Data were corrected for motion, eddy currents and EPI distortions using Ex-
ploreDTI [36]. Further analyses were performed with FSL (5.0.2.2, Oxford, UK) 
[27-29]. BET [30] was used to create skull-stripped binary-masks. Using DTIFIT, 
as implemented in FMRIB’s Diffusion Toolbox (FDT) [37], the diffusion tensors 
were reconstructed. Then DTIFIT created subject images for fractional anisotropy 
(FA), mean diffusivity (MD), the first eigenvalue/axial diffusivity (AxD) and the sec-
ond and third eigenvalues. Fslmaths was used to calculate subject radial diffusiv-
ity (RD) images by averaging the second and third eigenvalue images.

Registration of diffusivity measure images was executed by Tract-Based Spatial 
Statistics (TBSS) [38]. First, subject FA image outliers from DTIFIT were excluded 
by removing brain-end artefacts and end slices. Second, non-linear registration 
of all subject FA images to the FMRIB58 FA template was performed. Third, all 
subject FA images were normalised to the Montreal Neurological Institute (MNI) 
template. Then the mean of all normalised subject FA images was taken to create 
a mean FA skeleton. Fifth, the mean FA skeleton was binarised. Then each sub-
ject’s FA image was projected onto this binary FA skeleton. TBSS was repeated 
for AxD, MD and RD images. FA nonlinear registration parameters were applied 
to subject AxD, MD and RD images creating nonlinearly registered images for 
each of them. For each measure all subject images were projected onto the FA 
skeleton, creating a new skeleton for each diffusivity measure. 

Randomize [34] was run to test for between-group differences in all described dif-
fusivity measures. TFCE [35] nonparametric permutation testing with 5000 permu-
tations was applied. Results were family-wise error (FWE) corrected for multiple 
comparisons.

FA differences between phFTD, bvFTD and controls were assessed using the 
same design defined for the rs-fMRI analysis, but now only the f-test and sub-
sequent post-hoc t-tests were investigated. As group effects were not investi-
gated, additional Bonferroni correction for the number of contrast was unneces-
sary. Again, common binary masks were created to assess t-test results within 
the constraints of the omnibus f-test results by multiplying binary masks of each 
t-test with the binary mask of the f-test. All t-test common binary masks (p<0.05, 
FWE corrected for multiple comparisons) were evaluated using Cluster to extract 
cluster size with a cluster threshold of k≥20.

Results were visualised using FSLView. The JHU White-Matter Tractography At-
las and the JHU ICBM-DTI-81 White-Matter labels implemented in FSLView were 
used to anatomically identify the white matter regions.
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RESULTS

Participant and disease characteristics

Nine phFTD patients (all male), 12  bvFTD patients (7 male) and 20 healthy con-
trols (all male) were included in the study. Two phFTD patients were excluded 
from the analysis: one refused neuropsychological testing and one showed dis-
ease progression on neuropsychological testing. One phFTD patient showed a 
cortical infarct in the right parietal lobe on the structural MRI scan, but reported 
no residual clinical symptoms and his neuropsychological profile was rated as 
normal; he was therefore retained in the analysis. Three controls were excluded 
from the analysis: one due to a below average score on a neuropsychological 
domain typically affected in FTD; the second due to an incidental scanner artefact 
observed in the MR images; the third because of missing DTI data. Three bvFTD 
patients had missing rs-fMRI data. Data of 7 phFTD patients, 12 bvFTD patients (9 
for rs-fMRI analysis) and 17 controls were used for the current analyses (Table 1). 

Age (H(2) = 2,23 p>0.05, Table 1) and MMSE score did not differ between groups 
(H(2) = 5,93, p>0.05, Table 1). Six of the seven included phFTD patients had a 
cognitive profile suggesting FTD, but showed no progression relative to previous 
neuropsychological testing consistent with the phFTD criteria. One phFTD patient 
had a normal cognitive profile. Mean interval between current and previous neu-
ropsychological testing was 23 months (SD 14 months). All controls had a normal 
cognitive profile. None of the phFTD patients received an alternative psychiatric 
diagnosis that could explain their behavioural symptoms. Additionally, they were 
not carriers of the C9orf72 mutation. 
 

Table 1. Demographic characteristics. 

Group N Mean age Mean MMSE

PhFTD 7 (all male) 63.4 (4.8) 26.6 (1.4)

BvFTD 12 (7 male) 60.2 (7.6) 26.6 (2.8)

Controls 17 (all male) 64.1 (3.3) 28.2 (1.5)
PhFTD = phenocopy FTD. BvFTD = behavioural FTD. N = sample size. Values given as 
Mean (SD). MMSE = Mini-Mental State Examination.

Structural MRI

The three groups showed a difference in grey matter volume corrected for ICV (H(2) 
= 16.38, p<0.05), with a mean of 0.32% (SD 0.02) for phFTD, 0.29% (SD 0.04) for 
bvFTD, and 0.35% (SD 0.02) for controls. Compared with controls, both phFTD pa-
tients (p=0.013) and bvFTD patients (p<0.001) had lower grey matter volume. Grey 
matter volume was not different between phFTD and bvFTD patients (p=0.359).

Figure 1. Group effects of default mode network (DMN) connectivity (p<0.05, not corrected 
for multiple comparisons, but Bonferroni corrected (p<0.05) for multiple contrasts; k≥20) 
in phenocopy frontotemporal dementia (phFTD), behavioural variant FTD (bvFTD) and 
controls.

Figure 2. Post-hoc t-test comparisons (phFTD>bvFTD, phFTD>controls, bvFTD>controls) 
showing between-group DMN connectivity differences (p<0.05, not corrected for multiple 
comparisons, but within the constraints of the omnibus f-test (p<0.05, Bonferroni corrected 
for multiple contrasts); k≥20). 
DMN = default mode network, phFTD = phenocopy frontotemporal dementia, bvFTD = 
behavioural variant FTD. 
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Functional connectivity

PhFTD and bvFTD patients (Figure 1, Table 2A) showed 
connectivity in all regions of the DMN. Controls showed 
connectivity in all DMN regions, except the right lateral 
temporal cortex (LTC) (Figure 1, Table 2A). 

PhFTD patients compared with controls showed in-
creased DMN connectivity in the bilateral medial prefron-
tal cortex (mPFC), LTC, and inferior parietal lobule (IPL), 
and in the left posterior cingulate cortex (PCC)/precune-
us (Figure 2, Table 2B). 

BvFTD patients compared with controls showed in-
creased DMN connectivity in the bilateral mPFC, and 
right LTC and IPL, (Figure 2, Table 2B), and decreased 
DMN connectivity in the more posterior right IPL.

PhFTD patients compared with bvFTD patients showed 
increased DMN connectivity in the bilateral mPFC and 
LTC, and right IPL (Figure 2, Table 2B). 

Microstructural white matter 

PhFTD and bvFTD patients compared with controls 
showed decreased FA and increased RD and MD mainly 
in the frontal and temporoparietal white matter (Figure 3, 
Tables 3A-C), such as the cingulum (both cingulate and 
hippocampus portion), inferior fronto-occipital fascicu-
lus (IFOF), superior longitudinal fasciculus (SLF), corpus 
callosum and uncinate fasciculus. In bvFTD patients in 
comparison with controls increased AxD was observed 
in these regions as well (Figure 3, Table 3D). 

BvFTD patients compared with phFTD patients showed 
decreased FA and increased AxD in frontal white mat-
ter, and increased MD and RD in frontotemporal white 
matter, mainly in the cingulum (cingulate portion), IFOF, 
SLF, corpus callosum and uncinate fasciculus (Figure 4, 
Tables 3A-D). 

Ta
bl

e 
2A

. G
ro

up
 e

ffe
ct

s 
(p

<0
.0

5,
 n

ot
 c

or
re

ct
ed

 fo
r m

ul
tip

le
 c

om
pa

ris
on

s,
 b

ut
 B

on
fe

rro
ni

 c
or

re
ct

ed
 (p

<0
.0

5)
 fo

r m
ul

tip
le

 c
on

tra
st

s;
 k

≥2
0)

 o
f 

D
M

N
 c

on
ne

ct
iv

ity
 in

 p
hF

TD
, b

vF
TD

 a
nd

 c
on

tro
ls

.
D

M
N

 =
 d

ef
au

lt 
m

od
e 

ne
tw

or
k,

 p
hF

TD
 =

 p
he

no
co

py
 fr

on
to

te
m

po
ra

l d
em

en
tia

, b
vF

TD
 =

 b
eh

av
io

ur
al

 v
ar

ia
nt

 fr
on

to
te

m
po

ra
l d

em
en

tia
, H

C
 =

 
he

al
th

y 
co

nt
ro

ls
, L

 =
 le

ft,
 R

 =
 ri

gh
t. 

G
ro

up
 

ef
fe

ct
N

um
be

r o
f 

D
M

N
 c

lu
st

er
s

To
ta

l n
um

be
r 

of
 v

ox
el

s
N

um
be

r o
f v

ox
el

s 
w

ith
in

 
la

rg
es

t D
M

N
 c

lu
st

er
A

na
to

m
ic

al
 re

gi
on

s 
w

ith
in

 la
rg

es
t D

M
N

 
cl

us
te

r

ph
FT

D
2

7,
85

2
7,

82
7

M
ed

ia
l p

re
fro

nt
al

 c
or

te
x 

L,
 R

La
te

ra
l t

em
po

ra
l c

or
te

x 
L,

 R
In

fe
rio

r p
ar

ie
ta

l l
ob

ul
e 

L,
 R

Pr
ec

un
eu

s/
po

st
er

io
r c

in
gu

la
te

 c
or

te
x 

L,
 R

bv
FT

D
2

4,
84

8
4,

45
8

La
te

ra
l t

em
po

ra
l c

or
te

x 
L,

 R
In

fe
rio

r p
ar

ie
ta

l l
ob

ul
e 

L,
 R

Pr
ec

un
eu

s/
po

st
er

io
r c

in
gu

la
te

 c
or

te
x 

L,
 R

H
C

5
1,

63
5

1,
01

5
In

fe
rio

r p
ar

ie
ta

l l
ob

ul
e 

R
Pr

ec
un

eu
s/

po
st

er
io

r c
in

gu
la

te
 c

or
te

x 
L,

 R

Ta
bl

e 
2B

. P
os

t-h
oc

 tw
o 

sa
m

pl
e 

t-t
es

ts
 (p

<0
.0

5,
 n

ot
 c

or
re

ct
ed

 fo
r m

ul
tip

le
 c

om
pa

ris
on

s,
 b

ut
 w

ith
in

 th
e 

co
ns

tra
in

ts
 o

f t
he

 o
m

ni
bu

s 
f-t

es
t 

(p
<0

.0
5,

 B
on

fe
rro

ni
 c

or
re

ct
ed

 fo
r m

ul
tip

le
 c

on
tra

st
s)

; k
≥2

0)
 o

f g
ro

up
 d

iff
er

en
ce

s 
in

 D
M

N
 c

on
ne

ct
iv

ity
 b

et
w

ee
n 

ph
FT

D
, b

vF
TD

 a
nd

 c
on

tro
ls

.  
D

M
N

 =
 d

ef
au

lt 
m

od
e 

ne
tw

or
k,

 p
hF

TD
 =

 p
he

no
co

py
 fr

on
to

te
m

po
ra

l d
em

en
tia

, b
vF

TD
 =

 b
eh

av
io

ur
al

 v
ar

ia
nt

 fr
on

to
te

m
po

ra
l d

em
en

tia
, H

C
 =

 
he

al
th

y 
co

nt
ro

ls
, L

 =
 le

ft,
 R

 =
 ri

gh
t. 

T-
st

at
N

um
be

r o
f 

D
M

N
 c

lu
s-

te
rs

To
ta

l n
um

be
r 

of
 v

ox
el

s
N

um
be

r o
f v

ox
el

s 
w

ith
in

 la
rg

es
t D

M
N

 
cl

us
te

r

A
na

to
m

ic
al

 re
gi

on
s 

w
ith

in
 la

rg
es

t D
M

N
 

cl
us

te
r

ph
FT

D
>H

C
7

63
5

16
2

La
te

ra
l t

em
po

ra
l c

or
te

x 
R

In
fe

rio
r p

ar
ie

ta
l l

ob
ul

e 
R

bv
FT

D
>H

C
3

10
4

43
La

te
ra

l t
em

po
ra

l c
or

te
x 

R
In

fe
rio

r p
ar

ie
ta

l l
ob

ul
e 

R

H
C

>b
vF

TD
1

44
44

In
fe

rio
r p

ar
ie

ta
l l

ob
ul

e 
R

ph
FT

D
>b

vF
TD

7
85

2
37

4
La

te
ra

l t
em

po
ra

l c
or

te
x 

L
Su

bc
or

tic
al

 a
nd

 c
er

eb
el

la
r r

eg
io

ns
 L



141140

Ad
va

nc
ed

 M
R 

ne
ur

oi
m

ag
in

g 
in

 p
he

no
co

py
 F

TD

3.2

Figure 3. Post-hoc t-test of microstructural white matter changes for phFTD (pcorrected<0.05; 
k≥20) and bvFTD (pcorrected<0.05; k≥20) in comparison with controls. Lower FA and higher 
MD, RD and AxD in comparison with controls is shown in phFTD in red and in bvFTD in 
blue. WM regions showing overlapping abnormalities in phFTD and bvFTD are shown in 
pink.
PhFTD = phenocopy frontotemporal dementia, bvFTD = behavioural variant frontotemporal 
dementia, FA = fractional anisotropy, MD = mean diffusivity, RD = radial diffusivity, AxD = 
axial diffusivity.

Figure 4. Post-hoc t-test microstructural white matter changes for bvFTD in comparison 
with phFTD (pcorrected<0.05; k≥20). Lower FA and higher MD, RD and AxD in bvFTD are 
shown in blue.
PhFTD = phenocopy frontotemporal dementia, bvFTD = behavioural variant FTD, FA = frac-
tional anisotropy, MD = mean diffusivity, RD = radial diffusivity, AxD = axial diffusivity.
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DISCUSSION

To the best of our knowledge, this is the first study demonstrating functional con-
nectivity changes and microstructural white matter abnormalities in phFTD. There 
was increased DMN connectivity in nearly all regions of the DMN, and abnormal 
microstructural white matter in frontal and temporoparietal lobes. These changes 
were similar to the changes observed in bvFTD, supporting our hypothesis that 
phFTD belongs to the same disease spectrum as bvFTD. Specifically, bvFTD also 
showed higher connectivity in DMN regions, but to a lesser extent than in phFTD, 
and microstructural white matter abnormalities in the frontal and temporoparietal 
lobes, but more pronounced than in phFTD.

DMN connectivity was increased, albeit to a moderate extent, in both phFTD and 
bvFTD. As there are overt behavioural symptoms in phFTD, as well as frequent 
neuropsychological abnormalities, it is not surprising to observe functional brain 
abnormalities. Increased functional connectivity reflects changes in neuronal 
activity becoming more congruent between regions. This may point to a brain 
mechanism compensating for early diminished neuronal functioning [39-41]. The 
degree of increased connectivity may reflect the brain’s remaining ability of com-
pensation, ultimately reversing to decreased connectivity as neuronal dysfunc-
tioning progresses. This theory may explain why we observe higher connectivity 
in phFTD than in bvFTD. As pronounced cortical atrophy is evident in bvFTD but 
not in phFTD [1,11-13], neuronal dysfunctioning is likely much more prominent 
in bvFTD. This means that more relatively preserved neurons in phFTD may be 
able to provide a better functioning compensational mechanism than in bvFTD. 
The observation that the inferior parietal lobule showed both increased and de-
creased (depending on its subregion) functional connectivity in bvFTD in com-
parison with controls, is in line with this view. It is plausible that the various subre-
gions of the inferior parietal lobule are not affected to the same extent in bvFTD, 
resulting in decreased functional connectivity in the more affected subregion and 
in increased functional connectivity in the less affected subregion. 

Frontotemporal and parietal microstructural white matter abnormalities were ob-
served in both phFTD and bvFTD. In phFTD, FA was decreased (i.e. there was 
less directional diffusion) and RD and MD were increased (i.e. there was more dif-
fusion, particularly perpendicular to the tract’s axis) in multiple white matter tracts, 
including the cingulum, UF, IFOF, genu of the CC and SLF. Damage to these 
white matter tracts has been linked to the various cognitive functions typically af-
fected in bvFTD. Loss of behavioural control (e.g. disinhibition) has been related 
to diffusion changes in the UF, forceps minor and cingulum [42-44]. Additionally, 
abnormalities in executive functioning, visuo-spatial attention, working memory 
[45] and apathy have also been linked with diffusivity changes in the cingulum 
[45-47]. Interestingly, RD changes in these tracts were less pronounced than FA 
changes, which may be explained by FA being a composite measure of both RD 
and AxD (i.e. diffusion along the tract’s main axis), and therefore more sensitive 
to subtle myelin and/or axonal changes, reflected by changes in RD [48] and AxD 
[49] respectively. In phFTD, AxD abnormalities were not observed, which may be 
explained by myelin damage only, without axonal injury. In bvFTD, white matter 
changes were more pronounced and widespread, with lower FA, and higher MD, 

RD and AxD than in phFTD. Hence, here we show an association in phFTD, simi-
lar to bvFTD, between symptomatology and damage to the frontotemporal and 
parietal white matter tracts. Additionally, we show differences possibly reflecting 
neuropathological changes between phFTD and bvFTD, with phFTD suggesting 
myelin damage only, and bvFTD showing more pronounced myelin and axonal 
damage. 

Previous literature has shown a relationship between microstructural white mat-
ter changes and functional connectivity changes [50-53], and proposes that 
microstructural white matter predicts, or is reflected by, functional connectivity 
[50,52,53]. For example, the medial prefrontal cortex and posterior cingulate cor-
tex, core regions of the DMN, are connected through the cingulum [52]. Cingu-
lum abnormalities such as observed in this study may have – to a certain extent 
– disconnected these regions, reducing functional connectivity between anterior 
and posterior DMN regions. In support of this idea, there were more pronounced 
anterior white matter abnormalities in bvFTD that extended more posteriorly than 
in phFTD, and both frontal and parietal functional connectivity were seen to be 
correspondingly lower. A recent study by Weiler et al. (2014) [54] observed that 
higher RD in the cingulum and parahippocampal bundle (both connecting DMN 
regions) predicted reduced performance on measures related to DMN cognitive 
functions. We therefore postulate that more advanced abnormalities of white mat-
ter tracts of the DMN will eventually lead to a functional decrease in the associ-
ated DMN areas and result in reduced cognitive functioning. 

Overall, phFTD showed functional connectivity and subtle white matter changes, 
whereas bvFTD showed fewer functional connectivity and more extensive white 
matter changes. These findings are indicative of incipient degeneration in phFTD. 
In order to investigate phFTD without the interference of an alternative diagnosis 
we ruled out alternative psychiatric disorders, neuropsychological progression 
and presence of the C9orf72 mutation. The observed incipient brain changes in 
this well-defined population are in favour of the controversial notion that phFTD 
and bvFTD belong to the same disease spectrum. PhFTD presents with behav-
ioural, neuropsychological and, as shown here, also neurodegenerative changes 
that are all similar to those observed in bvFTD. 

This study has some limitations. First, we were only able to investigate a small 
number of phFTD and bvFTD patients, limiting statistical power. As a result, rs-
fMRI effects, expected to be subtle, were only detectable using a relatively leni-
ent statistical threshold. The sample size is inherent to the rarity of the syndrome, 
together with the application of strict inclusion and exclusion criteria to avoid in-
advertent inclusion of patients with bvFTD or alternative psychiatric disorders. 
Second, the bvFTD group was not fully matched for gender with the phFTD and 
control group. There is no conclusive evidence on gender differences in func-
tional connectivity [55] or microstructural white matter. Both higher and lower FA 
was measured in the cingulum and in the white matter underlying the frontal cor-
tex in men and in women compared with the opposite gender [56]. Given these 
findings it is not likely that the FA decreases observed in this study were driven 
by gender differences. Third, the bvFTD group and part of the control group were 
scanned on a different scanner, although of identical type and field strength, and 
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with identical protocols. While a scanner effect cannot be excluded, both rs-fMRI 
and DTI have been shown to be highly reproducible in terms of DMN functional 
connectivity and TBSS respectively, even across different scanner platforms and 
vendors (57, 58). Moreover, the fact that our findings in bvFTD are consistent with 
the previous literature suggest that the effect of scanner is likely to be minimal. 

In conclusion, our findings are in support of the hypothesis that phFTD belongs 
to the same disease spectrum as bvFTD. In phFTD, there are changes in func-
tional connectivity and microstructural white matter that are similar to those found 
in bvFTD. Advanced MRI techniques, such as rs-fMRI and DTI, would therefore 
be suited to improve diagnosis of phFTD by identifying such incipient changes. 
Our future efforts are aimed at shedding further light on the development of the 
observed brain changes using long-term follow-up of these patients.
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ABSTRACT

Purpose Prior to the implementation of arterial spin labeling (ASL) in clinical multi-
center studies, it is important to establish its status quo inter-vendor reproducibil-
ity. This study evaluates and compares the intra- and inter-vendor reproducibility 
of pseudo-continuous ASL (pCASL) as clinically implemented by GE and Philips.

Material and Methods 22 healthy volunteers were scanned twice on both a 3T 
GE and a 3T Philips scanner. The main difference in implementation between 
the vendors was the readout module: spiral 3D fast spin echo vs. 2D gradient-
echo echo-planar imaging respectively. Mean and variation of cerebral blood flow 
(CBF) were compared for the total gray matter (GM) and white matter (WM), and 
on a voxel-level.

Results Whereas the mean GM CBF of both vendors was almost equal (p=1.0), 
the mean WM CBF was significantly different (p<0.01). The inter-vendor GM varia-
tion did not differ from the intra-vendor GM variation (p=0.3 and p=0.5 for GE 
and Philips respectively). Spatial inter-vendor CBF and variation differences were 
observed in several GM regions and in the WM.

Conclusion These results show that total GM CBF-values can be exchanged 
between vendors. For the inter-vendor comparison of GM regions or WM, these 
results encourage further standardization of ASL implementation among vendors.

INTRODUCTION

Arterial spin labeling (ASL) is an emerging magnetic resonance imaging (MRI) 
perfusion modality that enables non-invasive cerebral perfusion measurements. 
Since ASL is virtually harmless, not hampered by the blood-brain barrier and en-
ables absolute quantification of cerebral blood flow (CBF), it is an attractive tool 
compared to other perfusion imaging modalities [1,2]. Through several method-
ological advances, ASL perfusion MRI has matured to the point where it can pro-
vide high quality whole-brain perfusion images in only a few minutes of scanning 
[3]. Its reproducibility has been established and its CBF-maps are comparable 
with imaging methods based on exogenous tracers [4-7]. ASL is commercially 
available on all major MRI systems and clinical applications are under rapid de-
velopment. ASL-based CBF measurements are of clinical value in a number of 
cerebral pathologies, such as brain tumors, cerebrovascular pathology, epilepsy 
and neurodegeneration [8,9]. Therefore, the initiation of large-scale multi-center 
ASL studies is a next step to extend our understanding of the pathophysiology of 
many common disorders.

However, it is essential to first establish the inter-vendor reproducibility of ASL 
[10,11]. One main obstacle that impedes multi-center studies, is that fundamental 
differences exist between ASL implementations of different vendors. Each MRI 
vendor has implemented a different labeling-readout combination, which may se-
riously hamper the comparison of multi-vendor ASL-data [12]. Since each label-
ing and readout strategy exhibits specific advantages and disadvantages, a sub-
stantial technical heterogeneity is introduced [13]. Therefore, it remains unclear 
to which degree ASL-based CBF-maps from centers with scanners of different 
vendors are comparable. The aim of the current study is to assess and compare 
the intra- and inter-vendor reproducibility of pseudo-continuous ASL (pCASL) 
CBF measurements as currently clinically implemented by two major  vendors: 
i.e. GE and Philips. 

MATERIALS AND METHODS

Subject recruitment and study design

Twenty-two healthy volunteers (9 men, 13 women, mean age 22.6 ± 2.1 (SD) 
years) were included. In addition to standard MRI exclusion criteria, subjects with 
history of brain or psychiatric disease or use of medication - except for oral con-
traceptives - were excluded. No consumption of vasomotor substances such as 
alcohol, cigarettes, coffee, licorice and tea was allowed on the scan days. On the 
day prior to the examination, alcohol and nicotine consumption was restricted to 
three units and cigarettes respectively. 

All subjects were scanned twice at two academic medical centers in the Nether-
lands: Erasmus MC ‒ University Medical Center Rotterdam (center 1) and Aca-
demic Medical Center Amsterdam (center 2). The inter-session time interval was 
kept at 1-4 weeks. MRI experiments were performed on a 3T GE scanner at cen-
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ter 1 (Discovery MR750, GE Healthcare, Milwaukee, WI, US) and on a 3T Phil-
ips scanner at center 2 (Intera, Philips Healthcare, Best, the Netherlands), both 
equipped with an 8-channel head coil (InVivo, Gainesville, FL, US). Foam padding 
inside the head coil was used to restrict head motion during scanning [10]. Sub-
jects were awake and had their eyes closed during all ASL scans. All subjects 
provided written informed consent and the study was approved by the ethical 
review boards of both centers.

Acquisition

Each scan session included a pCASL and 1 mm isotropic 3D T1-weighted scan 
for segmentation and registration purposes. For the acquisition of a single time-
point CBF-map, pCASL has become the prefer.ed labeling strategy because of 
its relatively high signal-to-noise ratio (SNR) and wide availability across all plat-
forms [3,14]. On both scanners we employed the clinically implemented pCASL 
protocols that are currently used in clinical studies [15,16]. Table 1 and Figure 1 
summarize the protocol details and show the timing diagrams for both sequences 
respectively.  The main difference between the GE and Philips implementations 
was the readout module: multi-shot spiral 3D fast spin-echo vs. single-shot 2D 
gradient-echo echo-planar imaging respectively. 

Figure 1. Sequence timing diagrams of a) General Electric (GE) and b) Philips, shown at 
the same time scale (ms). pCASL = pseudo-continuous arterial spin labeling, PLD = post-
labeling delay. Ta
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Post-processing: quantification

Matlab 7.12.0 (MathWorks, MA, USA) and Statistical Parametric Mapping (SPM) 8 
(Wellcome Trust Center for Neuroimaging, University College London, UK) were 
used for post-processing and statistical analyses. For the Philips data, label and 
control pCASL images were pair-wise subtracted and averaged to obtain per-
fusion-weighted images. For the GE data, the perfusion-weighted images as di-
rectly provided by the scanner were used. Since the images as provided by GE 
did not incorporate motion correction, this was not applied to the Philips data. The 
perfusion-weighted maps of both vendors were quantified into CBF maps using a 
single compartment model [3,17]:
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where ΔM represents the difference images between control and label and M0a 
the equilibrium magnetization of arterial blood. In Philips, ΔM was corrected for 
the transversal magnetization decay time (T2*) of arterial blood (48 ms) during 
the 17 ms echo time (TE) by eTE/T2* [18]. PLD is the post-labeling delay (1.525 s), 
T1a is the longitudinal relaxation time of arterial blood (1.650 s), α is the labeling 
efficiency (0.8), where αinv corrects for the decrease in labeling efficiency due 
to the 5 and 2 background suppression pulses at GE (0.75) and Philips (0.83) 
respectively and τ represents the labeling duration (1.450 s and 1.650 s for GE 
and Philips respectively) [19-21]. The increase in label decay in the ascending 
acquired 2D slices in Philips-data was accounted for. GE has, but Philips has not, 
implemented a standard M0-acquisition where proton density maps are obtained 
with a saturation recovery acquisition using readout parameters identical to the 
ASL readout. These maps were converted to M0a by the following equation:
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where tsat is the saturation recovery time (2 s), T1GM is the relaxation time of gray 
matter (GM) tissue (1.2 s) and λGM is the GM brain-blood water partition coeffi-
cient (0.9 mL/g) [15,22,23]. For the Philips data, a single M0a-value was used for 
all subjects. This value was obtained in a previous study with the same center, 
scanner, head coil, pCASL protocol and a similar population (n=16, 56% M, age 
20-24 years) [24]. In short, cerebrospinal fluid T1 recovery curves were fitted on 
the control images of multiple time-point pCASL measurements, with the same 
readout, without background suppression. The acquired M0 was converted to M0a 
by multiplication with the blood water partition coefficient (0.76) and the density of 
brain tissue (1.05 g/mL) [23,25]. No difference was made between the quantifica-
tion of GM and WM CBF.
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Post-processing: spatial normalization

A single 3D T1-weighted anatomical scan from each scanner for each subject 
(n=44) was segmented into GM and white matter (WM) tissue probability maps. 
All CBF maps were transformed into anatomical space by a rigid-body registra-
tion on the GM tissue probability maps. The tissue probability maps were spa-
tially normalized using the Diffeomorphic Anatomical Registration analysis using 
Exponentiated Lie algebra (DARTEL) algorithm, and the resulting normalization 
fields were applied to the CBF maps as well [26]. Finally, all normalized images 
were spatially smoothed using an 8 x 8 x 8 mm full-width-half-maximum Gaussian 
kernel, to minimize registration and interpolation errors.

Data analysis

All intra-vendor reproducibility analyses were based on a comparison of session 
1 with session 2 within each vendor (n=22). All inter-vendor reproducibility analy-
ses were based on a comparison of GE session 1 with Philips session 2, and GE 
session 2 with Philips session 1 (n=44). In this way, the temporal physiological 
variation is expected to have an equal contribution to the intra- and inter-vendor 
reproducibility. All reproducibility analyses were based on the mean CBF of the 
two sessions, and on the mean and standard deviation of the paired inter-session 
CBF difference, denoted as ΔCBF and SDΔCBF respectively. The within-subject co-
efficient of variation (wsCV) - a normalized parameter of variation - was defined as 
the ratio of SDΔCBF to the mean CBF of both sessions:

 
	

meanCBF
SDwsCV CBF∆=100% 	 (3) 

 
Reproducibility was assessed on a total GM and WM level, and on a voxel-level.

Data analysis: total supratentorial GM and WM

Mean CBF-values of each session were obtained for the total supratentorial GM 
and WM. GM and WM masks were obtained by thresholding GM and WM prob-
ability maps at 70% and 95% tissue probabilities respectively. GM-WM CBF ratios 
were calculated individually. The significance of paired inter-session CBF differ-
ences (ΔCBF) was tested with a paired two-tailed Student's t-test. The Levene's 
test was used to test the significance of the difference between GE SDΔCBF and 
Philips SDΔCBF, as well as between the inter-vendor SDΔCBF and both intra-vendor 
SDΔCBF {{}}[27]. Limits of agreement - defining the range in which 95% of future mea-
surements is expected to lie - were defined as ΔCBF ± 1.96 SDΔCBF [28]. 

Data analysis: voxel-level comparison

To assess spatial inter-vendor differences, CBF- and wsCV-values were comput-
ed for each voxel. For CBF, both sessions and all subjects were averaged. To 
test significant voxel-wise inter-vendor CBF differences, a Bonferroni-corrected 
paired two-tailed Student's t-test was performed (using both sessions, n=44). In-
dividual histograms of CBF (25 bins, range 0-160 mL/100g/min) were averaged to 
generate a group-level histogram. A wsCV histogram (25 bins, range 5-45%) was 
generated from the wsCV-maps. Both CBF and wsCV histograms were generated 
for the total supratentorial GM and WM of each vendor. Statistical significance 
was set to p<0.05 for all tests.

RESULTS

Session timing

The number of days between intra-vendor sessions did not differ between ven-
dors: 18.3 ± 6.5 and 19.7 ± 7.2 for GE and Philips respectively (independent 
sample Student's t-test, p=0.5). However, GE session 1 and session 2 took place 
earlier in the day compared to the Philips sessions (15h26 ± 4h00 and 15h55 ± 
3h34 compared to 20h16 ± 2h06 and 19h47 ± 2h38 respectively, p<0.01). 

Total GM and WM

The intra- and inter-vendor statistics are summarized in Table 2 and visualized by 
the Bland-Altman plots in Figure 2. GM CBF did not differ significantly between 
both vendors (p=1.0), but WM CBF did (p<0.01). Likewise, the intra-vendor GM 
variances of the paired CBF differences did not differ between the two vendors 
whereas the WM variances did (p=0.6 and p=0.02 respectively). The GM-WM 
CBF ratios of both vendors differed significantly, the 2D readout (Philips) GM-

Figure 2. Bland-Altman plots. Intra-vendor a) GE (n=22) and b) Philips (n=22) and c) 
inter-vendor (n=44) GM (red) and WM (blue) CBF  differences are plotted against mean 
CBF. Continuous and broken lines indicate mean difference and limits of agreement (mean 
difference ± 1.96 standard deviation of the paired difference) respectively. CBF= cerebral 
blood flow, GM=gray matter, WM=white matter.
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WM ratio being approximately twice as large as the ratio of the 3D readout (GE) 
(p<0.01). Both the GM and WM intra-vendor wsCVs were similar to the inter-ven-
dor wsCVs (Table 2), which is confirmed by the Levene's test.  The variance of 
GM inter-vendor CBF differences did not differ significantly from the variance of 
intra-vendor differences (p=0.3 and p=0.5 for GE and Philips respectively). For 
the WM, however, the variance of inter-vendor CBF differences did differ signifi-
cantly from the Philips variance but not from the GE variance (p=0.02 and p=0.8 
respectively). 
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Figure 3. Cerebral blood flow maps of a representative subject of GE (b) and Philips (c), 
as compared to gray matter (GM) tissue probability map (a; for this example the GE 3D 
T1-weighted image was used). Maps are registered, re-sliced, skull-stripped and shown in 
native space.
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Voxel-level comparison

Spatial CBF differences between GE and Philips are illustrated for a single subject 
and on group level in Figure 3 and 4 respectively. The spatial wsCV distribution is 
shown in Figure 5. In addition, Figure 6 provides an overview of spatial CBF differ-
ences between subjects, sessions and vendors for a single transversal slice. The 
main visual difference on all these maps was the homogeneity of GE compared 
to the heterogeneity of Philips, especially in the WM and in the z-direction. More 
specifically, the contrast between GM and WM was higher on the Philips CBF and 
wsCV-maps. Also within the GM, the CBF was more heterogeneous on the Philips 
maps compared to the GE maps. A CBF decrease and wsCV increase was ob-
served in the posterior and superior regions on the GE maps and in the anterior-

inferior and superior regions on the Philips maps. The GM CBF histograms were 
comparable between vendors (Figure 4d). The GE WM CBF histogram had a 
higher mean, but had the same shape as the Philips WM CBF histogram. The 
wsCV histograms, on the other hand, were less comparable (Figure 5d). The spa-
tial GM wsCV distribution of Philips had a higher mean and was wider compared 
to GE. This difference in mean and spread was even larger for the WM.

DISCUSSION

The most important result of this study is that - despite several voxel-wise differ-
ences between vendors - there were no inter-vendor differences in mean CBF 
or wsCV on a total GM level. This can be explained by the fact that the variation 
between the sessions can for a large part be attributed to physiological factors, 
as was previously noted in single-vendor reproducibility studies [11,29-31]. For 
clinical studies that focus on the GM in total, it may therefore be more important to 
minimize and account for physiological variation than to account for inter-vendor 
differences in ASL implementation. 

Figure 4. Mean cerebral blood flow (CBF) maps of all subjects (n=22) are shown for GE (a) 
and Philips (b), averaged for both sessions. Voxel-wise significant inter-vendor differences 
are visualized by a binary parametric map projected on the gray matter (GM) probability 
map (c). Red voxels represent where GE < Philips, blue voxels represent where GE > 
Philips (Bonferroni corrected p<0.05). On the right, mean CBF histograms are shown for the 
total GM and white matter (WM) (d).

Figure 5. a) GE and b) Philips intra- and c) inter-vendor within-subject coefficient of vari-
ability (wsCV)-maps. d) wsCV histograms are shown on the right for the total gray matter 
(GM) and white matter (WM).

Figure 6. Single transversal cerebral blood flow slice of all subjects (n=22) for GE (upper 
quadrants) and Philips (lower quadrants), session 1 (left quadrants) and session 2 (right 
quadrants), after spatial normalization.
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A different picture arises for smaller GM regions or for the total WM. We observed 
several spatial differences between vendors which can mainly be explained by 
differences in the readout module. The most visually striking inter-vendor differ-
ence on all CBF- and wsCV-maps was in the WM. The GM-WM CBF ratio of the 
2D readout (Philips) was twice as large as the ratio of the 3D readout (GE), which 
is in agreement with a previous readout comparison on a single Siemens scanner 
[13]. This can be explained by the larger extent of spatial smoothing of a spiral 
3D readout (GE) compared to the 2D readout (Philips), which leads to more con-
tamination of the GM signal into the WM and vice versa. Therefore, a 2D readout 
seems most suitable when the goal is to acquire uncontaminated GM or WM CBF 
‒ although the ability of ASL to measure WM CBF is debatable due to the long 
transit time of WM [32]. 

This difference in spatial smoothing may also explain the homogeneous GM ap-
pearance of the mean CBF and wsCV maps acquired with GE as compared to 
the more heterogeneous appearance of those acquired with Philips. In addition, it 
may explain the significant inter-vendor CBF difference within the subcortical GM 
since this area is surrounded by WM and therefore suffers more from smoothing 
with WM signal in GE (Figure 4c). Another explanation for the smaller spatial varia-
tion of GE, is its higher SNR compared to Philips. The SNR at GE is most probably 
higher because of the intrinsically high SNR of a 3D readout and because back-
ground suppression is more efficient for a single-volume readout as compared 
to a multi-slice readout [13]. In addition, parallel imaging was not available in the 
GE sequence, but was turned on in the Philips sequence. To what extent the het-
erogeneous appearance of the Philips CBF maps has a physiological origin or is 
rather the result of a too low SNR, cannot be differentiated with these data.

In regions with long arrival times - i.e. the posterior vascular territory and poste-
rior watershed area - lower CBF and higher wsCV was observed in GE but not in 
Philips (Figures 4 and 5) [6]. This inter-vendor difference can be explained by 
differences in the effective post-labeling delay (PLD) between the readouts, even 
though both acquisitions had the same initial PLD (1525 ms). Whereas the 3D 
readout obtains all ASL signal for the total 3D volume at a single time-point - i.e. 
after 1525 ms PLD - the 2D readout obtains signal from each slice sequentially. 
With this multi-slice acquisition, each slice exhibits a longer effective PLD com-
pared to its previous slice. This inferior-superior PLD increase of the 2D readout 
(Philips) allows the labeled blood more time to reach the superior slices com-
pared to the homogeneous PLD of the 3D readout (GE). Therefore, the PLD may 
have been too short for the label to reach the superior slices in 3D (GE), whereas 
the effective PLD for the superior slices in 2D (Philips) was sufficient. These inter-
vendor CBF differences and higher wsCV for GE in superior regions with long 
transit times are probably resolved by selecting a longer PLD for the 3D readout, 
such as 2000 ms [3]. 

Other prominent spatial inter-vendor CBF (Figure 4) and wsCV (Figure 5) differ-
ences were observed on the brain edges. We observed higher CBF and lower 
wsCV in anterior and inferior regions in Philips but not in GE. The prominent in-
ferior CBF and wsCV differences (Figure 4c and Figure 5c) are partly due to the 
fact that these slices were simply not acquired by the 2D readout (Philips). With 

a 2D sequence, it is common practice to scan cerebral slices only as well as to 
optimize the PLD, T1 decay and background suppression for the cerebral slices. 
These issues do not apply for a 3D sequence, whose 3D slab usually has whole-
brain coverage. The differences in the other areas can be explained by suscep-
tibility artifacts from bone-air transitions at the paranasal sinuses and mastoid air 
cells present in the gradient-echo T2*-weighted readout implemented by Philips 
[33]. In addition, it is expected that the echo-planar imaging readout (Philips) ex-
hibits geometric distortion in these regions [33]. The T2-weighted spin-echo read-
out employed by GE is much less sensitive to these artifacts, in comparison to 
the gradient-echo readout employed by Philips. For these reasons, a 3D readout 
is superior in regions such as the orbito-frontal lobe and cerebellum compared to 
a 2D readout. This especially favors the use of a 3D readout for clinical applica-
tions of ASL, since pathologies in these regions could remain undetected on a 2D 
readout [34-36].

A limitation of the current study is that we did not acquire spatial M0-maps with the 
same readout in Philips. By employing a voxel-wise normalization of the ASL-signal, 
these maps would have opposed the T2

* susceptibility effects, since these will be 
approximately equally large for the ΔM and M0-map. Therefore, Philips spatial M0a-
maps could have improved quantification in regions of air-tissue transitions, which 
may have diminished the inter-vendor variation to a certain extent. However, the 
added value of spatial M0-maps is limited since they cannot improve the lower SNR 
of the gradient-echo readout (Philips) near the air-tissue transitions. Therefore, the 
inter-vendor reproducibility in these regions is expected to remain low.

The current study may also be limited by the inter-vendor calibration of quantifi-
cation parameters. These may remain arbitrary, mostly because they have been 
derived from simulations rather than measurements. One example is the inter-
vendor differences in labeling efficiency due to a different number of background 
suppression pulses (5 and 2 for GE and Philips respectively) [21]. One way to 
deal with this is to scale to a phase-contrast MRI sequence of the main feeding 
arteries [20]. However, this would shift the inter-vendor CBF variation from the 
ASL-sequence towards the phase-contrast MRI measurements.

Inter-vendor CBF and wsCV differences were observed on a voxel-level but not on 
the total GM level. Apparently, the effects of the abovementioned readout differ-
ences do cancel out when sufficient GM voxels are averaged. There are several 
explanations for this observation. First, the higher SNR of the 3D module may be 
important on a voxel-level, but if sufficient GM voxels are averaged physiological 
variation seems to outnumber the SNR differences between the readout modules. 
Second, the smoothing of the GE 3D readout averages signal from multiple GM 
voxels which increases SNR and subsequently decreases the wsCV within a sin-
gle voxel. This effect is similar to averaging signal from multiple GM voxels of the 
2D readout in post-processing. Therefore, this difference of spatial signal averag-
ing between both readouts becomes apparent on a voxel-level but is negligible 
when all GM voxels are averaged. 

It should be acknowledged that this study evaluated healthy controls only. The 
abovementioned inter-vendor readout differences could become more or less im-
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portant in patients, considering the different spatial CBF variation in patients com-
pared to healthy controls. Furthermore, these inter-vendor differences should not 
be generalized to all MRI vendors. Visual readout differences between GE and 
Siemens, who both use a 3D approach, may be smaller than the readout differ-
ences in the current study [13].

In conclusion, the current study shows that pCASL results do not differ between 
vendors on a total GM level. Therefore, the reliability of averaged CBF-values for 
the total GM can be expected to be equal in single- and multi-vendor studies. 
However, the reliability of measurements in GM regions or in the WM, is impeded 
by differences between the readout modules of both vendors. Therefore, our re-
sults strongly encourage the standardization of ASL implementations among ven-
dors, which was also advocated by the recent ASL consensus paper [3].
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ABSTRACT

Arterial spin labeling (ASL) magnetic resonance imaging is increasingly used to 
quantify task-related brain activation. This study assessed functional ASL (fASL) 
using pseudo-continuous ASL (pCASL) product sequences from two vendors. By 
scanning healthy participants twice with each sequence while they performed a 
motor task, this study assessed functional ASL for 1) its sensitivity to detect task-
related cerebral blood flow (CBF) changes, and 2) its reproducibility of resting 
CBF and absolute CBF changes (delta CBF) in the motor cortex. Whole-brain 
voxel-wise analyses showed that sensitivity for motor activation was sufficient with 
each sequence, and comparable between sequences. Reproducibility was as-
sessed with within-subject coefficients of variation (wsCV) and intraclass correla-
tion coefficients (ICC). Reproducibility of resting CBF was reasonably good within 
(wsCV: 14.1-15.7%; ICC: 0.69-0.77) and between sequences (wsCV: 15.1%; ICC: 
0.69). Reproducibility of delta CBF was relatively low, both within (wsCV: 182-
297%; ICC: 0.04-0.32) and between sequences (wsCV: 185%; ICC: 0.45), while 
inter-session variation was low. This may be due to delta CBF’s small mean effect 
(0.77-1.32 mL/100g gray matter/min). In conclusion, fASL seems sufficiently sen-
sitive to detect task-related changes on a group level, with acceptable inter-se-
quence differences. Resting CBF may provide a consistent baseline to compare 
task-related activation to, but absolute regional CBF changes are more variable, 
and should be interpreted cautiously when acquired with two pCASL product 
sequences.

INTRODUCTION

Arterial spin labeling (ASL) perfusion magnetic resonance imaging (MRI) is be-
ing increasingly used for imaging of task-related brain activation. Such func-
tional ASL (fASL) has been used to study the neural correlates of a multitude of 
cognitive domains, including attention [1], memory [2], language [3], visual [4] 
and sensorimotor processing [5], and is increasingly considered as an alterna-
tive to blood oxygen level-dependent (BOLD) functional MRI (fMRI), which has  
been predominantly used as a marker for neural activation during the last two 
decades.

ASL has several advantages over BOLD imaging with respect to acquisition and 
interpretation. First, ASL has better sensitivity in low frequency paradigms. The 
BOLD signal has been shown to be confounded by slow ‘drift’ effects in baseline 
signal, which are reduced in ASL imaging as a result of the pairwise subtrac-
tion of labeled and unlabeled images [5]. Second, despite the intrinsically low 
signal-to-noise ratio (SNR) of ASL, spatial localization of neuronal activity seems 
more accurate when measured with ASL than with BOLD. The BOLD signal is af-
fected by macrovascular venous effects [6] whereas ASL is more sensitive to the 
microvasculature [7]. The interpretation of the BOLD signal is more complex as it 
reflects a combination of cerebral blood flow (CBF), cerebral blood volume (CBV) 
and cerebral metabolic rate of oxygen consumption (CMRO2) [8,9], whereas ASL 
provides a measure of CBF that is relatively less sensitive to other hemodynamic 
parameters. Furthermore, ASL provides an in principle quantitative measure of 
CBF, whereas the BOLD signal is relative. These advantages favor the application 
of fASL over fMRI BOLD for task-related brain imaging.

The quantitative aspect of ASL in particular could facilitate the comparison and 
exchange of CBF values across multiple sites and enable multicenter studies, for 
instance, to pool data. However, before fASL can be used as such, its variability 
needs to determined, not only within sessions and scanners, but also between 
product sequences of different vendors, as each vendor provides its own particu-
lar ASL implementation. Reproducibility of ASL in general is affected by intrinsic 
properties, such as low SNR and relative sensitivity to hemodynamics such as 
arterial transit time (ATT) [10]. In addition, although within-sequence reproduc-
ibility is sufficient for the commonly available labeling schemes [11-22], pseudo-
continuous arterial spin labeling (pCASL) has been shown to be best reproduc-
ible within session, scanner, and vendor, being more stable and less variable 
than continuous ASL (CASL) and pulsed ASL (PASL) [23,24]. 

Nevertheless, not every user is aware of the potential impact of these factors and 
may assume that any ASL implementation will provide the same information, as 
can be expected from a quantitative technique. This may seem particularly ap-
pealing for the quantification of brain activation in functional imaging studies. The 
extent to which different vendor implementations affect these data is not known. 
We will therefore compare two pCASL product sequences as implemented by two 
different vendors, while limiting adjustment of sequence parameters to within the 
constraints imposed by the vendor-specific implementation. 
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Baseline or resting CBF values have been found to be well reproducible within 
sessions, within scanners, and between scanners of the same vendor on a whole-
brain level, whereas on a regional level reproducibility was lower [23,24].. We 
previously assessed the reproducibility of whole-brain resting CBF within and be-
tween pCASL product sequences at 3T scanners of two different vendors [25]. 
Mean global CBF did not differ between product sequences, but voxel-by-voxel 
assessment revealed regional differences. Regional variability presents a chal-
lenge for fASL, where local effects are of particular interest. In addition to the 
variability in regional CBF changes, the variability in the detection of such CBF 
changes needs to be assessed. Sufficient and similar sensitivity to detect local 
task-induced CBF changes is a prerequisite for multicenter fASL implementa-
tions, and essential to good reproducibility.

As of yet, variability of quantitative fASL and variation of sensitivity for task-induced 
CBF changes between product sequences of different vendors have not been stud-
ied. Not only is this information essential for exchanging and comparing fASL data, 
but results generated by one product sequence can only be generalized to anoth-
er if variability between them is known. The aim of the present study was to assess 
quantitative fASL by 1) assessing sensitivity to detect regional CBF changes in a 
voxel-wise whole-brain analysis, and 2) by investigating regional reproducibility of 
both resting CBF and task-induced CBF changes in the primary motor cortex, within 
and between pCASL product sequences from two major vendors. We investigated 
this by means of paced finger tapping, a simple behavioral paradigm that is known 
to elicit robust and consistent regional activation in the primary motor cortex in a  
multitude of activation studies using BOLD as well as fASL (e.g [5-7]). We em-
ployed this paradigm in healthy volunteers using product sequences from two 
different vendors.

METHODS

Participants

Twenty-two healthy volunteers, aged 18-40 years, were recruited as part of a 
larger study on ASL reproducibility [25]. Participants were recruited through ad-
vertisement at the University of Amsterdam. Only participants with no history of 
neurological or psychiatric disease were included. Participants that used medica-
tion other than contraceptives, or had contraindications for MRI were excluded. 

Participants were asked to limit their consumption of alcohol, nicotine and caf-
feine to a maximum of three units 12-24 hours prior to scanning, and to refrain 
from consuming alcohol, nicotine and caffeine 12 hours prior to scanning. The 
study was approved by the local medical research ethics committees of both 
sites: the Erasmus MC – University Medical Center Rotterdam and the Academic 
Medical Center, Amsterdam and was conducted according to the Declaration of 
Helsinki. All participants gave written informed consent and received financial 
compensation for participation.

Image acquisition

Imaging was performed on a 3T Intera (Philips Healthcare, Best, the Netherlands) 
and a 3T Discovery MR750 (GE Healthcare, WI, USA) scanner, using an 8 chan-
nel receive head coil. Participants were scanned twice on both scanners, i.e. four 
sessions in total, in no specific order (Figure 1A). Scanning sessions were sepa-
rated by at least one week, but no more than four weeks.

Table 1: Vendor-specific parameters of the pCASL product sequences 

GE Philips 

Readout sequence 3D FSE stack-of-
spirals 

2D gradient-echo 
single-shot EPI 

Acquisition matrix 8 arms with 512 
sampling points 80 * 80 

Parallel imaging No SENSE factor = 2.5 

Voxel size 3.75 * 3.75 * 4 mm3 3 * 3 * 7 mm3 

Field of view (FOV) 24 * 24 cm
2
 24 * 24 cm

2
 

Number of slices 36 17 

Echo time 10.5 ms 17 ms 

Repetition time 4 600 ms 4 000 ms 

Flip angle 111° 90° 

Labeling duration 1 450 ms 1 650 ms 

Post-labeling delay 1 525 ms 1 525 ms 

Labeling plane (distance from 
AC-PC linea in head-feet direc-
tion) 

89 mm 72 mm 

Background suppression Yes Yes 

Vascular crushers No No 

Total scanning time 2:01 min 2:08 min 

NEX (no. of excitations) GE; 
 NSA (no. of repetitions) Philips 1 16 

a anterior commissure – posterior commissure line
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A high resolution 3D T1-weighted (T1w) scan for anatomical reference was ac-
quired during one of the two sessions on each scanner. Perfusion data were ac-
quired using pCASL product sequences that were provided by the vendor of each 
scanner. As we aimed to assess the reproducibility of the currently implemented 
(i.e. product) sequences, we chose to employ vendor-supplied sequences rather 
than to reprogram the sequences to make them match completely. Hence, pa-
rameters were only adjusted within the given limits of the clinical scanning se-
quences. Imaging data of the two sites were acquired by two different research-
ers. Strict agreements were made about the complete process of instructing and 
positioning participants in order to minimize differences between researchers and 
subsequently between sequences. Details of both pCASL sequences are listed 
in Table 1. Note that on the GE scanner a segmented 3D readout was employed, 
whereas on the Philips scanner single-shot multi-slice 2D imaging was combined 
with averaging to obtain a temporal resolution similar to the GE-sequence. Anoth-
er difference between sequences was that on the GE scanner perfusion data are 
averaged during acquisition, whereas for Philips data is averaged after acquisi-
tion, after pair-wise subtraction of label and control images during post-process-
ing. As the GE sequence only provides three fixed post-labeling delays (1 025, 1 
525 and 2 025 ms for respectively children, adults, and older adults or adults with 
cerebrovascular disease), a delay of 1 525 ms, considered most suitable for the 
current population, was selected for all ASL imaging.

Motor activation paradigm

Eight ASL scans were acquired, during which participants performed a blocked 
motor activation task (Figure 1). Block length was equal to acquisition time of one 
scan, i.e. 2 minutes. Participants were instructed to tap the fingers of both hands 
to the thumbs in random order (finger tapping, FT) during the odd scans and to 
keep their hands still (rest) during even scans. FT was auditorily paced at a fre-
quency of 1 Hz.

Data processing

The imaging data were processed according to the methods described in full in 
Bron et al., 2014 [26].

Tissue segmentation
The unified tissue segmentation method [27] of SPM8 (Statistical Parametric Map-
ping 8, Wellcome Trust Centre for Neuroimaging, University College London, UK) 
was used to obtain gray matter (GM), white matter (WM) and cerebrospinal fluid 
(CSF) probability maps from the T1w image. 

ASL post-processing
For Philips data, label and control pCASL images were pair-wise subtracted (with-
out motion correction) and averaged to obtain perfusion weighted images. For GE 

Figure 1: design and analyses. Schematic overview of A) experimental design and analy-
ses of B) whole-brain voxel-wise activation sensitivity and of C) reproducibility of regional 
resting CBF and regional task-induced CBF changes
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data, the perfusion-weighted images, as provided by the scanner, were used. For 
each participant, the perfusion-weighted image and the GM probability map were 
rigidly registered (Elastix registration software [28]). The results of the registration 
were visually inspected and showed good correspondence.

Quantification
To quantify the perfusion-weighted maps of both pCASL sequences as cerebral 
blood flow (CBF) maps, a single-compartment model was used [10]:

)1(2
6000λmin)/100/(

1

1

/
1 0

/

a

a

T
a a

TPLD

eT M
MegmLCBF τα --

∆=

Parameters used in this model and their values are summarized in Table 2. Dif-
ferences in effective post-labeling delay for different slices resulting from the 2D 
multi-slice readout were accounted for in the Philips data (Table 2). 

Table 2: variables of the single-compartment model used for quantification (based on 
Alsop et al., 2015 [10]) 

Symbol Variable Value 

λ
blood-brain parti-
tion coefficient for 
gray matter 

0.9 mL/g 

 ΔM perfusion-weight-
ed image 

Philips: corrected for transversal magnetiza-
tion decay time (T2*) of arterial blood (50 ms) 
during the 17 ms echo time (TE) by eTE/T2* {{242 
Hammers,A. 2003; 243 Gousias,I.S. 2008}}

Moα

equilibrium mag-
netization of arte-
rial blood 

GE: obtained by individual proton density 
maps, adjusted for T1 decay time of gray mat-
ter tissue (T1GM, 1.2 s) during saturation recov-
ery time  
(tsat, 2 s) by 1 – e-tsat/T1GM; Philips: scanner aver-
age (3.7*106 a.u.) from previous study [29]

PLD post-labeling delay 1 525 ms 

 T1α

longitudinal relaxa-
tion time of arterial 
blood 

1 650 ms [30]

α labeling efficiency 
0.8 [31]. In order to correct for background  
suppression pulses [32]: for GE α* 0.75; for 
Philips: α* 0.83

τ labeling duration GE: 1 450 ms; Philips: 1 650 ms 

Whole-brain voxel-wise preprocessing 
and activation sensitivity analysis
Registered T1w images and CBF maps were transformed to a common template 
space based on the T1w images of all participants [26]; CBF maps were smoothed 
using an isotropic 8 mm full width at half maximum (FWHM) kernel.

Voxel-wise differences within and between sequences in relation to finger tapping 
(Figure 1B) were assessed using SPM8. Averaged CBF maps per block of finger 
tapping (FT) and rest were convolved with the hemodynamic response function 
and modeled on an individual level using a General Linear Model (GLM), yielding 
parameter estimates for the main effects of FT and rest and the contrast [FT > 
rest] which were subsequently used in group analyses (Figure 1B). Task-induced 
changes were assessed per session per sequence by pair-wise comparison of 
main effects of FT and rest for each participant during each session. As partici-
pants were scanned in a random order, we chose to assess inter-sequence dif-
ferences by means of a repeated measures ANOVA on the contrast [FT > rest] for 
GE (session) 1 compared to Philips 2 and GE 2 to Philips 1 (n=44). By comparing 
sessions this way, we can assume that temporal physiological variation affected 
intra-sequence and inter-sequence reproducibility to a similar extent. All voxel-
wise results were thresholded at p<0.001 without correction for multiple com-
parisons, to be maximally sensitive to intra- and inter-sequence differences in the 
detection of CBF changes.

ROI preprocessing and regional reproducibility analysis

ROI labeling and selection
Individual CBF maps were transformed to individual T1w image space for region 
of interest (ROI) analysis. ROIs for each participant were defined using a multi-
atlas approach by registering thirty labeled T1w images, each containing 83 ROIs 
[33,34], to the participants’ T1w images, using a rigid, affine, and non-rigid model 
consecutively. For the current study, we focused on the bilateral primary motor 
cortex, i.e. the superior aspect of the precentral gyri, containing the hand-motor 
area [35]. The hand motor area was identified in all thirty T1w atlas images and 
followed down to the level of the cingulum, which was used as the inferior cut 
off of the precentral gyrus. Analysis of CBF in the primary motor cortex was per-
formed in GM only.

CBF post-processing in the primary motor cortex
For every pCASL scan, mean GM CBF values were obtained from the left and 
right superior precentral gyrus (primary motor cortex). CBF values were averaged 
per session over the four FT blocks and over the four rest blocks, and then over 
the primary motor cortex bilaterally, such that for every session we obtained one 
mean GM CBF value in the bilateral primary motor cortex for the FT condition 
(CBFFT) and one for the rest condition (CBFrest, Figure 1C).
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Task-induced regional CBF changes within sessions
To assess task-induced CBF changes in the primary motor cortex, CBFFT and 
CBFrest within sessions were compared with paired t-tests (p<.05). Absolute CBF  
changes as a result of finger tapping are referred to as delta CBF: [CBFFT – CB-
Frest] (Figure 1C). 

Reproducibility of regional resting CBF and 
regional task-induced CBF changes 
Intra- and inter-sequence reproducibility were assessed by the following mea-
sures (Figure 1C):

1.	 Within-subject coefficients of variation (wsCV) were calculated as the ratio of 
the standard deviation of the CBF difference (SDdiff) between sessions to the 
mean CBF value of those sessions: wsCV = 100% (SDdiff/mean value). The 
SDdiff , rather than the SD of the mean, was used to reflect the extent of vari-
ability in differences in relation to the mean.Mean CBF values over sessions, 
mean CBF differences between sessions, SDdiff, and wsCVs and their 95% 
confidence intervals (CIs) are reported for CBFrest, CBFFT, and delta CBF.

	 Intra-sequence measures were calculated between the two sessions per se-
quence. Inter-sequence measures were calculated by comparing GE (ses-
sion) 1 to Philips 2 and GE 2 to Philips 1 (n=44).

2.	 Intraclass correlation coefficients (ICC) and 95% CIs were calculated for  
CBFrest, CBFFT, and delta CBF. A two way-random model and absolute agree-
ment were employed to allow for generalization of the results and to take into 
account systematic variability between sequences, respectively. ICCs were 
defined as function of ANOVA mean squares using the following formula [36]:

	 BMS - EMS 

BMS + (K - 1) EMS + k / n (JMS - EMS)

	 in which BMS refers to the between-targets mean square (i.e. variance be-
tween participants), JMS refers to the between-judges mean square (i.e. 
variance between intra- or inter-sequence sessions) and EMS to the residual 
mean square (i.e. residual sources of variance), in a two-way ANOVA with n = 
22 (intra-sequence) or 44 (inter-sequence) targets and k = 2 judges. 

	 Inter-sequence ICCs were calculated between the two sessions per sequence 
by comparing GE (session) 1 to Philips 2 and GE 2 to Philips 1 (n=44).

3.	 Bland-Altman plots and 95% limits of agreement (mean difference ± 1.96  
SDdiff) were created for CBFrest and delta CBF to visualize agreement within 
and between sequences.

Statistical analyses were carried out in IBM SPSS Statistics, version 20.0 (New 
York, USA).

RESULTS

Participant characteristics

Nine male and 13 female volunteers with a mean age of 22.1 ± 2.1 years (range: 
19-27 years) participated in the study. It should be noted that one participant had 
CBF values that were 2 – 3 standard deviations higher than the group mean, but 
this participant was retained in the analysis as data were normally distributed 
(Kolmogorov-Smirnov tests did not detect significant deviations from normality 
in any session, p>.05). The two sessions scanned using the GE sequence were 
separated by 2.8 ± 1.0 weeks and those using the Philips sequence by 2.6 ± 0.9 
weeks (not significant (n.s.)). Inter-sequence sessions were separated by 3.1 ± 
1.1 weeks (GE 1 – Philips 2) and 2.6 ± 1.9 weeks (GE 2 – Philips 1), n.s.. Both 
sessions scanned with the GE sequence took place at an earlier time of day 
than those scanned with the Philips sequence: 3:26pm ± 4h00min and 3:55pm ± 
3h34min versus 8:16pm ± 2h06min and 7h47pm ± 2h38min respectively, p<.05.

Figure 2: whole-brain voxel-wise CBF differences associated with finger tapping compared 
to rest.
Activation maps are overlaid on a mean T1w scan. T-maps for the two sessions of A) GE 
and B) Philips sequences are thresholded at t=3.52, p<.001 (uncorrected). C) shows the F-
map depicting differences in activation between pCASL sequences, thresholded at F(2,63) 
= 7.7, p<.001 (uncorrected).



189188

Ve
nd

or
-s

pe
ci

fic
 fe

at
ur

es
 o

f a
rte

ria
l s

pi
n 

la
be

lin
g 

M
RI

4.2

Whole-brain voxel-wise activation 
sensitivity of pCASL sequences
Voxel-wise CBF changes in relation to FT are illustrated with t-statistic maps in 
Fig. 2. Both with GE (Fig. 2A) and Philips (Fig. 2B) CBF increases were observed 
in the bilateral primary motor cortex in both sessions. Additional activation was 
observed in the supplementary motor area and the left cerebellum in GE session 
2; and in the thalamus, and supplementary motor area in both Philips sessions. As 
can be appreciated visually, Philips (Figure 2B) seems to be more sensitive to de-
tect activation than GE (Figure 2A). Upon formal assessment with repeated mea-
sures ANOVA (Figure 2C), differences between pCASL sequences were found in 
the right primary motor cortex, left precuneus, right posterior cingulate, and in the 
bilateral thalamus.

Task-induced regional CBF changes within sessions

Absolute CBF values differed systematically between pCASL sequences, with 
mean CBFrest values being 4.1 mL/100g GM/min lower as measured with GE than 
with Philips. The increase in CBF in the motor cortex as a result of FT was signifi-
cant for both GE sessions and the second Philips session (Table 3). The increase 
in CBF due to FT relative to CBFrest was larger for the two GE sessions (6.13 and 
4.27%) than for the two Philips sessions (2.27 and 3.53%).
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Table 3: mean CBF and standard deviations (mL/100g GM/min) in the motor cortex during 
finger tapping and rest, and respective p-values; and relative CBF increase expressed as a 
percentage of resting CBF, per sequence per session. 

GE Philips

Session 1 Session 2 Session 1 Session 2

FT R FT R FT R FT R

Mean 65.8 62.0 66.2 63.5 69.6 68.1 67.8 65.5

SD 11.49 14.11 9.50 10.60 13.10 13.39 11.65 14.45

p-value .005 .010 .078 .020
Relative CBF 
increase (%) 6.13% 4.27% 2.27% 3.53%

CBF: cerebral blood flow, SD: standard deviation, FT: finger tapping, R: rest.
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Reproducibility of regional resting CBF and 
regional task-induced CBF changes
WsCV, SDdiff, mean CBF values and ICCs and 95% CIs are reported for CBFrest, 
CBFFT, and delta CBF in Table 4. WsCVs were comparable within and between 
pCASL sequences for CBFrest and CBFFT. 

Reproducibility of CBFrest and CBFFT in terms of ICCs was moderate to good for 
both sequences, with ICCs of .69 and .66 for GE and .77 and .75 for Philips, 
respectively (Figure 3). Reproducibility of absolute delta CBF was poor for both 
sequences with ICCs of .32 (GE) and .04 (Philips), and CIs being 1.5 – 2.3 times 
larger than for CBFrest and CBFFT. Between sequences, reproducibility was rea-
sonable for CBFrest (.69) and CBFFT (.61) and fair for absolute delta CBF (ICC: .45). 
Inter-sequence CIs for delta CBF were approximately 1.3 times larger than for 
CBFrest and CBFFT.

Figs. 4-I and II show the agreement within and between sequences for CBFrest 
and absolute delta CBF respectively. For both CBFrest and delta CBF, differences 
within sequences were somewhat larger for measurements performed with GE 
(Figs. 4A-I and II) than with Philips (Figs. 4B-I and II). The low intra-sequence 
reproducibility of delta CBF with Philips in particular (Figure 4B-II) is illustrated 
by the variability relative to the mean effect being higher for delta CBF than for 
CBFrest (Figure 4B-I). Both CBFrest and delta CBF show a comparable spread in dif-
ferences within and between sequences. Figure 4C-I and II show the agreement 
between sequences for CBFrest and delta CBF respectively, and illustrate that al-

Figure 3: intra- and intersequence intraclass correlation coefficients for CBFrest, CBFFT and 
delta CBF in the motor cortex. 
Error bars denote 95% confidence intervals. 
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though the spread in differences is higher for CBFrest (Figure 4C-I), the variability 
relative to the mean effect is 1.5 times as large for delta CBF (Figure 4C-II).

DISCUSSION

Using pCASL product sequences as supplied by two MR vendors, we found that 
sensitivity to detect primary motor cortex activation was sufficient and comparable 
for both sequences. Secondly, we found intra- and intersequence reproducibility 
of resting CBF in the motor cortex to be reasonably good, as was reproducibility 
of CBF during finger tapping. More important in the context of fASL however, we 
found absolute CBF changes to be only moderately reproducible, both within 
and between sequences, despite a more or less consistent task-induced CBF 
increase within sessions at the group level.

This study adopted a pragmatic and clinically applicable approach in employing 
pCASL product sequences as supplied by the vendors. Parameters were ad-
justed to match each other as much as possible, but within the constraints of the 
provided sequence. This reflects the de facto situation of commercially supplied 
sequences in which parameters can only be adjusted to a certain extent. As CBF 
measured with ASL is claimed to be and promoted as a quantitative measure, 
one would assume that measurements are independent of sequence parameters. 
Here we show to what extent standard implementation of the sequences gives 
rise to substantial differences and thus limited reproducibility for functional ASL.

The increase in CBF in the motor cortex during finger tapping is in line with previ-
ous cross-sectional fASL studies employing finger tapping paradigms [5,7,37,38]. 
Our results replicate these findings within both sequences, except in one of the 
Philips sessions. Although we found the extent and spatial patterns of activation 
to differ between sequences, they both detected activation in the primary motor 
cortex as a result of finger tapping, and formal comparison of activation patterns 
between sequences demonstrated only minor differences in motor areas. This 
supports the notion that on the group level, fASL is sufficiently sensitive to detect 
activation in the primary motor cortex, and that differences in sensitivity between 
pCASL product sequences are acceptable. The magnitude of CBF changes was, 
however, surprisingly modest in our study compared to previous studies, which 
may – at least partially – be due to methodological differences. For instance, our 
ROI comprised the entire superior precentral gyrus, which may have resulted 
in only a modest increase since CBF is averaged over this entire ROI. Previous 
studies quantified CBF in ROIs more spatially specific to activation, such as the 
‘precentral hand knob’ or activated volumes [5,39].   

We found reproducibility of resting CBF in the motor cortex to be reasonably good 
within and good between pCASL sequences. Our intra-sequence results are in 
line with previous whole-brain resting CBF studies that have shown reasonable 
to good reproducibility within and between sessions on the same scanner [23], 
as well as between scanners of the same vendor [16,24]. We recently compared 
resting gray matter CBF between two different pCASL sequences and also found 

it to be well reproducible on the global level [25]. The current study focused on 
regional resting gray matter CBF and showed that, when compared to global 
CBF, reproducibility was slightly lower. Previous studies found that smaller re-
gions are subject to higher variability and thus may yield lower reproducibility 
estimates [11,23]. In addition, regional reproducibility has been found to be lower 
for CBF measured at an interval of 2-4 weeks than for measurements within one 
day, implying that temporal physiological differences dominate between-weeks 
reproducibility [23,40]. Other sources of physiological variation may also be pres-
ent, such as the one participant with CBF values that were consistently higher 
than the group mean. This physiological variation could have been accounted for 
by adding global CBF as a covariate, but as we aimed to demonstrate the vari-
ability in absolute regional CBF changes, scaling the signal would have defeated 
the objective of the current study.

Apart from temporal dynamics in physiology, regional variability could also be 
affected by the difference in effective post-labeling delay (PLD) between pCASL 
sequences. In order for labeled blood to reach the relatively superiorly located 
motor cortex, arterial transit time (ATT) is longer than for inferior regions, because 
of the larger distance between the labeling plane and the target tissue. This was 
previously demonstrated by Gonzalez-At et al. [41], who measured ATT to the 
visual region (5.1 cm from the labeling plane) to be 514 ms and to the motor re-
gion (11.5 cm from the labeling plane) 906 ms. Although in the current study the 
same initial PLD (1 525 ms) was applied for both sequences, the 2D multi-slice 
acquisition employed by Philips may have allowed labeled blood more time to 
reach superior slices, including regions with longer arrival times, than did the 
single time-point 3D acquisition employed by GE. This difference in effective PLD 
between sequences may have contributed to decreased reproducibility between 
their respective measurements. Moreover, the level of reproducibility of different 
regions seems to vary with PLD [16], with a PLD of 2 500 ms yielding better repro-
ducibility than a PLD of 1 500 ms when using a 3D single time-point sequence. 
Therefore, effective PLD differences may have affected our results, as the pre-
central gyrus is located at the superior aspect of the brain, and therefore exhibits 
longer transit delays. This may have led to an underestimation of CBF values due 
to incomplete inflow of label, and to higher variability due to difference in arterial 
arrival times. Note that this is not resolved by merely prolonging the PLD, because 
although this may be a benefit for optimal bolus delivery, it also compromises 
signal due to label decay.

Differences between sequences may not only affect resting CBF measures, but 
also those of motor activation. Studies that compared fASL data obtained with 2D 
and 3D sequences found that activated clusters are generally larger when using 
3D sequences, while 2D sequences yield larger effect sizes in terms of relative 
CBF changes [42,43]. Our results on the other hand showed larger activated 
clusters with the 2D sequence, and larger relative CBF changes with the 3D se-
quence. The larger effective PLD of Philips may have allowed more labeled blood 
to reach the primary motor cortex during finger tapping than GE, yielding larger 
activation clusters. In addition, the 3D sequence is more susceptible to spatial 
blurring, which obscures the gray matter to white matter contrast [42], and may 
attenuate signal from the gray matter. The larger relative signal change measured 
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with GE on the other hand may be explained by decreasing ATT as a result of 
finger tapping [41]. Although (pseudo-) continuous ASL techniques are not very 
sensitive to changes (especially decreases) in ATT [44], it is likely that the known 
decreased ATT during neuronal activation [45] also leads to faster extravasation 
of the label into the tissue compartment, leading to faster decay of the label as 
the longitudinal relaxation time of tissue is shorter than that of blood. This would 
lead to an underestimation of CBF during activation. Additionally, because of its 
shorter effective PLD, particularly in the superior regions, such shorter ATT after 
finger tapping may have caused the relative signal change as measured by GE 
to be higher than by Philips. 

The reproducibility of delta CBF, i.e. the CBF difference observed between finger 
tapping and rest, is less straightforward to interpret. Despite the smaller inter-
session variation of delta CBF differences (as indicated by smaller standard de-
viations of differences) when compared to that of resting CBF and finger tapping 
CBF, wsCVs are extremely high. The relatively small effect of delta CBF is more 
likely to be susceptible to high variability than resting and finger tapping CBF, 
which may affect its reproducibility to a larger extent than the other CBF mea-
sures. This is in fact reflected by the ICCs indicating poor intra-sequence repro-
ducibility. Previous fASL studies reported wsCVs of 10-11% [39,46], and ICCs up 
to 0.74 [47], between sessions that were a week apart. However, these studies 
assessed the reproducibility of relative CBF changes, instead of absolute CBF 
changes. It has been suggested that relative CBF changes are more accurate 
and robust than absolute CBF changes, as they may reduce potential effects of 
basal perfusion variations on measures of neuronal activation [47]. Relative CBF 
changes may therefore generate higher ICCs than absolute CBF changes. Nev-
ertheless, as mentioned earlier, as absolute quantification is a specific advantage 
of fASL, it seems more appropriate to investigate the reproducibility of absolute 
CBF changes.

Slight variation in signal change as a result of finger tapping has been observed, 
but shown to be similar between sessions that took place on the same day or on 
different days [46]. Raoult et al. [47] found similar levels of variation using a finger 
flexion-extension paradigm. Moreover, they found task-induced CBF to be higher, 
albeit not significantly, with shorter sequence lengths, and concluded that a mo-
tor paradigm with 4 blocks of 30s on/off activation is optimal for clinical practice 
[39]. Longer sequence durations are considered to induce habituation and thus  
decreased activation. Our paradigm consisted of 2 minute blocks of on/off ac-
tivation because of the limited temporal resolution of the GE sequence. These 
relatively long blocks thus may have attenuated activation, and thus the effect of 
finger tapping as compared to other studies, which may have reduced reproduc-
ibility.

On the other hand, one of the major reasons to use ASL for functional imaging 
is its suitability for low frequency designs, as it is much less sensitive to drift ef-
fects over time than BOLD fMRI [48]. Wang et al. [5] even demonstrated that 
fASL shows constant sensitivity across different task frequencies corresponding 
to blocks lengths ranging from 0.5 – 5 minutes, with ASL outperforming BOLD 
contrast at a block length of 4 minutes. Some higher cognitive functions, such 

as sustained attention [1], depend on an experimental design with even longer 
blocks to detect slow, low-frequeny signal changes of interest, for which fASL is 
particularly well suited. Despite ASL’s appropriateness for such cognitive para-
digms, we purposely chose a simple behavioral paradigm known to elicit robust 
and consistent regional activation, before moving on to more complex processes 
and paradigms. We find that even this simple motor activation paradigm gives 
rise to substantial variability, which warrants caution with respect to more com-
plex and less robust designs. 

To our knowledge, no studies exist on the reproducibility of task-induced CBF 
changes using pCASL product sequences from two different vendors. In the cur-
rent study, we found reproducibility of task-induced CBF to be comparable within 
and between sequences, both in terms of wsCV and ICC. Nevertheless, the find-
ings indicate that absolute CBF changes in the motor cortex still vary consider-
ably, and this variation needs to be taken into account when comparing regional 
quantitative CBF changes, particularly between sequences. Therefore, absolute 
fASL data should not be simply pooled between product sequences. 

This study has some limitations. First, we quantified CBF using a model that sim-
plifies the actual in vivo situation, which would have required measurement of 
many variables that are difficult to obtain on an individual basis. This is illustrated 
by the discrepancy between the results of the voxel-wise group analysis and re-
gion-wise analysis: whereas the qualitative voxel-wise analysis showed accept-
able inter-sequence differences, results from region-wise quantitative analysis 
are far less similar. Nevertheless, this lends support to our conclusion that current 
standard implementation of ASL and recommended analysis of ASL are not – yet 
– suited for quantitative functional ASL experiments. Second, we did not collect 
information on motor behavior. Although variations in frequency were avoided by 
externally pacing the finger tapping, we may have missed individual variations 
in tapping, which may have added to the variability. Next, as time of acquisition 
differed between sequences, with GE data collected earlier on the day, diurnal 
fluctuations in CBF may have added to variability between sequences. This po-
tentially affected reproducibility of resting CBF more than that of delta CBF, as the 
latter is based on a subtractive measure. Still, inter-sequence reproducibility of 
resting CBF was found to be reasonably good. Furthermore, subsequent analysis 
of the Philips data was performed in a similar manner to maximize comparability 
with the GE data, i.e. by averaging over rest and activation periods, whereas one 
would normally choose to exploit the higher temporal resolution in a more formal 
manner within the design matrix. Finally, due to practical constraints we studied 
the product sequences of only two out of the three major vendors on the market. 
Although assessment of variability between the three vendors would have been 
more comprehensive, the current study was conducted as a proof-of principle, 
and demonstrated as such that substantial variability is already evident when 
product sequences of two vendors are compared. Future work should be directed 
at optimizing ASL sequences for functional imaging, and at assessing sensitivity 
and reproducibility of fASL in single-subject designs, as longitudinal studies and 
clinical application of fASL will eventually need to be aimed at repeated measure-
ments within individuals.
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In conclusion, in a voxel-wise whole-brain analysis, fASL shows sufficient sensi-
tivity to detect regional CBF changes on a group level, both within and between 
pCASL product sequences of two different vendors. The between sequence re-
producibility of fASL is comparable with within sequence reproducibility, although 
inter-sequence differences in readout should be taken into account. Although 
reproducibility of regional resting CBF is affected by differences in sequence 
implementation, particularly in the readout, resting CBF in the motor cortex may 
provide a reasonably consistent baseline to compare task-induced CBF to. The 
relatively low reproducibility of task-induced CBF changes in the primary motor 
cortex, however, should be taken into consideration when comparing fASL data 
between sessions and particularly between pCASL product sequences as imple-
mented by different vendors. Its interpretation should be performed with caution 
in repeated measurements and multicenter designs, as current vendor-specific 
implementations do not allow for simple pooling of functional ASL data.
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ABSTRACT

Objective The current study assesses the multi-center feasibility of pharmaco-
logical arterial spin labeling (ASL) by comparing a caffeine-induced relative ce-
rebral blood flow decrease (%CBF) measured with two pseudo-continuous ASL 
sequences as provided by two major vendors.

Material and Methods Twenty-two healthy volunteers were scanned twice with 
both a 3D spiral (GE) and a 2D EPI (Philips) sequence. The inter-session repro-
ducibility was evaluated by comparisons of the mean and within-subject coef-
ficient of variability (wsCV) of the %CBF, both for the total cerebral gray matter 
and on a voxel level.

Results The %CBF was larger when measured with the 3D spiral sequence 
(23.9% ± 5.9%) than when measured with the 2D EPI sequence (19.2% ± 5.6%) 
on a total gray matter level (p=0.02), and on a voxel level in the posterior water-
shed area (p<0.001). There was no difference between the gray matter wsCV of 
the 3D spiral (57.3%) and 2D EPI sequence (66.7%, p=0.3), whereas on a voxel 
level the wsCV was visibly different between the sequences.

Conclusion The observed differences between ASL sequences of both vendors 
can be explained by differences in the employed readout modules. These differ-
ences may seriously hamper multi-center pharmacological ASL, which strongly 
encourages standardization of ASL implementations.

INTRODUCTION

Pharmacological magnetic resonance imaging (phMRI) is increasingly used as a 
tool to study hemodynamic changes in response to a pharmaceutical substance 
[1]. Cerebral blood flow (CBF) as a marker of drug effects has potential use at 
various stages of human drug research and may even enable to monitor or pre-
dict therapeutic efficacy [2,3].

Arterial spin labeling (ASL) is an attractive MRI perfusion modality that exhibits sev-
eral advantages compared to modalities that have previously been used to study 
pharmacological effects on the brain [4]. The use of blood as an endogenous per-
fusion tracer renders ASL non-invasive, making it preferable to modalities based 
on exogenous tracers such as positron emission tomography (PET) [5]. Because 
ASL is based on a subtraction method, scanner signal drift is cancelled out, which 
renders ASL preferable to blood-oxygen-level-dependent (BOLD) pharmacologi-
cal MRI for the study of longitudinal changes [4]. Moreover, ASL enables absolute 
CBF quantification as compared to the complex contrast provided by BOLD. This 
exact quantification is a key advantage of ASL for the assessment of drug effects 
on CBF during both resting and task activation states [4].

Through several methodological advances, ASL perfusion MRI has matured to the 
point where it can provide whole brain perfusion images in only a few minutes of 
scanning [6]. The reproducibility of baseline measurements has been thoroughly 
assessed and initial pharmacological ASL (phASL) results are promising [7-10]. 
Therefore, the initiation of large-scale multi-center pharmacological ASL (phASL) 
trials is the next step to extend our understanding of the effects of drugs on cere-
bral hemodynamics [4].

One main obstacle that may impede multi-center studies, is that fundamental dif-
ferences exist between ASL implementations of different vendors [11-13]. It is 
currently unknown to what extent these differences limit the interpretation and/or 
power of phASL. Therefore, we performed a multi-vendor reproducibility study in 
which we employed caffeine as a pharmacological challenge, of which the base-
line results have been reported elsewhere [13].

Caffeine is an adenosine antagonist that not only acts as a neuro-stimulant (ad-
enosine A1) but is also a strong vasoconstrictor (adenosine A2), reducing CBF by 
13‒30% [14,15]. Furthermore, caffeine is one of the most socially accepted and 
widely consumed neuro-stimulants in the world, which facilitates its use in explor-
ative studies in healthy volunteers [16,17]. For these reasons, caffeine has been 
the research topic in many pharmacological MRI studies and can be considered 
a first choice challenge to gain knowledge and experience with phASL [4].

The current study assesses the inter-session reproducibility of a caffeine-induced 
CBF decrease as measured with pseudo-continuous ASL (pCASL) and compares 
this reproducibility between the different pCASL sequences of two MRI vendors. 
The mean and variation of the CBF decrease are compared on a total GM level 
and on a voxel level, to compare the reproducibility of phASL between the se-
quences on a global and on a spatial level. In addition, the obtained reproducibil-
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ity measures are employed in a sample size calculation to illustrate their implica-
tions for future phASL studies.

MATERIALS AND METHODS

Subject recruitment

Twenty-two healthy volunteers (9 men, 13 women, mean age 22.6 ± 2.1 years 
standard deviation (SD)) were included. All subjects provided written informed 
consent and the study was approved by the institutional review boards of both 
centers. In addition to standard MRI exclusion criteria, subjects with a history of 
neurologic or psychiatric disease or the use of prescription medication (except for 
oral contraceptives) were excluded. No consumption of vasoactive substances 
such as alcohol, cigarettes, coffee, licorice and tea was allowed on the scan 
days. On the day prior to the examination, alcohol and nicotine consumption was 
restricted to three units and cigarettes respectively. 

Study design

Figure 1 provides a schematic overview of the study design. All subjects were 
scanned twice at two academic medical centers in the Netherlands. MRI experi-
ments were performed at center 1 on a 3T GE scanner (Discovery MR750, GE 
Healthcare, Milwaukee, WI, US) and at center 2 on a 3T Philips scanner (Intera, 
Philips Healthcare, Best, the Netherlands), both equipped with an 8‒channel 
head coil (InVivo, Gainesville, Fl, US), in random order to avoid order effects. The 
inter-session time interval was kept at 1‒4 weeks. pCASL scans were performed 
before and 30 minutes after the oral intake of four 50 mg caffeine tablets , from a 

single preparation batch from a single supplier (Fagron, Capelle aan den IJssel, 
The Netherlands). This resulted in an average administrated dose of 2.9 ± 0.4 
mg/kg at an average subject weight of 69.2 ± 9.6 kg. For the intake of caffeine, 
subjects were removed from the scanner gantry, remained seated on the scanner 
couch and were returned in the scanner gantry after which localizer and reference 
scans were repeated. Care was taken to keep the head position in relation to the 
coil as identical as possible. Foam padding was used to restrict head motion dur-
ing scanning.

Acquisition

Each scan session included a pCASL and a 1 mm3 isotropic 3D T1-weighted scan 
for segmentation, registration and normalization purposes. On both scanners we 
employed the standard clinical pCASL protocols as provided by the vendors, 
which are currently used in clinical research [18,19]. Table 1 summarizes the sim-
ilarities and differences between the two pCASL protocols. The main difference 
between the pCASL sequences implemented by GE and Philips is the readout 
module: multi-shot spiral 3D fast spin-echo versus single-shot 2D gradient-echo 
echo-planar imaging (EPI) respectively. 

Table 1. Acquisition protocols 

3D spiral sequence 2D EPI sequence

Labeling module pseudo-continuous pseudo-continuous

Labeling pulse shape Hanning Hanning

Labeling pulse duration 0.5 ms 0.5 ms

Labeling pulse flip angle 23° 18°

Mean gradient strength 0.7 mT/m 0.6 mT/m

Maximal gradient 
strength

7 mT/m 6 mT/m

Labeling duration 1450 ms 1650 ms

Post-labeling delay 
(PLD) (initial)

1525 ms 1525 ms

PLD increase per slice n.a. 28.3 ms

PLD (average) 1525 ms 1770 ms

Labeling plane planning Fixed 22 mm below 
lower edge

89 mm below, parallel to 
AC-PC line

Labeling plane distance* 72 mm 89 mm
Figure 1. A schematic view of the study design. ASL = arterial spin labeling, caf = caffeine, 
Δ = inter-session time difference.
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Readout module 3D fast spin-echo inter-
leaved stack-of-spirals

2D gradient-echo 
single-shot echo-planar 
imaging

SENSE 2.5, CLEAR

Acquisition matrix 8 spirals x 512 sampling 
points

80 x 80

Field of view 24 cm3 24 cm2

Number of slices 36 17

Slice thickness 4 mm 7 mm

Acquisition voxel size 
(volume)

3.8 x 3.8 x 4 mm (57.8 
mm3)

3.0 x 3.0 x 7.0 mm (63 
mm3)

Reconstruction voxel 
size

1.9 x 1.9 x 4.0 mm 3.0 x 3.0 x 7.0 mm

Slice gap n.a. 0 mm

Echo time/repetition time 10.5/4600 ms 17/4000 ms

Number of signal aver-
ages

3 33

Readout planning True axial, lower edge 
fixed at lower boundary 
pons

Parallel to AC-PC line

Background suppres-
sion (n pulses)

yes (5) yes (2)

Vascular crushing no no

Acquisition duration 4:29 min 4:33 min
*Labeling plane distance represents distance from the anterior commissure-posterior com-
missure (ACPC) line  in the head-feet direction [21]. n.a. = not applicable
 

CBF quantification

Matlab 7.12.0 (MathWorks, MA, USA) and Statistical Parametric Mapping (SPM) 8 
(Wellcome Trust Center for Neuroimaging, University College London, UK) were 
used for post-processing and statistical analyses. For the 2D EPI data, label and 
control pCASL images were pair-wise subtracted and averaged to obtain per-
fusion-weighted images. For the 3D spiral data, the perfusion-weighted images 
as directly provided by the scanner were used. Since the 3D spiral data did not 
incorporate motion correction, this was also not applied to the 2D EPI data. The 
quantification of CBF from the acquired perfusion-weighted scans was based on 
a single compartment model [6]:
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where ΔM represents the difference images between control and label and M0a 
the equilibrium magnetization of arterial blood. PLD is the post-label delay (1.525 
s), T1a is the longitudinal relaxation time of arterial blood (1.650 s), α is the labeling 
efficiency (0.8), where αinv corrects for the decrease in labeling efficiency due to 
the 5 and 2 background suppression pulses for the 3D spiral (0.75) and the 2D 
EPI sequence (0.83) respectively and τ represents the labeling duration (1.450 s 
and 1.650 s for 3D spiral and 2D EPI respectively) [20-22]. The inferior-superior 
increase in post-label delay in the 2D EPI multi-slice data was accounted for. GE 
has, but Philips has not, implemented a standard M0-acquisition where proton 
density (PD) maps are obtained with a saturation recovery acquisition using read-
out parameters identical to the ASL readout. These maps were converted to M0a 
by the following equation:

	 [2]

 
where tsat is the saturation recovery time (2 s), T1GM is the relaxation time of gray 
matter (GM) tissue (1.2 s) and λGM is the GM brain-blood water partition coefficient 
(0.9 mL/g) [23,24]. For the 2D EPI data, a single 

M0a-value was used for all subjects. This value was obtained in a previous study 
within the same center, with the same scanner, head coil, pCASL protocol and a 
similar population (n=16, 56% M, age 20‒24 years), by fitting cerebrospinal fluid 
T1 recovery curves on the control images of multiple time-point pCASL measure-
ments [25]. M0 was converted to M0a by multiplication with the blood water parti-
tion coefficient (0.76), the density of brain tissue (1.05 g/mL) and by correction for 
the transversal magnetization decay time (T2*) of arterial blood (48 ms) during the 
17 ms echo time (TE) by eTE/T2* [24,26,27].

Spatial normalization

A single 3D T1-weighted anatomical scan from each scanner for each subject 
(n=44) was segmented into GM and white matter tissue probability maps. All CBF 
maps were transformed into anatomical space by a rigid-body registration to the 
GM tissue probability maps. The tissue probability maps were spatially normalized 
using the Diffeomorphic Anatomical Registration analysis using Exponentiated Lie 
algebra (DARTEL) algorithm [28]. The resulting normalization fields were then ap-
plied to the CBF maps as well.
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Statistics

Reproducibility parameters
The inter-session intra-vendor reproducibility was evaluated by a comparison of 
the relative CBF decrease (%CBF) of session 1 with %CBF of session 2 (n=22). 
%CBF was defined as:

	 [3]

 
where CBFpre and CBFpost represent the CBF maps acquired before and 30 minutes 
after caffeine intake respectively. Reproducibility analyses were based on the 
mean %CBF of the sessions (i.e. the measured phASL effect), and on the stan-
dard deviation (SD) of the inter-session difference (Δ%CBF) in %CBF (SDΔ%CBF, 
i.e. the variation of the phASL effect). The within-subject coefficient of variability 
(wsCV), a normalized parameter of variation, was defined as the ratio of SDΔ%CBF 
to the mean %CBF of both sessions.

Total cerebral GM
To assess global differences in the phASL effect between both sequences, mean 
%CBF was calculated for the total cerebral GM (tissue probability thresholded 
>70%), for each single session separately and for both sessions averaged. The 
%CBF of each session and the differences between sessions (Δ%CBF) were tested 
for normality using the Shapiro-Wilk test. A paired two-tailed Student's t-test was 
used to test whether the %CBF (both sessions pooled, n=44) and whether the 
intra-session Δ%CBF (n=22) differed between the sequences. The Levene's test 
was used to test whether there was an inter-sequence difference in SDΔ%CBF. 
Limits of agreement were defined as Δ%CBF ± 1.96 SDΔ%CBF [29]. To compare 
results with previous ASL reproducibility studies, the absolute cerebral GM CBF 
decrease was calculated as well.

Spatial comparison
To assess spatial phASL differences between both sequences, both %CBF- and 
wsCV-values were computed for each cerebral GM voxel. To test in which voxels 
the %CBF was different from 0, a two-tailed t-test was performed on the %CBF 
maps of each session. To test in which voxels the %CBF differed between the 
sequences, a two-tailed t-test was performed for both sessions pooled per ven-
dor (n=44). To be sensitive for subtle differences between sequences, statistical 
significance was not defined strictly (p<0.001, not corrected for multiple compari-
sons). Individual histograms of the %CBF maps (50 bins, range -30‒60%) were 
averaged to generate a group-level histogram of each session. Histograms  were 
generated from the wsCV-maps (40 bins, range 0‒150%). Both %CBF and wsCV 
histograms were generated for the total cerebral GM. To investigate the effect of 
differences in data smoothness between the 3D spiral and 2D EPI sequences, 
the 2D EPI data were smoothed with an anisotropic Gaussian kernel to achieve 
the same smoothness as the 3D spiral data. Data smoothness was estimated with 
SPM according to a previously described method [30]. %CBF and wsCV maps 
and histograms were also generated from these smoothed 2D EPI data.

pre

postpre

CBF
CBFCBF

%CBF =100%

Sample size calculation for future studies
The cerebral GM SDΔ%CBF from the data of both vendors were used to calculate the 
required sample size (n) for future phASL studies. Calculations were performed for 
a within-subject cross-over experimental design with a desired effect size of 15%. 
This effect size was chosen in a previous study that determined the sample size for 
ASL baseline studies [31]. Two sample sizes were calculated, to detect 1) a 15% 
CBF decrease caused by caffeine and 2) a 15% change in the caffeine-induced 
%CBF. A study design example where the second calculation would be applica-
ble, is to test whether a caffeine-induced %CBF changes if the measurement is 
repeated with a different condition (e.g. with a different drug dose). For a one-tailed 
t-test in which we have a hypothesis about the direction of the CBF change (CBF is 
expected to decrease with caffeine) the following equation applies:

  
	 	 [4]

 
where Z1-α/2 is the Z-value related to the significance level (p<0.05), Z1-β the Z-
value corresponding to the detection power (80%) and SDΔ%CBF is used for the 
SD in the sample size calculation of a within-subject design [31]. 15% of the mean 
baseline CBF and 15% of the mean %CBF from both vendors were used as effect 
size for the first and second sample size calculation respectively.

RESULTS

Total GM

The inter-session statistics are summarized in Table 2 and visualized in Bland-
Altman plots in Figure 2. For both vendors, the %CBF of both sessions and the 

2%2
12/1 )

_
()(

sizeeffect
SDZZn CBF �

--
∆+= βα

Figure 2. a‒b Bland Altman plots of inter-session statistics, as summarized in Table 2. Total 
cerebral gray matter (GM) inter-session differences in relative cerebral blood flow decrease 
(Δ%CBF) are plotted against the mean GM %CBF for the a) 3D spiral (n=22) and b) 2D EPI 
sequence (n=22). Dotted lines indicate limits of agreement (mean difference ± 1.96 stand-
ard deviation). 
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inter-session Δ%CBF were normally distributed according to the Shapiro-Wilk test. 
The mean %CBF measured with 3D spiral was larger than the mean %CBF mea-
sured with 2D EPI (p=0.02). The Δ%CBF (p=0.3) and SDΔ%CBF (p=0.3) did not differ 
between both vendors, resulting in similar wsCVs (57.3% and 66.7% for 3D spiral 
and 2D EPI respectively). 

The mean absolute CBF decrease was 15.9 ± 5.1 and 13.1 ± 6.5 mL/100g/min for 
the 3D spiral and 2D EPI data respectively. The SD of the inter-session difference 
of the absolute CBF decrease was 9.5 and 8.7 mL/100g/min for the 3D spiral and 
2D EPI data respectively.

Spatial comparison

Figures 3 and 4 illustrate the spatial distribution of the caffeine-induced statisti-
cally significant %CBF and wsCV respectively. The significant caffeine-induced 
%CBF was higher for the 3D spiral sequence than for the 2D EPI sequence on 
visual comparison, especially in the posterior watershed region (Figure 3a and 
3d). The wsCV-maps showed a homogeneous distribution for the 3D spiral data 
but heterogeneous for the 2D EPI data, which approached the homogeneity of the 
3D spiral data after additional smoothing. The shapes of the %CBF histograms of 
3D spiral session 1 and both 2D EPI sessions were similar, although 3D spiral ses-
sion 1 had a higher peak location (Figure 3e). The peak location of the histogram 

Table 2. Inter-session statistics 

3D spiral CI 
(n=22)

2D EPI CI 
(n=22)

%CBF session 1 (%)  *  21.4 -0.8 ··   43.6        18.8 3.4 ··   34.2

%CBF session 2 (%)  *  26.4 11.1 ··   41.8        19.6 -1.0 ··   40.2

Mean %CBF (%)  *  23.9 10.3 ··   37.5        19.2 6.0 ··   32.4

Δ%CBF (%)        5.0 -1.1 ··   11.1          0.8 -4.9 ··     6.4

SDΔ%CBF (%)      13.7 9.3 ··   18.1        12.8 8.7 ··   16.9

Lower LOA (%)     -21.8 -29.3 ·· -14.3     - 24.4 -31.4 ·· -17.3

Upper LOA (%)      31.9 24.4 ··   39.4       25.9 18.9 ··   32.9

wsCV (%)      57.3 51.9 ··   62.7       66.7 61.7 ··   71.8
Inter-session statistics for the total cerebral gray matter, as illustrated in the Bland-Altman 
plots in Figure 2. Values represent mean and difference of mean %CBF of both sessions 
respectively. %CBF= relative cerebral blood flow decrease, wsCV = within-subject coeffi-
cient of variability. Asterisk (*) denotes significant (p<0.05) difference between sequences. 
The limits of agreement (LOA) represent Δ%CBF ±1.96 standard deviation of the paired inter-
session difference (SDΔ%CBF).
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of 3D spiral session 2 was comparable to 3D spiral session 1, but the distribution 
was narrower. The wsCV histogram of 3D spiral had a lower peak location and 
a narrower distribution compared to the 2D EPI wsCV histogram (Figure 4d). Af-
ter additional smoothing, the 2D EPI wsCV histogram approached the 3D spiral 
wsCV histogram.

Sample size calculation for future studies

To detect a caffeine-induced 15% GM decrease in CBF ‒ equivalent to 9.9 
mL/100g/min for both vendors ‒ the calculated sample sizes were n=7 and n=6 for 
3D spiral and 2D EPI measurements respectively [13]. To detect a 15% change of 
caffeine-induced GM %CBF (15% * 23.9% = 3.6% (3D spiral) and 15% * 19.2% 
= 2.9% (2D EPI)) the calculated sample sizes were n=115 and n=155 for 3D spiral 
and 2D EPI respectively.

DISCUSSION

The main results of this study were threefold: 1) the mean but not the variation of 
the global %CBF differed between the pCASL sequences of both vendors, 2) 
both the mean and variation of %CBF spatially differed between the sequences, 
and 3) the sample size for future studies was much larger to detect a change in 
the caffeine effect than to detect whether there is a caffeine effect.

It has previously been suggested that the inter-session variation of ASL mea-
surements is dominated by the physiological variability of baseline CBF [32]. For 
the measurement of caffeine-induced %CBF, different or additional sources of 
physiological variability can be expected, including those related to the absorp-
tion of caffeine from the gastrointestinal tract, as well as the pharmaco-kinetics 
and cardiovascular effects of caffeine [16,33,34]. Nevertheless, the inter-session 
variation of the caffeine-induced CBF change was not much larger than the previ-
ously reported baseline CBF variation of the current study, or than baseline CBF 
variation from previous studies [13,35,36]. This can be attributed to the presence 
of co-variance between baseline and post-caffeine CBF measurements, which 
may have decreased the influence of baseline CBF variability on the %CBF varia-
tion. In addition, the normalization of the absolute CBF difference by the baseline 
CBF (equation 3) may have reduced the contribution of baseline CBF variability to 
the %CBF variation even further. 

Whereas the baseline reproducibility of ASL has been thoroughly investigated, 
only one previous study has reported on the inter-session reproducibility of ASL 
for the measurement of a pharmaceutically induced CBF change [36]. This study 
assessed the reproducibility of perfusion changes induced by an oral 16 mg cita-
lopram administration as measured with pulsed ASL. Whereas the inter-session 
variation was similar (SD 10.1 versus 9.5 [3D spiral] or 8.7 mL/100g/min [2D EPI]), 
the effect size of citalopram was  roughly 3 times as small as caffeine (mean ab-
solute CBF change 4.4 versus 15.9 [3D spiral] or 13.1 mL/100g/min [2D EPI]). As 
a result, the reproducibility of CBF changes induced by citalopram (expressed 
by wsCV) can be expected to be roughly 3 times as low as the reproducibility 
of caffeine-induced CBF changes. This comparison shows that pharmaceuticals 
with a specific affinity, such as citalopram, have a lower effect size but not neces-
sarily a lower inter-session variation than less specific pharmaceuticals, such as 
caffeine. This again points to the fact that the variation of phASL is dominated by 
physiological CBF fluctuations. The recently reported inter-session reproducibility 
of ASL for a CO2 inhalation challenge supports this point, since the baseline and 
hypercapnia wsCV were equal (12.8% versus 12.7% respectively) [25]. 

Surprisingly, we found a significant difference in total GM effect size between se-
quences, whereas our previous baseline results showed perfect agreement [13]. 
One explanation for this difference in the phASL effect size could be the con-
founding effect of transit times on the measurement of CBF. A caffeine-induced 
vaso-constriction is not only expected to result in a decrease in CBF, but also in 
an increase in arterial transit time [37]. Therefore, the post-caffeine transit time 
can be expected to be longer than the pre-caffeine transit time, which could have 
led to a post-caffeine CBF underestimation and subsequently a %CBF overesti-
mation. This confounding effect will be larger for a shorter PLD and will be most 
pronounced in the brain region with the longest transit times, which is the poste-
rior watershed area [38].

Although the same initial PLD was applied for both sequences (1525 ms), the 
effective PLD is longer for superior slices in the 2D EPI readout. The sequential 
multi-slice 2D EPI readout results in an infero-superior increase of the effective 
PLD as compared to the homogeneous PLD of a single time-point 3D spiral read-

Figure 4 Within-subject coeff﻿﻿icient of variation (wsCV)-maps of a) 3D spiral and b) 2D EPI 
sequences. c) Here, the same 2D EPI wsCV maps are shown after smoothing them to the 
smoothness of the 3D spiral maps. d) wsCV histograms are shown on the right.
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out. Therefore, with the same initial PLD applied, the 2D EPI readout will be less 
sensitive to the confounding effect of prolonged transit times on the measurement 
of %CBF. This can explain the inter-sequence difference in effect size, both glob-
ally as well as in the posterior watershed area. In addition, the higher sensitivity 
of the 3D spiral readout for transit times may have increased the variation of the 
3D spiral data. This is not supported by the homogeneous 3D spiral wsCV-maps. 
However, any larger variation in the superior regions could be masked by the high 
degree of smoothing in the Z-direction of the 3D spiral readout. These sequence 
differences in CBF and in wsCV in superior regions with long transit times are 
probably resolved by selecting a longer PLD for the 3D spiral readout, such as 
2000 ms [6]. 

There was a large difference between the calculated sample sizes to either 1) de-
tect the effect of phASL or to 2) detect a change in the effect of phASL. Whereas 
the first was comparable with baseline sample size recommendations to detect 
a 15% GM CBF change (n=4), the second was much larger [31]. It is worth not-
ing that the sample size calculation is quadratically dependent on the ratio of the 
variation to the effect size (equation 4). For the first sample size, the inter-session 
variation of caffeine-induced CBF changes was not much larger than baseline, 
and the effect size is the same as for baseline sample size calculations ‒ i.e. 15% 
of the mean baseline CBF. For the second sample size, however, the inter-session 
variation is the same but the effect size is one fifth of baseline sample size calcu-
lations ‒ i.e. 15% of the %CBF. This shows that the number of subjects required 
to detect the effect of a pharmaceutical on CBF, does not necessarily have to 
be large. However, to detect changes of the phASL effect size, statistical power 
seems mainly limited by a relatively small effect size of phASL. One important 
example in which changes of phASL effect size are of interest, is the investigation 
of a drug dose response [39]. 

It should be acknowledged that our study design choice - comparing two different 
ASL product sequences on two different vendors - is both a major strength and 
major weakness of this study. The major strength is that it represents the current 
status of multi-center phASL: each center will most likely use the ASL product 
sequence with its optimal settings as implemented on their MRI system. However, 
this design choice limits the ability to differentiate to what extent the observed 
differences were caused by differences in ASL readout and the corresponding 
sequence parameters, by MRI hardware or site effects. Fortunately, we were able 
to compare our results with previous studies that isolated the effects of different 
labeling or readout strategies on a single vendor [11,32]. 

The observation that the variation of phASL was comparable between sequences 
on a total GM level but not on a voxel level is in agreement with our baseline re-
sults [13]. However, when identical sequences are implemented, the voxel level 
variation of ASL is comparable between vendors [12]. This strongly suggests 
that the spatial phASL variability differences between vendors can be mainly ex-
plained by sequence differences and much less by hardware or site effects. A 3D 
spiral readout has a higher SNR and a higher degree of spatial smoothing than a 
2D EPI readout [11]. Both are expected to have decreased the spatial variation as 
observed in the 3D spiral data. This is supported by Figure 3 and 4, showing that 

it is possible to approach the voxel level effect size and variability of 3D spiral by 
additionally smoothing the 2D EPI data.

One previous study compared voxel-wise group-level activation after a sensory-
motor task between a 3D spiral and 2D EPI readout on a single scanner, with 
and without the addition of background suppression to the 3D spiral sequence 
[11]. With background suppression, the 3D spiral readout showed much larger 
areas of activation compared to the 2D EPI readout, which is in agreement with 
our results. Without background suppression, however, the performance of both 
readouts was not very different. This suggests that the residual differences be-
tween the wsCV histograms of the 3D spiral and smoothed 2D EPI data can be 
mainly explained by differences in background suppression efficiency between 
the 3D and 2D readout [22]. Another factor that may have contributed to the 
smaller variation of the 3D spiral data compared to the 2D EPI data is the higher 
SNR resulting from the shorter TE of the 3D spiral sequence compared to the 2D 
EPI sequence. 

The positioning of the label plane differed between both sequences (Table 1). 
Whereas it is common practice for the Philips 2D EPI sequence to plan the label-
ing plane parallel to, and 9 cm lower than, the anterior commissure-posterior com-
missure-line (ACPC), the GE 3D spiral sequence has a fixed labeling plane, which 
is closer to the brain. This may have decreased the transit times for the 3D spiral 
sequence, although it has been previously shown that signal intensity differences 
are small when the labeling plane distance is varied between 74-94 mm [21]. An-
other difference between the standard implementation of both sequences was the 
labeling duration (1450 ms versus 1650 ms at 3D spiral and 2D EPI respectively). 
This 13% longer bolus may have added SNR for the 2D EPI sequence, which may 
have slightly counterbalanced the large SNR difference due to the intrinsic SNR 
difference between 2D and 3D and the higher efficiency of background suppres-
sion for the 3D spiral sequence.

The differences in M0 acquisitions between the vendors could potentially have a 
effect on the quantification of CBF. However, any M0 quantification differences 
between sequences will most likely be similar for the pre- and post-caffeine scans 
and will not contribute to the differences in %CBF between the 3D spiral and 2D 
EPI sequences.

Conclusion

Using the current clinical ASL product sequences, only the inter-session variation 
of the phASL total GM effect size can be compared. The mean total GM effect 
size, as well as the spatial mean and variation of the phASL effect size differed 
between the sequences. This may seriously impede multi-center phASL studies, 
especially in cases with locally restricted effects. These sequence differences 
strongly encourage the standardization of ASL implementations.
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In this thesis, I investigated whether advanced MR neuroimaging techniques, 
namely arterial spin labeling (ASL), diffusion tensor imaging (DTI) and resting 
state fMRI (rs-fMRI), could provide markers of neuropathology in the early stage 
of presenile dementia. 

(Pathophysiological) assessment 

We have shown that advanced MR neuroimaging can provide valuable informa-
tion about the disease process in the brain based on its sensitivity to subtle struc-
tual and functional changes. This might be beneficial for several reasons. First, 
detecting subtle changes that precede macrostructural changes contributes to 
earlier diagnosis of both Alzheimer’s disease (AD) and frontotemporal dementia 
(FTD) as well as related disorders without changes on conventional MRI, such as 
phenocopy frontotemporal dementia (phFTD). Second, these subtle MRI changes 
may provide more detailed insight into pathophysiological processes of neurode-
generation. 

Possible neuropathological etiology of phenocopy FTD
The sensitivity of advanced MR techniques to previously undetected changes is 
exemplified by our study of phFTD, which is characterized by behavioral changes 
similar to behavioral variant FTD (bvFTD), such as disinhibition, apathy, loss of 
empathy, and perseverative, stereotypical or compulsive behavior [1]. Neither 
structural magnetic resonance imaging (MRI) nor fluorodeoxyglucose-positron 
emission tomography (FDG-PET) [2-5] shows abnormalities in this clinical entity, 
and there is no decline in activities of daily living. As this condition has a more 
benign course than bvFTD [4] without cognitive or functional decline over time 
[6] and normal neuroimaging, a neurodegenerative etiology is disputed. By using 
ASL, DTI and rs-fMRI in phFTD patients, we detected structural and functional 
abnormalities which partly overlapped with those found in bvFTD (Chapter 3.1 
and 3.2). Our findings of right temporal cortical atrophy, white matter damage in 
the frontal and tempoparietal lobes and increased default mode network (DMN) 
connectivity in phFTD compared to controls were all consistent with neuropatho-
logical changes in bvFTD and with the specific behavioral symptomatology in 
phFTD. Additionally, we found increased perfusion in bilateral medial and left 
lateral frontal regions which, together with the increased functional connectivity, 
may indicate a functional compensation mechanism for incipient abnormalities in 
regions affected in bvFTD. Hence, using ASL, DTI and rs-fMRI we showed for the 
first time changes in this clinical entity that can be linked to the neurodegenerative 
process of bvFTD.

Regional relationships between incipient white and 
gray matter abnormalities in AD and bvFTD
We also explored the more fundamental contribution of advanced MRI techniques 
to characterize AD and bvFTD. Both diseases are characterized by distinct white 
matter (WM) and gray matter (GM) changes, but it is still largely unclear whether 
and how WM and GM abnormalities are related. One hypothesis is that WM and 
GM changes develop in a Wallerian-like degenerative manner, in which GM cell 

death leads to degeneration of WM tracts that connect affected GM regions. An-
other possible mechanism is that WM microstructural changes occur indepen-
dently from GM volume loss and/or hypoperfusion [7]. As both diseases are char-
acterized by specific WM and GM abnormalities, it is conceivable that these do no 
occur in isolation, but that they co-occur in the context of a common disease pro-
cess. Regional coherence would indicate that abnormalities in local WM and GM 
occur to a similar degree, and thus reflect regionally concurrent degeneration. 
Therefore we investigated the regional coherence between regional abnormali-
ties in WM microstructure and GM volume and perfusion in both AD and bvFTD. 
We first assessed WM microstructure and GM volume and perfusion abnormali-
ties separately and subsequently correlated WM microstructural measures with 
associated GM volume and perfusion values in GM regions connected by the 
WM tract. We showed that measures of WM microstructure and GM volume and 
perfusion were more coherent in regions implicated in AD and bvFTD, suggesting 
concurrent degeneration in disease-specific networks. As this study investigated 
subtle incipient pathological changes, the results provided insight in the regional 
relationships between WM and GM changes in the early stage of neurodegenera-
tion. This may contribute to the more fundamental understanding of the neuro-
pathological processes in AD and bvFTD. 

Overcoming small sample sizes: 
towards multicenter assessment
The techniques used in these studies enabled us to detect subtle changes de-
spite relatively small patient sample sizes. This was probably conterbalanced by 
a well-defined group of patients, avoiding heterogeneity within the cohort. Still, 
small sample size limits statistical power by increasing the chance of Type II er-
rors and thus false negatives. This is exacerbated by the need to correct to for 
multiple comparisons when assessing differences between groups, in order to 
control for Type I error (false positives). Although false positive results should 
obviously be avoided, (too) strict control of Type I error reduces the power or sen-
sitivity to detect actual group differences, particularly with small samples. There-
fore statistical analysis in small samples, such as the patient groups in this thesis, 
often involves a compromise between controlling for false positives while at the 
same time maintaining sufficient sensitivity or power to detect differences. This 
is reflected by the different approaches taken in this thesis to correct for multiple 
comparisons, as different considerations apply not only to the sample that is stud-
ied but also to the different techniques used. 

With ASL, we found differences between AD and FTD patients versus controls 
in features used to classify them, without correcting for multiple comparisons. 
However, as this was done using permuation testing, which is known to have a 
low false positive detection rate, type I error was still sufficiently controlled for 
(Chapter 2.1). This apparent sensivity of ASL to pathophysiological processes, 
even when false positives are controlled for, was also illustrated by the detection 
of group differences while correcting for multiple comparisons between AD and 
FTD (Chapter 2.2), AD and bvFTD (Chapter 2.3), and phFTD and bvFTD (Chap-
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ter 3.1), despite the small sample sizes. DTI proved to be robust as well, detect-
ing differences between AD and bvFTD (Chapter 2.3) and between phFTD and 
bvFTD (Chapter 3.2) with correction for multiple comparisons applied. Although 
DTI and ASL by themselves showed to be sensitive to early pathophysiological 
changes, the correlations between these respective measures were studied both 
with and without correction for multiple comparisons, as the small patient groups 
apparently reduced power to such an extent that only a few significant differences 
in correlations could be detected (Chapter 2.3). This could also be due to the 
subtlety of the process studied, as the correlational methodology appeared to be 
sensitive to incipient abnormalities that were not (yet) evident as differences be-
tween groups.  Nevertheless, the uncorrected correlations should be interpreted 
with caution and have to be confirmed in larger samples.

Functional connectivity as studied with rs-fMRI seemed to have less sensitivity for 
detecting abnormalities associated with phFTD than ASL and DTI (Chapter 3.2), 
as voxelwise differences between groups were only detectable when correction 
for multiple comparison was not applied. Due to this relatively lenient statistical 
threshold, the results thus carry the risk of being false positive. Although an at-
tempt to reduce this risk was made by considering only those clusters that were 
also significantly different in the overall comparison between groups – which was 
corrected for the number of contrasts used – rs-fMRI effects may be more subtle 
than those assessed with ASL and DTI, and relatively more susceptible to limited 
power due to small sample size.

A related issue due to small patient samples, is the compromise of pooling data 
from different scanners, which may introduce effects due to scanner that may 
obscure effects truly due to group. We compared data of phFTD patients ac-
quired on one scanner to data of bvFTD patients acquired on another scanner, 
and compared both patient groups to control data acquired on both scanners. 
Scanners were identical in terms of field strength and protocol, and although we 
explicitly and strictly corrected for an effect of scanner on the ASL data (Chapter 
3.1) and have strong reasons to believe the use of different scanners will not have 
a detrimental effect on DTI and rs-fMRI data (Chapter 3.2), a potential effect of 
scanner cannot be fully ruled out. Nevertheless, concessions with respect to data 
acquisition and analysis are unfortunately commonly inherent to the study of rela-
tively rare patient populations and thus small samples as described in this thesis.

Unfortunately, small sample size is a common limitation in many clinical neuro-
imaging studies. Future efforts should be aimed at expanding sample sizes to 
increase power and thus sensitivity of (clinical) imaging studies. Studies should 
therefore be conducted in the context of multicenter designs, in which patient 
recruitment as well as data acquisition are highly standardized. Standardized 
patient recruitment across multiple sites will result in a relatively homogeneous 
population. Standardized MRI acquisition is essential as qualitative and semi-
quantitative imaging techniques are gradually replaced by quantitative imaging. 
Such quantitative imaging needs to be standardized in order to provide reference 
data for optimal individual clinical assessment, but also for pooling (research) 
data. Potential variability in quantitative imaging data should be minimized before 
comparing patients within and especially between imaging sites.

Standardization: a prerequisite for multicenter applications
The need for standardization is illustrated by our studies on the reproducibility of 
similar ASL sequences as implemented by different vendors. Fundamental dif-
ferences exist between ASL implementations of different vendors in terms of la-
beling and readout [8], each with their specific advantages and disadvantages, 
which introduces substantial technical heterogeneity [9]. Knowing the variability 
between different vendor implementations is essential for exchanging and com-
paring ASL data. Therefore we assessed the reproducibility of vendor-supplied 
ASL sequences, by comparing two product sequences as implemented by two 
different vendors. Adjustment of sequence parameters was limited within the con-
straints imposed by the vendor-specific implementation, reflecting the de facto 
situation of commercially supplied sequences. As cerebral blood flow (CBF) mea-
sured with ASL is promoted as a quantitative measure, one would assume that 
measurements are independent of sequence implementation and parameters. 
We showed however that although baseline CBF on a total GM level was not dif-
ferent between vendors, regional CBF showed substantial variability (Chapter 4.1 
and 4.2). On a total GM level, baseline CBF was mainly affected by physiological 
variability, but this averaged out between sequences, resulting in perfect agree-
ment. Regional differences in baseline CBF however were caused by the different 
readouts (2D multi slice versus 3D single shot) employed by the different vendors. 
Such regional variability may dilute focal CBF changes, which are of interest in a 
clinical context, but also in detecting task-related changes in specific brain areas 
with functional ASL (fASL). Additionally, in the context of pharmacological ASL 
(phASL) one may want to assess locally restricted effects of a pharmaceutical 
agent (Chapter 4.3). 

I conclude from our reproducibility studies that we can only benefit fully from 
the quantitative information provided by ASL if implementation is standardized. 
Therefore, future efforts should be directed at standardized acquisition and pro-
cessing between vendors. This means employing identical sequences in terms 
of labeling scheme, but also in terms of readout, as outlined above. Additionally, 
acquisition parameters should be identical. In terms of image processing, there 
should be a consensus about the quantification model and its underlying assump-
tions. Recently, an attempt was made to realize such a standardized approach by 
publishing recommended implementations of ASL for clinical applications [10]. 
Such initiatives are essential for the clinical implementation of ASL, but also for 
setting up meaningful (multicenter) clinical trials. Thus, only by standardization, 
the gain of advanced quantitative MRI techniques for clinical practice and large 
scale multicenter research settings can be brought to maximum. 

Clinical potential: the individual patient level

Advanced MR neuroimaging should ultimately benefit the diagnostic process in 
individual patients. As in many clinical imaging studies, the findings described 
in this thesis are based on group studies rather than the individual patient level. 
Group results cannot be generalized to every individual patient. Although patients 
are classified by means of best available clinical evidence, a certain degree of 
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uncertainty always remains, which only decreases as the disease progresses. Fu-
ture studies should therefore focus on translation of group results to the individual 
patient level, to maximize the potential of these techniques to aid individual diag-
nosis. Although the studies described in this thesis report group results, those on 
ASL MRI in presenile early stage dementia (Chapters 2.1 and 2.2) carry implica-
tions for the individual patient too.  

Contribution to early diagnosis of and differentiation 
between presenile AD and FTD
Presenile dementia (age of onset ≤65 years) comprises a substantial subset of 
dementia patients [11]. It more often has an atypical presentation and a more 
progressive disease course compared to late-onset dementia. Early diagnosis 
of presenile dementia remains difficult as different etiologies are hard to distin-
guish. Presenile AD more often has a non-amnestic presentation than late-onset 
AD [12]. Additionally, non-neurological causes of cognitive dysfunction are more 
prevalent in younger patients and may mimic neurodegenerative disorders, par-
ticularly complicating differentiation between psychiatric disease and FTD [13]. 
A considerable number of patients with presenile onset presents with primary 
progressive aphasia (PPA), in which the underlying pathology – AD or FTD – is 
often unclear [14]. Unfortunately, routine MR imaging in clinical practice shows 
structural abnormalities only in the later stages of AD and FTD [15]. Therefore, 
early diagnosis requires imaging techniques visualizing early brain changes such 
as FDG-PET, with distinct patterns of hypometabolism in AD compared to FTD 
[16]. However, FDG-PET has limited availability and relatively high costs [17], and 
therefore ASL has been proposed as an alternative as it is noninvasive and easily 
added to routine diagnostic MRI protocols. As hypoperfusion measured with ASL 
is consistent with PET in advanced AD and FTD [18,19] and the use of ASL in the 
earliest stages of dementia is being increasingly studied [20,21], we investigated 
the value of ASL in the early stage of presenile dementia.

To study whether ASL contributes to early differential diagnosis of AD and FTD, 
we compared CBF between AD patients, FTD patients, and controls (Chapter 
2.2), and found lower CBF in the posterior cingulate cortex (PCC) in AD than in 
FTD. Diagnostic performance of PCC hypoperfusion to differentiate AD from FTD 
was 74%. Additionally, focal hypoperfusion in the ACC in FTD and more extensive 
hypoperfusion in AD, which was most prominent in the precuneus, discriminated 
patients from controls with diagnostic performances of 78% and 85% respec-
tively. As GM volume was not different between patient groups, this indicates that 
the distinction between AD and FTD at this stage could be based on regional CBF 
only, as measured with ASL. 

Future potential: computer aided diagnosis
We collected ASL data at a time point in the disease process when diagnosis was 
not yet definitive. Thus, we show that using ASL the diagnosis can be made at an 
earlier time point in the disease process than with routine clinical criteria, even at 
the individual patient level. By quantitative measurement of CBF in the PCC, ACC 
and precuneus, the clinician can distinguish presenile AD and FTD in the early 
stage in the individual patient. This may be further facilitated by the implementa-
tion of computer aided diagnosis (Chapter 2.1), by applying machine learning to 

classify a group of healthy controls and a group of patients with early stage AD 
or FTD. We showed that classification based on CBF performed equally well as 
structural data. However, CBF markers did not show added value over structural 
markers. This may be the result of the patient sample comprising both AD and 
FTD patients. However, ASL does provide added value over structural imaging 
in classifying AD and FTD when comparing separate samples of AD patients and 
FTD patients to each other, as in Chapter 2.2. Taken together, our findings sug-
gest that automated computer classification may facilitate diagnosis of dementia 
which we can expect even more benefit from when classifiers are trained on bet-
ter defined patient samples (e.g genetically confirmed diagnosis). Future efforts 
should therefore be directed at optimizing specificity of machine learning tech-
niques by applying them to well defined samples. Eventually, computer aided 
diagnosis may be able to provide for each individual patient a probability distribu-
tion for underlying pathology to help clinicians reach a diagnostic decision.

Conclusion

In conclusion, advanced MR neuroimaging contributes to early and differential 
diagnosis of presenile early stage dementia, and its clinical implementation may 
be augmented by means of computer automated classification of each individual 
patient. In addition to added clinical value, techniques such as ASL, DTI and rs-
fMRI add to the more fundamental understanding of neurodegenerative diseas-
es by revealing subtle and incipient pathophysiological changes. Full benefit of 
these techniques for clinical practice as well as large scale multicenter research 
settings should be realized by standardization of patient recruitment, data acqui-
sition and processing.
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SUMMARY

Dementia is a syndrome affecting cognitive functions and behavior, with an over-
whelming impact on both patients and caregivers. An estimated number of 35.6 
million patients suffers from dementia, with a subset affected before the age of 65 
years, i.e. presenile dementia [1]. Alzheimer’s disease (AD) is the most common 
underlying cause of dementia, both at older and younger age. Frontotemporal 
dementia (FTD) is a rare cause of dementia at old age, but relatively prevalent 
among the younger population [2]. Establishing the underlying cause of presenile 
dementia in the early stage proves to be difficult as younger dementia patients 
often initially present with atypical symptoms. Additionally, cognitive dysfunction 
in younger patients may also have a non-neurological cause, nevertheless re-
sembling a neurodegenerative disorder [3]. Diagnosis in patients presenting with 
language dysfunction as its primary clinical feature (primary progressive aphasia, 
PPA) is particularly difficult, as the underlying pathology can either be AD or FTD 
[4]. Morphological brain changes associated with the early stage of dementia are 
often absent or unspecific on routine clinical magnetic resonance imaging (MRI). 
Advanced MR neuroimaging techniques may be more sensitive to early neurode-
generative processes [5] as they can capture functional and microstructural brain 
changes that precede (macro)structural damage, as discussed in the introduc-
tory Chapter 1.

The advanced techniques used to study presenile dementia in this thesis are rest-
ing state functional MRI (rs-fMRI), arterial spin labeling (ASL), and diffusion tensor 
imaging (DTI). Rs-fMRI measures spontaneous fluctuations of brain activation. 
By assessing which brain regions are simultaneously active, it allows us to map 
functional connections in the brain. Such functional networks show alterations as 
a result of neurodegeneration before atrophy occurs. Another way to image syn-
aptic dysfunction is by using ASL-MRI, which quantifies brain perfusion. As well 
as changes in brain function, microstructural changes in the white matter (WM) 
of the brain precede (macro)structural damage. These changes can be detected 
with DTI which can be used to reconstruct WM trajectories, visualizing structural 
connectivity. In this thesis, I investigated whether rs-fMRI, ASL and DTI could 
serve as early neuropathological markers of presenile dementia. 

Section 2 describes the early brain changes found in presenile AD and FTD using 
ASL and DTI. In Chapter 2.1, the added value of ASL relative to structural MRI 
was investigated for the computer aided classification of presenile dementia pa-
tients with AD or FTD versus controls. Patients and controls were classified based 
on cerebral blood flow (CBF) as perfusion marker, gray matter (GM) volume as 
structural atrophy marker, and their combination using a voxel-wise and region of 
interest (ROI)-wise approach. We found that the voxel-wise approach achieved 
more accurate results. When used as a separate measure, CBF was a good diag-
nostic marker for dementia. However, combining ASL with structural MRI had only 
little added diagnostic value, as it did not significantly improve accuracy of using 
structural MRI by itself.

In Chapter 2.2 we extended these findings by investigating ASL for the differen-
tiation between AD and FTD. We compared CBF between AD and FTD patients 

and controls, and found lower CBF in the posterior cingulate cortex (PCC) in AD 
than in FTD, differentiating both disorders with a diagnostic performance of 74%. 
Additionally, focal hypoperfusion in the anterior cingulate cortex (ACC) in FTD 
and more extensive hypoperfusion in AD mainly in the precuneus, discriminated 
patients from controls with diagnostic performances of 78% and 85% respec-
tively. GM volume did not differ between patient groups, indicating that differential 
diagnosis of AD and FTD at this stage could only be based on regional CBF.

In Chapter 2.3 we studied regional associations between GM and WM measures 
in AD and behavioral variant FTD (bvFTD) using structural imaging, ASL and DTI. 
Compared with controls, WM and GM measures correlated more strongly be-
tween the cingulum and frontotemporal GM in AD, and temporoparietal GM in 
bvFTD. Additionally, in AD compared with controls, inferior fronto-occipital fas-
ciculus microstructure correlated more strongly with occipital GM perfusion. The 
finding that correlations are particularly strong in regions implicated in AD and 
bvFTD suggests that WM and GM abnormalities co-occur as a common disease 
process. Moreover, this methodology allowed for the detection of incipient pathol-
ogy that would have gone undetected in comparative group analyses.

Summarizing our findings on early brain changes in presenile AD and FTD, I con-
clude that advanced MR neuroimaging techniques are sensitive to subtle incipi-
ent changes. This facilitates early diagnosis and differentiation of AD and FTD, 
and contributes to their respective characterization in a more fundamental way. 

Section 3 focused on phenocopy FTD (phFTD) patients, who present with the 
characteristic behavioral features of bvFTD but without cognitive or functional de-
cline or abnormalities on routine structural imaging. Using advanced techniques, 
we show that there are structural and perfusion changes (Chapter 3.1) as well 
as changes in functional networks and white matter microstructure (Chapter 3.2) 
in these patients. We found that phFTD patients showed cortical atrophy, most 
prominently in the right temporal lobe. Regional GM volume was otherwise gener-
ally different from neither controls nor from bvFTD, even though bvFTD showed 
extensive frontotemporal atrophy. We also found hyperperfusion in the left pre-
frontal cortex compared to bvFTD and to a lesser extent to controls. Additionally, 
compared with controls phFTD patients showed a subtle increase in default mode 
network (DMN) functional connectivity, as well as subtle microstructural changes 
mainly in the cingulum, uncinate fasciculus and genu of the corpus callosum. 
BvFTD had a lower increase of DMN connectivity, and more extensive micro-
structural white matter changes. These findings in phFTD were all consistent with 
neuropathological changes in bvFTD and with the specific behavioral symptom-
atology in phFTD. Additionally, the increased perfusion and increased functional 
connectivity may indicate a functional compensation mechanism for incipient pa-
thology in regions affected in bvFTD.

In summary, using ASL, DTI and rs-fMRI we showed for the first time changes in 
this clinical entity that can be linked to the neurodegenerative process of bvFTD.

As Section 2 and 3 illustrate the value of ASL as a clinical imaging tool, exploring 
its wider application – including but not limited to dementia – is of potential inter-
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est. However, despite being a quantitative technique, there is extensive variability 
between ASL data acquired on MR scanners of different vendors, as each vendor 
provides their own particular ASL implementation. In Section 4 we reported to 
which extent the implementation of similar sequences by two different vendors 
affect ASL perfusion data in several experimental designs in healthy young con-
trols. In Chapter 4.1, we assessed whether baseline CBF measurements were 
reproducible when acquired with sequences from different vendors. We found 
that on a total GM level, mean CBF was almost equal between sequences, and 
that variation between sequences was not different from variation within the same 
sequence. On a regional GM level however, mean CBF and variation was different 
between sequences, most likely as a result of the different readouts (2D multi slice 
versus 3D single shot) employed by the different vendors.

Such regional variability may dilute focal CBF changes, which are of interest in 
detecting task-related changes in specific brain areas with functional ASL (fASL). 
This was the focus of Chapter 4.2. We investigated the sensitivity of both se-
quences to detect task-related brain activation, as well as their reproducibility in 
quantifying such activation. We showed that sensitivity for motor activation was 
sufficient with each sequence, and comparable between sequences. Reproduc-
ibility of CBF in the motor cortex was reasonably good for resting CBF, within as 
well as between sequences, whereas that of absolute CBF changes was relatively 
low. This suggests that resting CBF may provide a consistent baseline to com-
pare task-related activation to, but that absolute regional CBF changes are more 
variable, and should be interpreted cautiously when acquired with two pCASL 
product sequences.

The variability of absolute CBF changes was further demonstrated in Chapter 4.3, 
where we assessed reproducibility of pharmacological ASL (phASL) by compar-
ing caffeine induced perfusion decrease between sequences. Normalizing abso-
lute CBF decreases to baseline CBF reduced the effect of physiological variability 
of baseline CBF, which resulted in mean CBF decrease variation to be compa-
rable between vendors. Nevertheless, the mean CBF decrease itself remained 
different between vendors after normalization. Additionally, on a regional level 
there were still differences between sequences in both mean CBF decrease and 
variation in CBF decrease.

I conclude from our reproducibility studies that we can only compare and ex-
change quantitative CBF data if ASL implementation is standardized.

In Section 5 the main findings, their clinical implication and methodological con-
siderations are discussed. In conclusion, advanced MR neuroimaging contrib-
utes to early and differential diagnosis of presenile early stage dementia. In ad-
dition to added clinical value, advanced techniques aid the more fundamental 
understanding of neurodegenerative diseases by revealing subtle and incipient 
pathophysiological changes. Full benefit of these techniques for clinical practice 
as well as large scale multicenter research settings should be realized by stan-
dardization of patient recruitment, data acquisition and processing.
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SAMENVATTING

Dementie is een syndroom dat gekenmerkt wordt door achteruitgang van cog-
nitieve functies en problemen in het dagelijks functioneren. Tevens kunnen er 
gedragsveranderingen optreden. Wereldwijd lijden er naar schatting 35.6 miljoen 
mensen aan dementie. Bij een gedeelte van hen treedt de ziekte op voor het 65e 
levensjaar, zogenaamde preseniele dementie. Net zoals bij dementie op oudere 
leeftijd is Alzheimer dementie (AD) meest voorkomende oorzaak van dementie 
op jongere leeftijd, gevolgd door frontotemporale dementie (FTD). Tot op heden 
is het vaststellen van de onderliggende oorzaak van preseniele dementie in het 
vroege stadium van de ziekte lastig. Bij jongere patiënten is de presentatie vaak 
niet typisch voor de onderliggende vorm van dementie. Bovendien hebben cog-
nitieve problemen bij jongere patiënten vaker een niet-neurologische oorzaak, 
zoals bijvoorbeeld een depressie, ondanks dat het klinisch beeld wel sterke gelij-
kenissen vertoont met een neurodegeneratieve aandoening. Daarnaast is er een 
groep jongere patiënten die zich voornamelijk presenteert met taalproblemen, 
zgn. primair progressieve afasie (PPA). Het diagnosticeren van de onderliggende 
oorzaak van PPA is in het bijzonder moeilijk, aangezien hier zowel AD als FTD aan 
ten grondslag kan liggen.

Vaak kan de vermoedelijke onderliggende oorzaak van dementie bevestigd of on-
dersteund worden door structurele magnetische resonantie (MR) beelden van de 
hersenen. Helaas zijn in een vroeg stadium structurele veranderingen vaak nog 
niet of amper zichtbaar op standaard klinische MR beelden. Er wordt echter ver-
ondersteld dat veranderingen in de (macro)structuur van de hersenen voorafge-
gaan worden door subtielere veranderingen in o.a. hersenfunctie en microstruc-
tuur. Deze subtiele veranderingen zijn te detecteren met nieuwe geavanceerde 
MR technieken, die als dusdanig sensitiever zouden zijn voor vroege neurodege-
neratieve processen dan standaard klinische MR beeldvorming.

In dit proefschrift heb ik onderzocht of metingen met geavanceerde MR technieken 
kunnen dienen als neuropathologische markers voor het vroege stadium van pre-
seniele dementie. De daarvoor gebruikte technieken zijn resting state functionele 
magnetic resonance imaging (rs-fMRI), arterial spin labeling (ASL), en diffusion 
tensor imaging (DTI) zoals geïntroduceerd in hoofdstuk 1. Rs-fMRI visualiseert 
de spontane activiteit van de hersenen. Door te analyseren welke hersengebie-
den tegelijkertijd actief zijn, kunnen we functionele netwerken in het brein in kaart 
brengen. De activiteit binnen deze netwerken kan veranderen als gevolg van een 
neurodegeneratief proces. Met rs-fMRI kunnen we deze afwijkingen in functio-
nele connectiviteit detecteren, nog voor structurele schade optreedt. Een tweede 
marker voor functie is de doorbloeding van de hersenen. Afwijkingen daarin kun-
nen we meten en kwantificeren met ASL. Naast functionele veranderingen wordt 
(macro)structurele schade voorgegaan door microstructurele veranderingen van 
de witte stof in het brein. Deze kunnen worden opgespoord met behulp van DTI. 

In sectie 2 beschrijf ik de vroege veranderingen in het brein van patiënten met 
preseniele AD en FTD gemeten met ASL en DTI. In hoofdstuk 2.1 onderzoch-
ten we de toegevoegde waarde van ASL ten opzichte van structurele MRI voor 
computer-gestuurde diagnose. Patiënten met AD of FTD en gezonde controles 

werden automatisch geclassificeerd op basis van doorbloeding gemeten met 
ASL, volume van de grijze stof gemeten met structurele MRI, en een combinatie 
van beide. ASL op zichzelf bleek een goede techniek voor het identificeren van 
patiënten met dementie, maar had slechts geringe toegevoegde diagnostische 
waarde ten opzichte van de meer gangbare structurele MRI. 

Deze bevindingen hebben we in hoofdstuk 2.2 uitgebreid door te onderzoeken 
of ASL onderscheid kan maken tussen patiënten met AD en FTD. Hiervoor ver-
geleken we ASL data van patiënten met AD, patiënten met FTD en gezonde con-
troles. De doorbloeding van het posterieure cingulum was lager bij AD patiënten 
dan FTD patiënten, en kon de patiënten onderscheiden met een diagnostisch ver-
mogen van 74%. Daarnaast kon enerzijds de regionale afname in doorbloeding 
van het anterieure cingulum bij FTD en anderzijds de meer wijdverbreide afname 
bij AD onderscheid maken tussen patiënten en controles met een diagnostisch 
vermogen van respectievelijk 78 en 85%. Noemenswaardig is dat het volume van 
de grijze stof niet verschilde tussen de patiënten. Dit impliceert dat in dit stadium 
het onderscheid tussen AD en FTD dus alleen gemaakt kan worden op basis van 
regionale verschillen in doorbloeding gemeten met ASL.

In hoofdstuk 2.3 bestudeerden we regionale samenhang tussen verschillende 
hersenmaten bij AD en FTD. We gebruikten hiervoor structurele MRI, ASL en DTI 
data van patiënten met AD en met de gedragsvariant van FTD (behavioral variant 
FTD, bvFTD). Ten opzichte van controles vonden we bij AD patiënten een sterkere 
correlatie tussen de microstructuur van het cingulum en de frontotemporale grijze 
stof, en bij FTD patiënten tussen het cingulum en de temporopariëtale grijze stof. 
Daarnaast lieten AD patiënten een sterkere correlatie zien tussen de microstruc-
tuur van de inferieure fronto-occipitale fasciculus en de occipitale grijze stof. De 
bevinding dat correlaties voornamelijk sterk zijn in gebieden die betrokken zijn bij 
AD dan wel bvFTD suggereert dat afwijkingen van de witte en grijze stof samen 
optreden, wellicht in het kader van een gemeenschappelijk ziekteproces. Boven-
dien toont deze correlationele methodologie beginnende pathologie aan die in 
reguliere (groeps)analyses niet aan het licht komt.

Samenvattend laten we zien dat geavanceerde MR technieken gevoelig zijn voor 
subtiele beginnende veranderingen in het vroege stadium van AD en FTD. Dit 
bevordert de vroegere diagnose van en onderscheid tussen AD en FTD. Ook 
draagt het op een meer fundamentele wijze bij aan de pathofysiologische kennis 
van beide aandoeningen. 

In sectie 3 beschrijf ik bevindingen bij patiënten met phenocopy FTD (phFTD). 
Deze patiënten presenteren zich met de typische gedragskenmerken van bvFTD, 
maar vertonen geen achteruitgang in cognitie of dagelijks functioneren, noch 
hebben zij afwijkingen op standaard MR beeldvorming. Met behulp van geavan-
ceerde MR technieken hebben wij aangetoond dat er bij deze patiënten wel de-
gelijk sprake is van afwijkingen in het brein. PhFTD patiënten lieten corticaal vo-
lumeverlies zien, voornamelijk in de rechter temporaalkwab. Verder verschilden 
de regionale grijze stof volumes van phFTD patiënten doorgaans niet van bvFTD 
patiënten, terwijl er bij deze laatste groep sprake was van uitgesproken fronto-
temporaal volumeverlies. Daarnaast was de doorbloeding van de linker prefron-
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tale cortex bij phFTD patiënten hoger dan bij bvFTD patiënten, en in mindere mate 
ook hoger dan in controles (hoofdstuk 3.1). Ook was er bij phFTD patiënten een 
toename in de functionele connectiviteit van het default mode network (DMN) in 
vergelijking met controles, evenals subtiele afwijkingen in de microstructuur van 
de witte stof. Bij bvFTD patiënten was de toename van functionele connectiviteit 
binnen het DMN kleiner en was de microstructurele schade aanzienlijker (hoofd-
stuk 3.2). Deze (micro)structurele bevindingen in de grijze en witte stof bij phFTD 
zijn in overeenstemming met pathofysiologische veranderingen zoals die worden 
gezien bij bvFTD, en zouden de karakteristieke gedragsmatige symptomen bij 
phFTD kunnen verklaren. De toename in zowel doorbloeding als functionele con-
nectiviteit van gebieden betrokken bij bvFTD zou daarnaast kunnen duiden op 
een functioneel compensatiemechanisme in reactie op beginnende pathologie 
bij phFTD.

Samenvattend hebben we bij phFTD – een tot nu toe klinisch gedefinieerd syn-
droom – veranderingen van het brein aangetoond met behulp van ASL, DTI en 
rs-fMRI, die tevens gerelateerd lijken te zijn aan het neurodegeneratieve proces 
zoals gezien bij bvFTD. 

Uit bovenstaande bevindingen blijkt duidelijk de klinische waarde van ASL en de 
potentiële relevantie van een bredere toepassing van ASL. Een voorbehoud hier-
bij is dat ondanks dat ASL in beginsel een kwantitatieve techniek is, er aanzienlij-
ke variabiliteit bestaat tussen ASL data afkomstig van verschillende MR scanners. 
Dit is met name het geval bij scanners van verschillende fabrikanten, aangezien 
elke fabrikant een eigen specifieke implementatie heeft. In sectie 4 onderzoek ik 
in welke mate de implementatie door verschillende fabrikanten invloed heeft op 
kwantitatieve ASL data. We scanden daarvoor gezonde jonge controles met een 
vergelijkbare ASL sequentie op verschillende scanners. In hoofdstuk 4.1 onder-
zochten we in welke mate metingen van de doorbloeding tijdens rust de reprodu-
ceerbaar waren. We vonden dat hoewel de gemiddelde doorbloeding in de totale 
grijze stof vrijwel gelijk was, regionale doorbloeding niet gelijk was tussen de 
verschillende scanners. Dit is hoogstwaarschijnlijk het gevolg van verschillende 
read-outs gebruikt door de fabrikanten (2D multislice ten opzichte van 3D single 
shot). Regionale variabiliteit kan de detectie van lokale veranderingen in door-
bloeding vertroebelen, terwijl deze juist van belang zijn – niet alleen in klinische 
context, maar bijvoorbeeld ook in het kader van taakgerelateerde hersenactiviteit. 
Daarom bestudeerden we in hoofdstuk 4.2 voor beide sequenties de sensitiviteit 
voor het detecteren van taakgerelateerde hersenactiviteit. Ook onderzochten we 
in welke mate de kwantificatie van de taakgerelateerde verandering in doorbloe-
ding reproduceerbaar was. Beide sequenties bleken voldoende en vergelijkbaar 
sensitief voor het detecteren van regionale activiteit. Regionale doorbloeding tij-
dens rust was redelijk reproduceerbaar, maar de reproduceerbaarheid van ab-
solute veranderingen in doorbloeding was relatief laag. Ook de absolute afname 
van doorbloeding als gevolg van cafeïne-inname (zgn. farmacologische ASL) zo-
als beschreven in hoofdstuk 4.3 was slecht reproduceerbaar tussen sequenties, 
zelfs met inachtneming van fysiologische variabiliteit. 

Op basis van ons onderzoek naar reproduceerbaarheid kunnen we concluderen 
dat kwantitatieve ASL data alleen vergeleken en uitgewisseld kan worden tussen 

scanners van verschillende fabrikanten als de implementatie van de sequentie 
volledig wordt gestandaardiseerd.

In sectie 5 worden tenslotte de algemene bevindingen en daaruit volgende kli-
nische implicaties besproken, evenals methodologische overwegingen. De con-
clusie luidt dat geavanceerde MR beeldvorming van de hersenen bijdraagt aan 
de diagnose van en differentiatie tussen verschillende vormen van preseniele 
dementie in het vroege stadium. Naast een toegevoegde waarde voor de klini-
sche praktijk brengen deze geavanceerde technieken subtiele en beginnende 
pathofysiologische veranderingen aan het licht, die bijdragen aan de meer fun-
damentele kennis van neurodegeneratieve aandoeningen. De volledige potentie 
van deze technieken voor de klinische praktijk moet gerealiseerd en benut wor-
den door standaardisatie van zowel patiëntenpopulaties als van dataverzameling 
en –verwerking.
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Mijns inziens is een promotietraject alleen mogelijk met de commitment van zo-
veel andere mensen dan alleen de onderzoeker zelf, en daarom wil ik graag mijn 
dank uitspreken aan iedereen die op welke manier dan ook een bijdrage heeft 
geleverd hieraan!

Ten eerste mijn grote dank aan alle deelnemers aan de Iris, Iris+ en VESPA stu-
die. Zonder jullie vrijwillige en belangeloze inzet zou onderzoek niet mogelijk zijn. 
Ik heb zeer veel bewondering en waardering voor jullie betrokkenheid bij dit on-
derzoek.

Mijn promotoren, prof. dr. Aad van der Lugt en prof. dr. John van Swieten, heel veel 
dank voor al jullie begeleiding, vooral tijdens de cruciale eindfase. Beste Aad, be-
dankt voor het vertrouwen, dat je samen met Marion mij als ‘onbekende’ neurosci-
ence student uit Utrecht de kans gaf dit project te mogen uitvoeren. Bedankt ook 
voor alle mogelijkheden buiten het onderzoek zelf, ik heb zo veel opgestoken van 
alle cursussen en congressen die ik heb mogen bijwonen. Tenslotte was geen pa-
per compleet zonder jouw laatste kritische blik. Bedankt voor alles! Beste John, ik 
waardeer het heel erg dat ik als onderzoeker van de Radiologie ook deel uit mocht 
maken van de Neurologie en het Alzheimercentrum. Bedankt voor je betrokkenheid 
bij de studies, met name je moeite voor de inclusie en het meedenken hoe we deze 
konden verbeteren. Ook wil ik graag je begeleiding bij het schrijven noemen, ik  
heb veel geleerd van jouw kritische manier van lezen. Veel dank voor alle inspan-
ningen!

Mijn co-promotor, dr. Marion Smits: ik ben je enorm dankbaar voor je nauwe be-
trokkenheid al die jaren bij elke stap van elke studie. Dat jij altijd tijd maakte voor 
de projecten en voor mij als persoon heb ik echt als een voorrecht ervaren. Be-
dankt voor de ontzettend fijne begeleiding en samenwerking.

Dank ook aan de leden van de promotiecommissie voor het willen plaatsnemen 
hierin en voor het kritisch beoordelen van het proefschrift: prof. dr. Wiesje van der 
Flier, prof. dr. Serge Rombouts, prof. dr. Maarten Frens, prof. dr. Wiro Niessen, dr. 
Meike Vernooij en dr. Francesco Mattace Raso.

Dear Carolina, partner in crime, if it wasn’t for you this book wouldn’t have been 
there. I wouldn’t have known about this PhD project if you would not have looked 
out for me as you have done since we met doing our neuroscience internship to-
gether in the UMC. Thank you for everything we shared, and still do, despite the 
distance. I feel privileged to have you look out for me on the day of my defense 
as well. 

Lieve Rozanna, van ‘geachte mevrouw Steketee’ in 2011 tot aan mijn zijde staan 
als paranimf op D-day. Die afgelopen jaren heb jij je niet alleen ontpopt tot een 
super collega, maar ook en vooral tot een enorm dierbare vriendin. Bedankt voor 
je eeuwige betrokkenheid, die jij zelf zo vanzelfsprekend lijkt te vinden, maar waar 
ik me nog regelmatig gelukkig over prijs. R-team FTW ;).

Er komt heel wat kijken bij het opzetten en uitvoeren van een klinische (f)MRI 
studie, zonder de bijdrage van de volgende mensen was dit niet gelukt. Inge de 

Koning, jouw input voor de fMRI paradigma’s voor de Iris studie is zeer waarde-
vol geweest. Ook jouw inzet voor de Iris+ studie wil ik noemen, bedankt voor het 
nagaan en het benaderen van alle deelnemers! Robert Jan Osse, ook aan jou 
veel dank dat we mochten leunen op jouw expertise voor de Iris+ studie. Han-
neke Muharam, dank voor de moeite onderzoek te accomoderen op de klinische 
scanners. Sylvia Bruininks, bedankt voor mij de fijne kneepjes van het scannen 
bijbrengen en Bob Visser voor alle hulp met de fMRI set up. Jan Linnebank ben 
ik zeer erkentelijk voor zijn hulp met het programmeren van de fMRI taken. Mart 
Rentmeester, wat te doen zonder jou en je hulp met (fMRI) computers, software, 
en PACS! Voor alle ondersteuning wil ik graag het trialbureau bedanken, vooral 
Laurens Groenendijk en Caroline van Bavel voor hun hulp met de METC aan-
vragen. Ook veel dank iedereen van het research office en het secretariaat, met 
name Fania Jarmohamed, Nora el Issati en Diane van Meurs. Jolanda Meijer, fijn 
dat ik voor zo ongeveer elke OO&O kwestie en nog 100 andere dingen bij jou 
terecht kon. Ton Everaers, veel dank voor de hulp met de opmaak van dit proef-
schrift!

Dear Gavin, finally I get the chance to thank you without you not wanting to listen 
;). There were so many times I have been ‘worried’ due to some scanner issue, 
and you always tried to fix it, even if I was scanning during weekends. Without 
you, much of the data in this thesis would not have been there. Thank you! 

Esther, bedankt voor de fijne samenwerking! Ik ben heel blij met alle resultaten 
die we samen uit de Iris studie hebben gekregen. Stefan, ook veel dank aan jou 
voor de betrokkenheid bij het project. Henk Jan, ook al was VESPA een enigszins 
hectische ervaring, we hebben er mooie resultaten mee geboekt! Ik ben onder de 
indruk van je ontembare enthousiasme, zelfs een pilot scannen om 3u ’s nachts 
in het AMC ging jou niet te ver. Aart Nederveen, bedankt voor de fijne samenwer-
king tussen Amsterdam en Rotterdam, en Thijs van Osch veel dank dat we op 
jouw ASL expertise mochten leunen.

Dank ook aan alle mensen van wie ik door de jaren heen veel heb mogen opste-
ken in de fMRI/AMBER/BKAA meetings: Freddy van der Veen, Jos van der Geest, 
Tonya White, Ryan Muetzel, Gerbrich van den Bosch, Hanan El Marroun, Reshmi 
Marhe, Ivo van den Berg, Gabry Mies, Karen Schuil, en Margriet Veldhorst.

Dr. Sjel, volgens mij moest jij even wennen aan mij als kamergenoot, maar ik miste 
jou wel hoor toen je de kliniek in ging! Bedankt voor de gezelligheid op de kamer 
en het gedogen van het kippenhok dat er af en toe ontstond door mijn aanwezig-
heid. Mijn ‘room13’ kamergenootjes in het Na-gebouw: Carolina, Rozanna, Anouk, 
Renske, Taihra, Rinske en Marjolein: een nog groter kippenhok maar een oh zo 
fijne basis. Vooral dankzij jou Anouk, dank je wel voor je eeuwig luisterende oor en 
alle gezelligheid tijdens de vele koffiepauzes en wandelingetjes door het Muse-
umpark. Thanks to all other people that make the 25th/26th floor and beyond a co-
lorful environment: Pierre, Valerio, Gennady, Jean Marie, Esther, Carolyn, Joost, 
Gaby, Sandra, Marcel, Marius, Hakim, Ewoud, Gokhan, Ghassan, Piotr, Jasper, 
and Daniel. Jory, bedankt voor alle therapeutische koffiepauzes. Sophie Ooms en 
Rick Zuur, bedankt voor al het werk wat jullie voor de Iris studie hebben verricht 
tijdens jullie keuze-onderzoek.
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Maartje, fMRI buddy van het eerste uur! Wat was het fijn om met jou fMRI mee-
tings te organiseren, aan fMRI opstellingen te prutsen, te SPMen, zelfs jouw para-
nimf te mogen zijn, en zoveel meer. Ik heb heel veel van je geleerd en dat doe ik 
nog steeds: ik heb zo veel bewondering voor jou als wetenschapper! Dank je wel 
voor al je support en betrokkenheid, zelfs nu je ‘helemaal’ in Nijmegen zit. 

Dank aan alle mensen van de neuro, ten eerste natuurlijk Janne! Life is like a long 
weekend met jou, zelfs op werk! Heb genoten van onze cursussen, congressen, 
meetings, werksessies in het café, en zo veel meer. En dat terwijl je ook nog eens 
zo veel en zulk goed werk verzet. You’re one of a kind! Frank Jan, bedankt voor 
al je hulp met het benaderen van patiënten. Harro, Wan, Elise, ik ben heel blij met 
jullie inzet voor het includeren van de patiënten, fijn dat jullie altijd mee wilden 
denken! Lize, dank voor alle NPOs die je hebt afgenomen in het kader van de 
studies. Ook Meike Huiskens wil ik daarvoor bedanken, evenals de stagiaires van 
de neuropsychologie. Lieke en Tsz, zonder jullie waren er geen genetica resulta-
ten geweest in de Iris+ studie. Bedankt voor jullie moeite! Last but not least alle 
andere mensen die de neurologie/het Alzheimercentrum een boeiende werkplek 
maken: Leonie, Jeroen, Jessica, Sophie, Sanne, Janneke.

Lieve Judy, jij weet als niemand anders hoeveel details er wel niet zijn om je druk 
over te maken gedurende een promotietraject (OCPD olé olé! :) Ik ben dankbaar 
dat ik die allemaal met je heb mogen delen.

Alle vriendinnen die ik heb overgehouden aan psychologie: lieve Gaby, heerlijk 
om jou als buurvrouw te hebben en gewoon even binnen te lopen voor een kop 
koffie (of een glas, ehh, fles wijn ;). Dank je wel voor je eeuwig luisterend oor! Ik 
ben trots op al je ontwikkelingen binnen de fotografie, en nog trotser dat jouw 
werk de voorkant van dit proefschrift siert! Ik kijk uit naar ons volgende weekendje 
weg, natuurlijk samen met Ike en Marleen! Nieke, bedankt voor alle jaren trouwe 
vriendschap waar geen promotie, eigen zaak, baby of verhuizing tussen komt! 
Dieuwertje, we zien elkaar dan wel niet zo vaak als we eigenlijk zouden willen, 
hopelijk komt daar verandering in nu ik klaar ben met mijn ‘roman’ ;).

Mijn liefste neuroscience nerds, Do en Mitzy! Hoe heerlijk om met jullie tijdens 
onze zeldzame maar oh zo fijne DoReMi sessies onder het genot van mimosa’s 
te filosoferen over het neurowetenschappelijke wereldje. Dank jullie wel voor alle 
support!

Ingrid, Aline, Finneke, jullie zijn de beste coachende mede-wijndrinkers die ik me 
kan wensen. Dank voor al die therapeutische wijnmarathons!

Van naast elkaar zitten in de brugklas tot allebei promoveren op het gebied van 
hersenen, en alles daar tussenin: lieve Marlies, dank je wel voor alle gezelligheid, 
steun en betrokkenheid al die jaren.  

Nathalie en Annemijn, wat een voorrecht om dit alles en meer met jullie te mogen 
delen. Liefste Nali, het is nog steeds zo ontzettend fijn om al mijn dagelijkse sores 
met jou te bespreken. Vaak ging dat over mijn promotie. Bedankt voor alle mo-
menten dat je me helpt geholpen te relativeren, die zijn onbeschrijflijk waardevol 

geweest, zoals jouw vriendschap dat überhaupt is! Liefste Anneman, ik heb zo-
veel bewondering voor hoe jij als je aan de andere kant van wereld zit nog steeds 
dichtbij kan zijn. Ik koester het enorm dat ik één van de mensen mag zijn die je 
altijd dichtbij je hebt. Dank jullie wel voor alles m’n liefste vriendinnetjes! Jurre, ik 
denk dat je één van de weinige mensen bent die daadwerkelijk geprobeerd heeft 
mijn papers te lezen, zo onvoorstelbaar lief! Dank je wel voor je betrokkenheid.  

Mijn familie, met name tante Janny en tante Jo, Caroline, Johan, Karin, Corina, 
Nancy en Sandra, dank voor jullie eeuwige belangstelling in de voortgang van 
mijn onderzoek! Nu kunnen we dit agendapunt schrappen voor de toekomstige 
kerstdiners en high tea’s. Veel dank aan tante Ineke voor het helpen werven van 
gezonde vrijwilligers en aan oom Piet voor pilot-proefpersoon zijn, ook al mocht 
hij de afronding van het daadwerkelijke onderzoek helaas niet meer meemaken.

Ook mijn schoonfamilie, Martijn en Sandra, Floris en Greini, Pieter en Marieke, 
bedankt voor jullie interesse in mijn onderzoek en vooral het begrip als dat on-
derzoek weer eens de prioriteit had. Speciale dank aan mijn schoonouders, Joost 
en Gerda, jullie betrokkenheid gaat zelfs zo ver dat jullie als gezonde vrijwilligers 
hebben deelgenomen aan het onderzoek. Ik ben jullie heel dankbaar voor alles!

David en Kimberley, Esther en Ben, dank voor jullie betrokkenheid bij het wel 
en wee van het onderzoek van jullie kleine (schoon)zusje! Fijn ook dat we onze 
schrijffrustraties hebben kunnen delen Dadie ;) Speciale dank aan Esther voor je 
aandacht voor mijn onderzoek, zelfs terwijl jij dagelijks met het onderwerp wordt 
geconfronteerd. Lieve Bram en Karlijn, dank jullie wel voor jullie onbezorgde ge-
zelligheid!

Liefste pappa en mamma, ik had dit niet zonder jullie gekund. Jullie willen altijd 
het beste voor mij en daarom heb ik het geluk op deze manier opgegroeid en 
opgeleid te mogen zijn. Dank voor jullie onvoorwaardelijke steun en liefde. Mam, 
speciale dank aan jou voor alles wat je voor het onderzoek hebt gedaan, van ge-
zonde vrijwilliger zijn, tot Iris-bollen regelen als presentje voor de deelnemers, tot 
medewerking aan de voorkant van dit proefschrift. Je bent een kanjer.

Live Wouter Naber, zoals alles wat we doen hebben we deze promotie ook bijna 
samen gedaan: dank je wel voor al je steun en ervoor zorgen dat ik ook stil stond 
bij (kleine) successen, maar ook voor het tekenen van logo’s, pilot proefpersoon 
zijn, het luisteren naar mijn presentaties, en nog honderden zaken meer, maar ik 
ben je vooral dankbaar voor altijd en overal achter me staan. Woorden kunnen 
niet beschrijven hoe dankbaar en gelukkig ik ben dat ik mijn leven met jou mag 
delen!
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