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Abstract Alzheimer’s disease (AD) and mild cognitive

impairment (MCI), the transitional clinical stage between

cognition in normal aging and dementia, have been linked

to abnormalities in brain perfusion. Pulsed arterial spin

labeling (PASL) is a magnetic resonance imaging (MRI)

technique for evaluating brain perfusion. The present study

aimed to determine regional perfusion abnormalities in 19

patients with mild dementia in AD and 24 patients with

MCI as compared to 24 cognitively healthy elderly controls

using PASL. In line with nuclear imaging methods, lower

perfusion in patients with MCI and AD was found mainly

in the parietal lobe, but also in angular and middle temporal

areas as well as in the left middle occipital lobe and pre-

cuneus. Our data imply that PASL may be a valuable

instrument for investigating perfusion changes in the

transition from normal aging to dementia and indicate that

it might become an alternative to nuclear imaging tech-

niques in AD diagnostics.

Keywords Pulsed arterial spin labeling (PASL) �
Cerebral blood flow (CBF) � Mild cognitive impairment �
Alzheimer’s disease

Introduction

Alzheimer’s disease (AD) is the most common cause of

dementia [35]. It is a neurodegenerative disorder that is

pathologically defined by the presence of extracellular

deposits of b-amyloid peptides in senile plaques, in-

traneuronal inclusions of hyperphosphorylated tau protein

in neurofibrillary tangles, astrocytosis and synaptic as

well as neuronal loss. The transitional stage between

cognition in normal aging and dementia is commonly

referred to as mild cognitive impairment (MCI) and

represents in many cases a prodromal phase of AD [51].

The pathological hallmarks of AD emerge in the areas of

the brain that are involved in memory consolidation,

especially in the medial temporal lobes [54]. At the early

stages of the disease, synaptic and neuronal loss, which

results in atrophy, is predominantly observed in the

hippocampus [25, 41]. A significant elevation of b-

secretase activity, being the key enzymatic player in the

amyloidogenic processing of the amyloid precursor pro-

tein, has been observed predominately in the temporal

lobes and to a lesser extent in the frontal lobes of

patients with AD [19].

Modern imaging techniques are invaluable instruments

in shedding light on the pathomechanisms of AD. Studies

based on functional nuclear imaging methods have eluci-

dated metabolic and perfusion decreases as well as amyloid

depositions in parietal areas, lateral temporal areas, pre-

cuneus, posterior cingulate gyrus and the dorsolateral

frontal cortex that becomes affected with disease
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C. Preibisch

Department of Neuroradiology, Technische Universität

München, Munich, Germany

M. Skokou

Department of Psychiatry, University of Patras,

Rion, Patras, Greece

C. Preibisch

Department of Neurology, Technische

Universität München, München, Germany

123

Eur Arch Psychiatry Clin Neurosci (2012) 262:69–77

DOI 10.1007/s00406-011-0226-2



progression [15, 21, 24]. In recent years, MRI-based arte-

rial spin labeling (ASL) techniques [7] have emerged as a

scientific tool to investigate perfusion in patients with AD.

Cerebral blood flow (CBF) effects the delivery of oxygen

and nutrients to tissues and thus is correlated to brain

functional activity and cerebral metabolic rate [8]. In ASL,

perfusion contrast is obtained by manipulating the longi-

tudinal magnetization of inflowing arterial blood water.

The most consistent finding in ASL studies in patients with

AD was a decreased CBF in precuneus and/or posterior

cingulate cortex, as well as in lateral parietal cortex [4, 10].

Because of the limited spatial coverage and an increased

vulnerability to artifacts, due to magnetic field variation,

the findings of the few ASL studies, which investigated

perfusion variations in medial temporal lobes in AD and

MCI, are preliminary and remain controversial [4].

In light of the detected correlations between cerebral

perfusion, assessed with nuclear imaging techniques, and

pathological stage in AD [6], studying perfusion in the

medial temporal lobes in patients with AD is crucial

because of the paramount importance of this brain region in

the development of AD pathology. Thus, the aim of the

present study was to investigate regional CBF abnormali-

ties mainly in the medial temporal and parietal lobes in

patients with MCI and AD in comparison to elderly cog-

nitively healthy controls [39] using a pulsed ASL technique

(PASL) [20, 31]. We expected a reduction of CBF in both

parietal and temporal lobes in patients with AD, since they

are the brain regions, where AD pathology emerges [26,

35, 54].

Methods

Study sample

The study protocol was approved by the Ethics Committee

of the Medical Faculty of the Technische Universität

München. It was conducted in accordance with the 1964

Declaration of Helsinki. Written informed consent was

available for all participants.

The participants were recruited at the Centre for cog-

nitive disorders of the Department of Psychiatry and Psy-

chotherapy and at the Department of Neuroradiology of the

Technische Universität München. The diagnostic proce-

dure included history from the patient and from an infor-

mant; medical, neurological and psychiatric examination,

laboratory screening, structural brain imaging (MRI) and a

neuropsychological examination based on the German

version of the Consortium to Establish a Registry for AD

neuropsychological assessment battery (CERAD-NAB)

[47], which incorporates the mini-mental state examination

(MMSE) [18].

The study sample embraced 24 cognitively healthy

controls (HC) (8 male, 16 female, age 67.1 ± 6.1 years),

24 patients with MCI (16 male, 8 female, age

69.6 ± 8.2 years) and 19 patients diagnosed with mild

dementia in AD (11 male, 8 female, age 72.0 ± 9.4 years).

Patients with AD fulfilled the criteria of the ICD-10 clas-

sification system for dementia [50] and the criteria of the

National Institute of Neurological and Communicative

Disorders and Stroke—Alzheimer’s Disease and Related

Disorders Association (NINCDS-ADRDA) for probable

AD [34]. Patients with AD were treated with cholinesterase

inhibitors and/or memantine. The diagnosis of MCI fol-

lowed the revised consensus criteria of the International

Working Group on MCI [51]. The HC were spouses and

friends of the patients with clinically and neuropsycho-

logically normal cognitive performance according to the

MMSE. They were independent in their activities of daily

living and did not have any memory complaints. HC can-

didates with serious medical, psychiatric or neurological

disorders, which could affect cognitive functioning (e.g.,

major depression, posttraumatic stress disorder, stroke,

schizophrenia, seizure disorder, head injury), with a score

on MMSE \28, with structural MRI abnormalities poten-

tially associated with cognitive deficits, or MRI contrain-

dications were excluded from the study.

Quantification of CBF

In the current study, the pulsed star labeling of arterial

regions (PULSAR) technique was used [20] in combination

with thin slice periodic saturation pulses (Q2TIPS) [31]

applied between a first inversion time TI1 and the stop time

TI1s. This principally allows the calculation of quantitative

CBF maps from data acquired with a single inversion time

[31, 52]. For readout at the inversion time TI2, a single-shot

echo planar imaging [46] sequence was applied [32].

Calculation of quantitative perfusion maps from the dif-

ference signal DS(control-tag) was adapted from [38]. As

there were no large arterial vessels in the tag and control

images, S0B was derived from WM signal (SWM), and CBF

was calculated according to:

CBF ¼ DSðTI2 þ ðn� 1ÞssTRÞ
2 � S0B � TI1 � exp � ðTI2þðn�1ÞssTR

T1B

h i
� exp � TE

T�
2B

h i :

ð1Þ

where n is the slice for which DS is calculated, ssTR is

the single slice repetition time, S0B is the signal of fully

relaxed blood, T1B and T2B
* are the longitudinal and

effective transverse relaxation time of arterial blood,

respectively. For quantitative calculation of CBF at 3.0

T, T1B and T2B
* were assumed to be 1.5 s and 100 ms

[38].
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MR imaging protocol

MRI was performed on a 3-T whole-body MR scanner

(Achieva, Philips Healthcare, Hamburg, Germany) using

an 8-channel phased-array head coil (receive-only) and a

whole-body transmit coil. Resting CBF maps were

obtained from each participant. The acquisition parameters

were as follows: TR/TE/a = 2,500 ms/17 ms/90�; TI1/

TI1S/TI2 = 700 ms/1,200 ms/1,500 ms; 11 slices aligned

to the hippocampus and comprising the parietal lobe were

acquired from inferior to superior in an ascending order;

acquisition time of a single slice ssTR = 42.2 ms; matrix

size 64 9 63; voxel size 3.75 9 3.75 9 6 mm3; slice gap

0.6 mm; thickness of labeling slab 100 mm; distance

between labeling slab and imaging volume 15 mm. Each

perfusion measurement consisted of 80 pairs of label-

control acquisitions with a scan time of 7 min and 18 s. To

facilitate an accurate coregistration between perfusion and

structural MRI data, a single-shot EPI volume covering the

whole brain (voxel size 3.75 9 3.75 9 3 mm3; 40 slices)

and a T1-weighted Turbo Field Echo [27] sequence (voxel

size 1 9 1 9 1 mm3; 170 slices) were acquired in the

same session. Each subject underwent routine clinical brain

imaging with a FLAIR sequence to screen for existing

brain disease. The participants were asked to rest and to

keep their eyes closed during data acquisition.

Data processing

Spatial preprocessing used SPM5 (http://www.fil.ion.

ucl.ac.uk/spm) based on MATLAB and comprised

motion correction, coregistration of perfusion-weighted

images and anatomical T1-weighted images, segmentation,

spatial normalization and smoothing (Gaussian kernel,

12 mm full width at half maximum). Since direct coreg-

istration of the perfusion-weighted and T1-weighted MR

images is not reliable, due to the low signal-to-noise ratio,

the limited structural features and the low volume coverage

of the perfusion-weighted images, a stepwise coregistration

strategy was employed, similar to that described by John-

son et al. [30]. First, the T1-weighted structural image was

coregistered using the whole brain EPI scan as a target.

Subsequently, the whole brain EPI scan was coregistered

using the mean image of the registered control and tag

images as a target. The same transformations were then

applied to the GM and WM segments of the structural scan.

A binary WM mask was then created from the coregistered

WM segment to determine SWM and finally S0B. Quanti-

tative maps of CBF were then calculated according to

Eq. 1. A correction of the perfusion data for partial volume

effects (PVE) was performed according to the procedure

described by Johnson et al. [30]. Partial volumes of GM

and WM are accounted for by the assumption that the

perfusion to GM is 2.5 times greater than that to WM [44].

To facilitate normalization of CBF maps, a stepwise

coregistration to anatomical data was performed. First, the

mean of all tag and control images was registered to the

whole brain EPI reference image, which then was regis-

tered to the T1-weighted image. The same transformations

were then applied to the CBF map to achieve accurate

coregistration to the structural T1-weighted image. Finally,

the T1-weighted structural images were spatially normal-

ized [5], and the same transformations were applied to the

CBF maps. During this process, CBF maps got interpolated

to a voxel size of 2 9 2 9 2 mm3. The normalized CBF

maps were smoothed with an isotropic 12 mm full width at

half-maximum Gaussian kernel to normalize the distribu-

tion of perfusion data as required within the framework of

the subsequent statistical analyses and inference [53].

Region of interest (ROI) analysis

Information on regional perfusion values was extracted by

means of a region of interest (ROI) analysis. Anatomic

ROIs were defined by means of the WFU Pickatlas tool

(http://www.nitrc.org/projects/wfu_pickatlas). Global ROIs

of GM were created by averaging the normalized GM

segments (cognitively normal elderly subjects and the two

patient groups separately), and applying a threshold of PGM

[0.2. This corresponds to the area where voxel-wise par-

tial volume correction (PVC) was applied. To restrict ROI

evaluation to the measured volume, a mask was created

from the normalized means of the registered control and

tag images by averaging over subjects and applying

appropriate thresholds. A custom program written in

MATLAB was then used to calculate mean values of CBF

within the masked anatomic ROIs for single subjects.

Values within ROIs were then averaged for HC, patients

with MCI and patients with AD.

Voxel-wise analysis of variance (ANOVA)

CBF maps were statistically analyzed using second-level

statistical procedures as implemented in SPM5 (http://www.

fil.ion.ucl.ac.uk/spm). CBF differences between subject

groups were explored by means of an ANOVA. Age and

gender were used as covariates, since both have been

shown to affect AD pathology [35, 40]. The following

contrasts were performed: HC[MCI [1 -1 0], HC\ MCI

[-1 1 0], HC [ AD [1 0 -1], HC \ AD [-1 0 1], MCI

[ AD [0 1 -1], MCI \ AD [0 -1 1]. The resulting

parametric maps of t values were thresholded at P \ 0.001

uncorrected and at P \ 0.05, corrected for multiple com-

parisons based on family-wise error (FWE) [37]. Anatomic
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labeling of cluster localizations was aided by the automatic

anatomic labeling toolbox [48].

Results

ROI analysis

Table 1 summarizes the results of the ROI analysis in

global GM as well as in several anatomical ROIs. Even

though the global mean of the partial volume corrected

CBF (CBFcorr) in GM in patients with MCI and AD was

about 5 and 9% lower than in HC, these differences were

not statistically significant. Compared to HC, patients with

MCI and AD had statistically significant lower perfusion in

the posterior cingulate gyrus and the lateral parietal lobe.

CBFcorr was significantly higher in the middle temporal

lobe and in the medial and lateral parietal lobe in HC in

comparison to patients with AD. Higher perfusion in

patients with MCI as compared to HC was observed in the

insula, rolandic operculum, putamen, Heschl’s Gyrus, the

superior temporal lobe/temporal pole, in the medial tem-

poral lobe, in hippocampus and parahippocampus. How-

ever, statistical significance was only reached in the insula

and putamen. No significantly elevated perfusion was

observed in patient with AD compared with HC. The dif-

ferences between the AD and MCI groups did not attain

statistical significance according to the ROI analysis.

Voxel-wise ANOVA

Figure 1 shows sections of T1-weighted anatomical images

averaged over all HC with areas of lower CBFcorr in

patients as revealed by the ANOVA analysis overlaid in

yellow (P \ 0.001 uncorrected) and red (P \ 0.05, FWE

corrected). Table 2 summarizes anatomic regions, cluster

sizes, z values and MNI coordinates of peak locations.

Lower CBFcorr in patients with MCI as compared to HC

was found in the right and left superior parietal gyrus, the

right and left angular gyrus, the left inferior parietal gyrus,

Table 1 Region of interest (ROI) analysis: cerebral blood flow with

correction of partial volume effects (CBFcorr) in a global gray matter

(GM) ROI and in different anatomical GM ROIs for cognitively

healthy controls (HC), patients with mild cognitive impairment (MCI)

and mild dementia in Alzheimer’s disease (AD)

ROIs for CBF analysis Actual HC MCI AD t Test

ROI size CBF CBF CBF HC [ MCI HC [ AD HC \ MCI

Global CBF (n voxel) (ml/100 g/min) (ml/100 g/min) (ml/100 g/min) P B 0.05 P B 0.05 P B 0.05

GM (PGM [0.2) 71,113 41.8 ± 8.7 39.9 ± 9.5 38.0 ± 8.1 – – –

Frontal lobe

Insula 3,355 39.1 ± 12.7 47.7 ± 13.7 46.5 ± 11.8 – – 0.028

Rolandic operculum 2,195 53.0 ± 18.0 59.5 ± 14.8 57.0 ± 13.8 – – –

Deep GM 4,416 29.1 ± 5.3 29.5 ± 8.0 28.0 ± 8.0 – – –

Caudate 1,323 19.2 ± 5.8 17.3 ± 6.0 17.5 ± 7.6 – – –

Putamen 1,583 23.5 ± 5.1 27.6 ± 5.7 25.8 ± 7.0 – – 0.012

Thalamus 1,450 44.6 ± 10.7 43.1 ± 18.3 40.2 ± 14.7 – – –

Temporal lobe

Heschl 439 62.8 ± 20.6 70.7 ± 17.5 71.9 ± 14.5 – – –

Lateral temporal lobe 13,762 43.5 ± 9.4 42.1 ± 9.7 38.4 ± 9.1 – – –

Sup temp/temp pole 5,840 50.7 ± 11.5 54.1 ± 11.0 48.8 ± 10.3 – – –

Mid temp/temp pole 7,121 40.7 ± 9.6 35.4 ± 11.8 32.9 ± 11.3 – 0.020 –

Medial temporal lobe 1,834 37.7 ± 9.1 42.9 ± 12.2 39.3 ± 9.2 – – –

Hippocampus 1,190 35.8 ± 8.5 40.8 ± 11.6 37.7 ± 10.9 – – –

Parahippocampus 644 41.1 ± 11.7 46.7 ± 16.6 42.2 ± 8.4 – – –

Medial parietal lobe 6,142 49.3 ± 12.3 40.9 ± 17.0 33.9 ± 11.8 – 0.0001 –

Precuneus 5,618 49.3 ± 12.2 41.2 ± 17.1 34.1 ± 12.2 – 0.0002 –

Post cingulate 522 50.3 ± 15.2 36.8 ± 18.6 32.3 ± 12.3 0.009 0.00009 –

Sup. lateral parietal 2,906 28.9 ± 10.1 16.0 ± 9.4 13.6 ± 7.6 0.00004 0.000001 –

Inf. lateral parietal 8,574 40.5 ± 10.2 32.5 ± 9.7 27.5 ± 9.0 0.008 0.00006 –

Inf. parietal 3,542 48.1 ± 14.1 32.3 ± 14.3 29.6 ± 10.7 0.0003 0.00001 –

Angular gyrus 2,681 44.7 ± 13.2 32.4 ± 14.2 26.7 ± 11.5 0.003 0.00002 –

Supramarginal gyrus 2,982 48.3 ± 12.7 47.8 ± 13.8 41.7 ± 12.4 – –
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the left and right middle temporal gyrus and the middle

occipital gyrus. Only the differences in the right angular

gyrus and in the left superior parietal lobe survived FWE

correction for multiple comparisons. Patients with AD

showed lower CBFcorr than HC in the right angular gyrus,

in the left and right superior parietal gyrus, in the left and

right inferior parietal lobe, in the right middle occipital

gyrus, in left precuneus and caudate. The differences in

CBFcorr attained statistical significance on an FWE-cor-

rected level in the left superior parietal lobe, in the right

angular gyrus, in the middle occipital lobe and in the left

precuneus. There was only a small cluster in the middle

cingulate where patients with MCI exhibited higher per-

fusion than patients with AD. No regions of hyperfusion

were detected in patients with AD and MCI compared with

HC according to the ANOVA analysis.

Discussion

The present study aimed to investigate regional CBF vari-

ations in medial temporal and parietal areas in patients with

MCI and AD in comparison to HC using a PASL technique.

Its main observations are focal areas of hypoperfusion in

patients with AD and MCI as compared to HC mainly in the

parietal lobe, but also in middle occipital areas and in the

middle temporal lobe. Moreover, the ROI analysis revealed

significantly elevated perfusion in patients with MCI in the

insular cortex as well as in putamen.

The finding of reduced perfusion in the precuneus, pos-

terior cingulate gyrus, lateral parietal and middle occipital

lobe is consistent with previous findings of ASL perfusion

studies in patients with MCI and AD [4]. It is also con-

cordant with a large amount of nuclear imaging data,

showing severe hypometabolism, hypoperfusion and amy-

loid depositions in parietal regions in patients with MCI and

AD [15, 21, 24]. Especially studies, which employed single

photon emission computed tomography (SPECT) to assess

perfusion, have shown that in patients with clinically

diagnosed AD, hypoperfusion is robust in posterior cingu-

lated cortex, precuneus and temporoparietal cortex [10].

Investigations with Fluorine 18-fluorodeoxyglucose posi-

tron emission tomography (FDG PET) revealed hypome-

tabolism in parietotemporal associative areas and in

posterior cingulated, where the retention of the 11C Pitts-

burgh compound B, a tracer binding to fibrillary b-amyloid,

was found to be highest in mild AD [28, 35]. However,

it is noteworthy that in our study, the CBF decreases

that survived correction for multiple comparisons were

mainly located in the parietal lobe, indicating that the

Table 2 Analysis of variance

(ANOVA) (three groups,

covariates age and sex): areas of

hypo-perfusion in patients with

mild cognitive impairment

(MCI) and mild dementia in

Alzheimer’s disease (AD)

compared with cognitively

healthy controls (HC) at

P \ 0.001 uncorrected, cluster

size threshold 10

* P \ 0.05 family-wise error

(FWE) corrected

Anatomic location Cluster Voxel MNI coordinates

Size EquivZ x y z

HC [ MCI

R Sup. parietal 126 3.69 20 -64 66

R Sup. parietal 24 3.2 34 -44 56

R Angular* 370 4.46 46 -68 48

R Mid. temporal 34 3.24 42 -68 14

L Sup. parietal* 1,852 4.57 -26 -56 62

L Inf. parietal 3.57 -44 -60 52

L Inf. parietal 30 3.28 -44 -42 40

L Angular 368 3.4 -36 -78 38

L Mid. temporal 3.44 -40 -64 20

L Mid. occipital 3.56 -32 -74 28

HC [ AD

R Sup. parietal 25 3.25 22 -62 62

R Inf. parietal 29 3.4 62 -38 50

R Angular* 1,865 5 48 -66 48

R Mid. occipital* 4.33 42 -72 18

L Sup. parietal* 3,980 4.64 -34 -54 58

L Inf. parietal 4.01 -30 -74 30

L Precuneus* 4.33 -4 -64 48

L Caudate 28 3.74 -14 -12 24

MCI [ AD

R Mid. cingulate 17 3.44 8 -30 26
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hypoperfusion observed in patients with AD and MCI

reaches its zenith in this brain area. Reductions of CBF can

be attributed to decreased activity per volume of GM or to

reduced amounts of GM, as well as to synaptic loss and

changes in neural activity owing to the progress of AD

pathology (e.g., mitochondrial dysfunction and oxidative

damage) [43]. In our study, PVE were taken into account.

Thus, the detected CBF decreases in patients with MCI and

AD are not merely a result of atrophy. Our findings are in

line with an observed decrease in neural activity in parietal

regions of patients with MCI and AD in memory-related

functional MRI [9].

Though there is global agreement about the reduction of

CBF, metabolic activity and amyloid deposition in parietal

areas in patients with AD pathology, the effects of AD on

temporal lobe seem to be more complex. In accordance

with previous findings of ASL studies, we observed a CBF

reduction in patients in the middle temporal lobe [13, 36].

Nevertheless, previous ASL studies that have taken into

account PVE have detected an increase in perfusion in

parts of the medial temporal lobe, as well as in other

regions (e.g., anterior cingulate, angular gyrus) [3, 12].

Although we did consider PVE, the ANOVA analysis did

not show any areas of significant hyperfusion in patients

with AD and MCI. Interestingly, when global CBF of GM

was considered as a covariate in the ANOVA analysis, we

also obtained a significantly higher regional CBFcorr in

patients with MCI than in HC in the medial temporal lobe,

in occipital and frontal regions, while patients with AD

exhibited higher CBFcorr in the insula, calcarine, temporal

and frontal areas (data not shown). Even though these

differences did not survive FWE correction for multiple

comparisons, a correction for global CBF changes seems to

facilitate the detection of hyperperfusion in patients with

MCI and AD. Possibly, a similar effect occurred in the

study of Alsop and colleagues [3] who performed a nor-

malization of perfusion values to the visual cortex and

detected significantly elevated CBF in the hippocampus

and other medial temporal structures in patients with AD.

Moreover, the ROI analysis of our data (Table 1) showed a

Fig. 1 Analysis of variance (ANOVA) (three groups, covariates age and gender): areas of hypo-perfusion in patients with MCI and AD as

compared with cognitively healthy controls (HC) (yellow: P \ 0.001 uncorrected; red: P \ 0.05 FWE corrected)
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significantly elevated perfusion in the insular cortex and

putamen as well as a trend to elevated perfusion in the

superior and medial temporal lobe in patients with MCI

compared with HC. It is noteworthy that the detected areas

of statistically significant hyperfusion in patients with MCI

in the ROI analysis are not located in brain regions that are

affected by AD pathology [35]. The hyperfusion could be

attributed to differences in gender distribution and age

differences between the MCI and HC groups, which in

contrast to the ANOVA analysis have not been taken into

account in the ROI analysis. Differences in regional CBF

patterns between genders, as well as the influence of age on

perfusion and AD pathology, have already been described

[22, 35, 45]. Nevertheless, it should be underscored that

results of functional MRI studies indicate a hyper-activa-

tion of medial temporal lobe circuits early in the course of

MCI before being comprised by AD pathology, whereas

later in the course of MCI, as well as in mild AD, the

medial temporal lobe was no longer capable to activate

during attempted learning [14]. Moreover, SPECT studies

revealed elevated CBF in rostral anterior cingulate in early

stages of AD [29]. Hence, it cannot be ruled out with final

certainty that the detected perfusion elevation in the ROI

analysis may be a direct result of AD pathology, a response

of neurons to the accumulation of neuritic plaques and

neurofibrillary tangles, or a response to increased aberrant

sprouting of cholinergic circuits. Alternatively, such

increases may mirror a stage in the transition from normal

cognition to dementia, which is marked by a neural com-

pensatory response, being an attempt of the brain to com-

pensate for the structural and functional lesions associated

with the neurodegenerative process. This compensatory

response may lead to dependence on higher energetic

resources to maintain neural effectiveness. It occurs prior

to some threshold of neuropathology beyond which such

compensation is not possible [29]. Factors unrelated to AD

pathology, such as release of nitric oxide, a potent vaso-

dilator, which can occur during inflammation and in con-

nection with NMDA receptor signaling and plastic

remodeling, may also be implicated in perfusion elevation

[3]. It is of note that metabolism and perfusion in the

medial temporal lobe are usually not assessed with nuclear

medicine methods because of lower normal values of

metabolism/perfusion than in the neocortical association

cortices and partial volume effects arising from the sig-

nificant hippocampal atrophy, manifesting early in the

disease course [24]. Nonetheless, a few PET studies, which

were focused on this brain region, revealed a decrease in

metabolism in medial temporal lobe [13, 36].

According to our observations, significant CBF differ-

ences between patients with MCI and AD were restricted to

a small area of lower perfusion in the middle cingulate

gyrus of patients with AD. This finding supports the

assumption that in our study sample, the clinical phenotype

of MCI was mainly caused by AD pathology, which had

not yet reached the severity to manifest clinically with the

symptoms of dementia [2]. Previous ASL studies also

reported minimal perfusion differences between patients

with MCI and AD [12].

The results of ASL studies concerning the localization

of regions of hypoperfusion, but also of brain areas with

CBF elevation in patients with AD pathology in the stage

of MCI or/and mild dementia, are heterogeneous [4]. This

variability is likely to arise from differences in the

employed ASL techniques, in imaging volumes and sta-

tistical analyses but also from the heterogeneity of AD

neuropathology and/or individual variability of disease

expression [10], as well as from group differences linked

to recruitment or diagnosis biases. In addition, a consid-

erable heterogeneity among patients with AD both clini-

cally and with regard to functional imaging has been

observed [49]. Furthermore, our findings indicate an

asymmetry in perfusion abnormalities in patients with AD

and MCI. Such laterality was previously observed in FDG

PET studies in MCI and mild AD [16] and in amyloid

depositions as assessed with 11C Pittsburgh compound B

PET [42].

The current study should be viewed in the light of

several limitations. The imaging volume was relatively

restricted and excluded large portions of the frontal and

occipital lobes, as well as the cerebellum. This precludes

meaningful comparison with previous studies demonstrat-

ing perfusion decreases in frontal areas. Moreover, it

should be underlined that hypoperfusion cannot be attrib-

uted exclusively to AD pathology, due to the fact that other

pathomechanisms such as age-related cerebrovascular

alterations (e.g., ultrastructural changes in blood vessels,

reduced vascular reactivity and tortuous cerebral vessels)

[11, 23] may lead to an insufficient blood supply in the

aging brain, resulting in reduction of CBF. In our study,

participants were not checked for abnormalities of the

blood vessels, supplying the brain. Even though there was

no evidence of underlying neuropathology in our cogni-

tively healthy subjects, an admixture of neurodegenerative

changes influencing our results cannot be ruled out with

final certainty. Furthermore, a generalization of our results

should be treated with caution, since the study sample was

relatively small. As a result, future studies are warranted to

replicate our observations. A possible confounding effect

of the treatment of patients with AD with cholinesterase

inhibitors and/or memantine is rather unlikely, because the

aforementioned treatment is symptomatic and does not

affect the accumulated AD pathology in the brain. Finally,

it should be underscored that clinical diagnoses based on

international diagnostic criteria are not always confirmed at

autopsy. Thus, a possible erroneous clinical assessment,
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despite the comprehensive diagnostic work-up, should be

taken into account [1].

In conclusion, ASL is a promising imaging technique in

studying perfusion changes related to AD pathology. In

light of our findings and taking into account its advantages

over nuclear imaging methods (no exposure to ionizing

radiation, no intravenous contrast agents or radioactive

isotopes), it can be reckoned that ASL might become a part

of AD diagnostics in the near future. Nonetheless, it is

important to underscore the significant variability in the

details of perfusion patterns in the early phase of AD,

which possibly limits the clinical utility of ASL [33].

Further studies, combining nuclear imaging methods,

measuring metabolism, perfusion and amyloid pathology,

with ASL are warranted to investigate possible correla-

tions/linkages between the localization and severity of the

changes in metabolism, perfusion and amyloid deposition

in patients with AD, in order to judge the clinical relevance

of perfusion alterations [17] and unveil the pathomecha-

nisms of a disease, which is assumed to become a global

health scourge.
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