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Abstract Introduction: In this cross-sectional study, we aimed to detect differences in cerebral blood flow
(CBF) between subjects with Alzheimer’s disease (AD), mild cognitive impairment (MCI), and sub-
jective cognitive decline (SCD), using two-dimensional phase-contrast magnetic resonance imaging.
Methods: We included 74ADpatients (67 years, 51% female), 36MCI patients (66 years, 33% female),
and 62 patients with SCD (60 years, 32% female) from the Amsterdam Dementia Cohort. Patients with
SCDare thosewhovisited thememoryclinicwith subjective cognitive complaintswithoutobjective cogni-
tive impairment.Whole-brainCBF (mL/100 g/min)was calculated using total volumeflowmeasuredwith
two-dimensional phase-contrast magnetic resonance imaging and normalized for brain volume.
Results: Mean CBF values (SD) were lower in AD compared to SCD (age and sex adjusted 706 26
vs. 826 24 mL/100 g/min, P, .05). Mean CBF values of MCI were comparable to AD. Across clin-
ical groups, lower CBF was associated with lower scores on the Mini–Mental State Examination (age
and sex adjusted stb 5 0.19 per mL/100 g/min; P 5 .02).
Discussion: Lower whole-brain CBF is seen in AD patients compared to SCD patients and is asso-
ciated with worse cognitive function.
� 2017 The Authors. Published by Elsevier Inc. on behalf of the Alzheimer’s Association. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegener-
ative disease caused by accumulation of amyloid plaques
and neurofibrillary tangles, eventually leading to brain atro-
phy [1]. Accumulating evidence shows that patients with AD
not only have brain atrophy but also have lower cerebral
blood flow (CBF) compared to those with subjective cogni-

tive decline (SCD). It is possible that neurodegeneration and
small vessel disease (SVD) independently contribute to
lower CBF in subjects with AD and that CBF may reflect to-
tal disease burden in AD [2,3].

Several techniques can be used tomeasureCBF in subjects:
single-photon emission computed tomography, positron emis-
sion tomography (PET), and arterial spin-labeling (ASL)mag-
netic resonance imaging (MRI) [2,4–9]. However, these
techniques have several disadvantages. Single-photon emis-
sion computed tomography and PET are invasive, and ASL
is very sensitive to measurement variability [8].
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Two-dimensional phase-contrast (2D PC) imaging may be
a promising alternative. This is a noninvasive, relatively fast,
and cheap technique that measures the average flow in the ca-
rotid andbasilar arteries. Furthermore, 2DPC imaging is anac-
curate and reproducible method to assess whole-brain CBF
[10]. Two small studies and one larger study showed that 2D
PC imaging is capable of measuring whole-brain CBF, which
can be used to differentiate between subjects with SCD and
with AD [6,11,12]. However, those studies did not adjust for
brain volume. This is an important limitation because brain
volume may be a confounder in the relationship between
cerebral perfusion and cognition [13]. Two studies that did
adjust for brain volumewere performed in the general popula-
tion and in subjects with diabetesmellitus, showing contradic-
tory results for the association of CBF with cognition [13,14].

We used 2D PC MRI to investigate differences in CBF,
normalized for brain volume, in a large sample of subjects
with AD, mild cognitive impairment (MCI), and SCD. In
addition, we studied the association between CBF and
cognitive function.

2. Methods

2.1. Subjects

In this cross-sectional study, 231 subjects were selected
from the memory clinic–based Amsterdam Dementia Cohort.
All subjects visited the memory clinic between October 2010
andMay2011andunderwent an extensivedementia screening,
including medical history, neurological and physical examina-
tion, cognitive assessment, and brain MRI including 2D PC
MRI [15]. The 2D PC image could not be used for the calcula-
tion of CBF when the lumen of (one of) the vessel(s) was not
distinguishable from the static tissue (e.g., due to movement
or artifacts). This led to the exclusion of 59 subjects.

In total, 172 subjects were included in the present study:
74 patients with AD, 36 patients with MCI, and 62 patients
with SCD [16,17]. We found no difference in demographics
between the study subjects and the subjects who were
excluded because of their 2D PC MRI. The excluded
patients were evenly distributed over the diagnostic groups.

AD diagnosis according to theNational Institute of Neuro-
logical and Communicative Disorders and Stroke - Alz-
heimer’s Disease and Related Disorders Association
(NINCDS-ADRDA) criteria [18,19] and MCI diagnosis
according to the Petersen criteria [20,21] were made based
on the consensus of a multidisciplinary team [15]. Subjects
with SCDwere thosewhovisited ourmemory clinicwith sub-
jective cognitive complaints, but for them, clinical examina-
tion and neuropsychological tests were normal (i.e., criteria
for MCI, dementia, or any other neurological or psychiatric
disease that might cause cognitive decline were not met).

We collected information on presence of hypertension,
hypercholesterolemia, and diabetes mellitus based on self-
reported medical history and medication use. We dichoto-
mized smoking into current and never/former smoking.

The other cardiovascular risk factors were also dichoto-
mized into present or absent. Mini–Mental State Examina-
tion (MMSE) scores were used as a measure of cognitive
function.

The ethical review board of the VU University Medical
Center approved the study. All subjects gavewritten informed
consent to use their clinical information for research purpose.

2.2. MRI acquisition

All subjects underwent brain MRI imaging on a 3.0 T
whole-body MRI scanner (Signa HDxt, General Electric
Medical Systems, Milwaukee, WI, USA) using an eight-
coil-channel head coil. The scan protocol has been described
elsewhere more extensively [4].

The MRI protocol included a three-dimensional
T1-weighted sequence (repetition time [TR] 5 7.8 ms, echo
time [TE] 5 3 ms, inversion time 5 450 ms, flip
angle5 12�, and voxel sixe5 1.0! 0.9! 0.9mm); a sagittal
three-dimensional fluid-attenuated inversion recovery
(TR5 8000 ms, TE5 123.6 ms, inversion time5 2350 ms,
and voxel size 5 1.0 ! 1.0 ! 1.0 mm); an axial 2D T2*
gradient echo with an echo-planar read-out (TR 5 5300 ms,
TE ;5 25 ms, and voxel size 5 1.0 ! 0.5 ! 0.5 mm); and
an axial 2D proton density/T2-weighted (PD-T2) fast spin
echo (TE 5 20/112 ms, TR 5 8680 ms, and voxel
size5 1.0! 0.5! 0.5 mm). All scans were checked by neu-
roradiologists for gross abnormalities.

Medial temporal lobe atrophy (MTA) was rated on the
coronal reconstructions of the T1-weighted images with
scores ranging from 0 to 4 [22]. For analyses, we used the
mean of left and right MTA scores and dichotomized this
into low (,1.5) or high (.1.5). White matter hyperinten-
sities (WMHs) were rated using the Fazekas scale, with
scores ranging from 0 to 3, on the fluid-attenuated inversion
recovery images [23]. The Fazekas score was dichotomized
into low (0–1) and high (2–3). Microbleeds were defined as
small round hypointense foci on T2*-weighted images, with
a maximum diameter of 10 mm located in brain paren-
chyma. Lacunes were defined as deep lesions (3–15 mm)
with cerebral spinal fluid (CSF)–like signal on all sequences.
Microbleeds and lacunes were counted and for the analyses
dichotomized into present or absent. The rater was blinded to
the subjects’ clinical data [2].

For the estimation of brainvolume, not normalized by head
size, T1 images were used. Preprocessing using FSL (version
5.0, www.fsl.fmrib.ox.ac.uk/fsl) included non-brain tissue
removal [24], linear registration to standard space [25], and tis-
sue segmentation [26], as previously described [4].

2.3. 2D PC MRI

For flow measurement, nongated 2D PC imaging was per-
formed. A transverse 2D PC image was made in a plane
perpendicular to the internal carotids and basilar artery at
the base of the skull (TR 5 23.0 ms, TE 5 7.2 ms, field of
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