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Abstract

The cerebellum is the region most commonly used as a reference when normalizing the intensity of perfusion images
acquired using magnetic resonance imaging (MRI) in Alzheimer’s disease (AD) studies. In addition, the cerebellum provides
unbiased estimations with nuclear medicine techniques. However, no reports confirm the cerebellum as an optimal
reference region in MRI studies or evaluate the consequences of using different normalization regions. In this study, we
address the effect of using the cerebellum, whole-brain white matter, and whole-brain cortical gray matter in the
normalization of cerebral blood flow (CBF) parametric maps by comparing patients with stable mild cognitive impairment
(MCI), patients with AD and healthy controls. According to our results, normalization by whole-brain cortical gray matter
enables more sensitive detection of perfusion abnormalities in AD patients and reveals a larger number of affected regions
than data normalized by the cerebellum or whole-brain white matter. Therefore, the cerebellum is not the most valid
reference region in MRI studies for early stages of AD. After normalization by whole-brain cortical gray matter, we found a
significant decrease in CBF in both parietal lobes and an increase in CBF in the right medial temporal lobe. We found no
differences in perfusion between patients with stable MCI and healthy controls either before or after normalization.
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Introduction

Alterations in cerebral hemodynamic processes are thought to

be involved in the pathogenesis of Alzheimer’s disease (AD)

[1,2,3]. Furthermore, a correspondence has been demonstrated

between decreased cerebral perfusion and neuronal deactivation,

purportedly as a consequence of neurovascular coupling [4,5].

Regional cerebral perfusion is associated with tissue metabolic

requirements [6]. This physiological mechanism may underlie the

association between perfusion deficits in the parietotemporal

regions and rapid cognitive decline in AD patients [7]. Conse-

quently, measurement of cerebral perfusion using functional

imaging may provide useful information for early detection and

tracking of AD. Classically, this assessment has been carried out

using nuclear medicine techniques, such as positron emission

tomography (PET) or single-photon emission computed tomogra-

phy (SPECT). However, MRI was recently proposed as a

potentially useful tool for the evaluation of cerebral perfusion in

AD patients [8]. Dynamic susceptibility contrast (DSC) MRI is the

most widely used perfusion-weighted MRI technique. DSC-MRI

also has the advantages of shorter acquisition time, lower cost and

no need for ionizing radiation. In addition, in contrast to PET and

SPECT, structural and perfusion MRI metrics are easily obtained

in the same scan session, thus facilitating clinical routine and

patient comfort. However, perfusion MRI is affected by wide

physiological variability in perfusion measurements across subjects.

This variability, which is due to uncontrolled biological and

experimental factors [9], makes it difficult to detect group

differences, especially in small samples. In order to achieve more

sensitive detection of disease-dependent patterns of altered

perfusion, variability can be improved by normalizing data before

performing comparative analysis.

The most widely used intensity normalization method computes

the ratio of a region of interest (ROI) value to the average

perfusion value of all voxels within a reference region.

In nuclear medicine studies, the cerebellum, whole-brain gray

matter (GM) and whole-brain white matter (WM) have tradition-

ally been considered good reference regions for intensity

normalization [10]. The cerebellum is the most commonly used

reference region in SPECT perfusion studies in AD patients, since

it has been reported to provide unbiased estimations [11,12,13].

The idea that the cerebellum remains unaffected by AD is

controversial, since some authors have reported reduced function

in this region in late dementia, suggesting that normalization by

this region in advanced AD may lead to errors [14]. Using DSC-
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MRI, other authors recently observed a significant decrease in

cerebral blood flow (CBF) in the cerebellum of AD patients [15].

The cerebellum is also the most widely used region for

normalization in perfusion-weighted MRI studies of patients with

AD [16,17,18], although the visual cortex [19], basal ganglia [20]

and primary motor cortex [21] have also been used. In MRI

studies, no reports confirm that the cerebellum is an optimal

reference region for normalization or evaluate the consequences of

using different normalization regions in perfusion-weighted MRI

measurements.

In this study, we address the effect of using different regions for

normalization in an analysis of CBF parametric maps comparing

patients with mild cognitive impairment (MCI), AD patients and

healthy controls. For this purpose, we normalized CBF maps by

whole-brain cortical GM, whole-brain WM and the cerebellum.

Materials and Methods

Ethics Statement
Written informed consent for all procedures and examinations

of the study was obtained from all participants. In the case of the

patients, the study neurologist informed about the study proce-

dures to the patient and the caregiver (next of kin). The study

neurologist, who also performed mental status exam, established

the capacity/ability of the patient to consent. The ethics

committee of Hospital General Universitario Gregorio Marañón

approved the study.

Participants
The study sample comprised 43 patients and 20 controls.

Patients were divided into 2 groups: those with stable MCI (n = 15)

and those with mild AD (n = 28).

The subjects were recruited prospectively by a senior neurol-

ogist with expertise in behavioural neurology during his routine

clinical practice in the behavioural neurology clinic of Hospital

General Universitario Gregorio Marañón. Potential existence of

cognitive impairment was investigated in all the participants by

means of a semi-structured interview and a physical and

neurological examination. All the participants received a formal

battery of neuropsychological tests including the California Verbal

Learning Test (CVLT) [22], the Frontal Assessment Battery (FAB)

[23], a verbal fluency test [24], Addrenbrooke’s Cognitive

Examination (ACE) [25] and the Rey-Osterrieth Complex Figure

Test (ROCF) [26]. Routine blood determinations, including

complete blood count, glucose, creatinine, hepatic enzymes,

sodium, potassium, calcium, thyroid-stimulating hormone, B12

and folate, were obtained in the MCI and AD groups to detect

causes of cognitive impairment other than AD. Subjects were

excluded if they presented any medical, psychiatric, or neurolog-

ical condition (except the possibility of AD) that could affect

cognition. Patients were not receiving medication for AD at the

time of study. General inclusion criteria were age over 60 years

and ability to read and write. The specific criteria for inclusion in

each of the study groups are detailed in the following paragraphs.

MCI group: MCI was diagnosed using the criteria of Winblad

et al. [27], which extend the criteria of Petersen et al. [28]. The

MCI criteria included self- and/or informant report of impairment

in any cognitive function with preserved basic activities and no (or

minimal) impairment in complex instrumental functions. Cogni-

tive impairment had to be supported by an abnormal performance

(1–1.5 SD below the expected performance for age and education)

in one or more tests from the neuropsychological battery. In

addition, MCI patients did not meet the criteria for dementia

according to the Diagnostic and Statistical Manual of Mental

Disorders (DSM-IV-TR) [29] and were at stage 0.5 in the Clinical

Figure 1. Example of CBF parametric map.
doi:10.1371/journal.pone.0081548.g001

Table 1. Mean volume (cm3) and standard deviation (SD) of the three reference regions for normalization.

Controls Mean (SD) MCI Mean (SD) Alzheimer Mean (SD)

Whole-brain cortical GM 166.59 (17.48) 163.25 (16.53) 148.70 (15.78)

Whole-brain WM 420.56 (51.54) 417.97 (42.95) 388.35 (56.92)

Cerebellum 125.61 (15.01) 124.55 (12.82) 117.23 (10.63)

doi:10.1371/journal.pone.0081548.t001

Table 2. Demographic and clinical data.

Controls
n = 20

MCI
n = 15

Alzheimer
n = 28

Age in years (SD) 71.65 (7.04) 70.87 (9.71) 74.86 (6.97)

Sex (Female:Male) 11:9 7:8 15:13

Years of education (SD) 9.1 (4.36) 7.07 (3.39) 6.79 (4.07)

MMSE (SD) 27.55 (2.09) 26.20 (1.97) 20.61 (4.08)*

*ANOVA of group differences (p,0.0001). Significant differences were found
between the Alzheimer group and the controls, and between the Alzheimer
group and the MCI group. MMSE, Mini Mental State Examination; SD, standard
deviation.
doi:10.1371/journal.pone.0081548.t002
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Dementia Rating Scale (CDR) [30]. After 2 years of clinical

follow-up, the criteria for MCI persisted in this group.

AD group: Probable AD was diagnosed using the criteria

established by the National Institute of Neurological and

Communicative Disorders and Stroke – Alzheimer Disease and

Related Disorders Association (NINCDS – ADRDA) [31]. Hence,

deterioration in memory and other cognitive functions had to be

documented and instrumental activities of daily living had to be

affected. The diagnosis of mild AD was achieved with a score of 1

(i.e., mild dementia) in the CDR [30]. The AD group comprised

12 patients recruited with probable AD and 16 subjects recruited

at the stage of MCI (CDR = 0.5) that converted to probable AD

after 2 years of follow-up.

Control subjects. Control subjects were chosen from among

caregivers attending the behavioral neurology clinic and from

among researchers’ acquaintances. These control subjects did not

present relevant cognitive complaints. To be included in this study,

they had to score above 24 in the MMSE test [32].

Image Acquisition
MRI data were acquired using a 1.5T system (Philips Medical

Systems, Best, The Netherlands). The imaging protocol included a

volumetric T1-weighted 3D gradient echo, which was used for

tissue segmentation (FA = 30u; TR = 16 ms, TE = 4.6 ms; matrix

size = 2566256; FOV = 2566256 mm; and 100 slices with slice

thickness = 1.5 mm).

Perfusion-weighted images (PWI) were obtained using an echo-

planar imaging sequence (EPI factor = 61, FA = 40u; TR = 1439 ms,

TE = 30 ms; matrix size = 1286128; FOV = 2306230 mm; section

thickness = 5 mm) after the injection of a bolus of gadolinium chelate

(10 ml of Gadobutrol; GadovistH Bayer-Schering AG, Berlin,

Germany). Forty volumes (30 slices each) per subject were obtained

during the administration of the gadolinium contrast (automatic

injector, 4 ml/s). After the gadolinium bolus, 30 ml of saline solution

was administered (4 ml/s).

CBF maps (Fig. 1) were obtained according to the following

equation:

CBF ~
CBV

MTT

Where

CBV~

Ð
Cm(t)

Ð
AIF (t)

; MTT~

Ð
C(t)

Cmax

In the previous equation, there are two different concentrations:

the concentration that can be measured directly from the image

data (Cm(t)) and the concentration resulting from a deconvolution

operation with the arterial input function (AIF). Both concentra-

tions can be expressed mathematically as

Cm(t)~ { ln
S(t)

S0
; C(t)~ Cm(t)6{1AIF (t)

Where S(t) is the MRI image signal, S0 is the signal in the first

six frames, when the contrast bolus still is not present and 6
{1

represents the deconvolution operation.

The AIF was calculated automatically using the method

detailed in Rempp et al. [33]. In order to remove noise and

other undesired second-order effects, the contrast curves where

fitted to a gamma function according to the linearization method

proposed in Li et al. [34].

Image Analysis
Brain mask extraction. Brain masks were estimated from

skull-stripped baseline images generated using the VBM8 toolbox

(available at: http://dbm.neuro.uni-jena.de/vbm) for the SPM8

package (Wellcome Trust Centre for Neuroimaging, London, UK;

available at: http://www.fil.ion.ucl.ac.uk/spm). This algorithm

produces a skull-stripped ‘p0’ image that consists of brain tissue

classified into GM, WM and cerebrospinal fluid (CSF). The ‘p0’

images were binarized and visually inspected to correct brain

segmentation errors. The skull was removed manually if necessary.

FreeSurfer Processing
T1-weighted images were processed using the FreeSurfer

package (version 4.5.1, http://surfer.nmr.mgh.harvard.edu) to

estimate cortical gray matter volume per ROI. Brain mask images

obtained from the VBM8 toolbox were introduced into the default

FreeSurfer processing pipeline because they provide more

accurate skull stripping.

The white and gray cortical surfaces were reconstructed from

the raw unaligned images in native space, with the methods

described by Fischl and Dale [35] and Dale et al. [36]. The

reconstruction process was supervised and corrected when

necessary by an operator blind to the subject’s diagnosis. The

measurement technique used by FreeSurfer has been validated

using histological measurements [37] and manual measurements

[38]. Cortical parcellation into gyral-based ROIs was calculated

according to the Desikan-Killiany cortical atlas [39]. Whole-brain

WM, amygdalae, hippocampi and cerebellum were segmented

according to [40]. T1-weighted images were coregistered with the

CBF parametric maps using mutual information methods [41].

Table 3. Mean CBF values and intra-group variability in intensity for the three reference regions.

Controls n = 20 MCI n = 15 Alzheimer n = 28 ANOVA

Mean (SD) CV Mean (SD) CV Mean (SD) CV F p

CBFcgm 0.11 (0.04) 39.2 0.11 (0.05) 48.8 0.11 (0.05) 49.3 0.03 NS

CBFcer 0.30 (0.12) 41.0 0.29 (0.14) 50.2 0.28 (0.14) 50.5 0.14 NS

CBFwm 0.07 (0.03) 41.7 0.07 (0.03) 50.3 0.06 (0.03) 50.1 0.28 NS

CV, coefficient of variation (%); SD, standard deviation; CBFcgm, cerebral blood flow of whole-brain cortical gray matter; CBFcer, cerebral blood flow of cerebellum;
CBFwm, cerebral blood flow of whole-brain white matter; F, ANOVA F value; p, ANOVA p value; NS, not significant.
doi:10.1371/journal.pone.0081548.t003
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After coregistration, masks of every gyral-based ROI, whole-brain

WM and cerebellum were applied to CBF maps. An average CBF

value per ROI was then computed.

Perfusion information for the different cerebral lobes (frontal,

parietal, temporal and occipital) was obtained by assigning a set of

gyri to each lobe according to the cortical structure described in

the Desikan-Killiany atlas [39]. Temporal lobes were divided into

medial and lateral regions. Whole-brain cortical GM was

calculated using the average of perfusion data for every lobe.

Table 1 summarizes the volume size of the three reference region

compared in this paper.

Statistical Analysis
We used one-way ANOVA to test the hypothesis that no

differences existed in mean CBF values in any of the three chosen

reference regions between groups (controls, MCI and AD) in order

to rule out any between-group bias in reference regions for

normalization. We also used ANOVA to test mean CBF values for

differences per lobe between groups before and after normaliza-

tion by the three reference regions. When the result of ANOVA

was significant, we used a post hoc procedure (Dunnett’s test) to

compare means between patients groups and controls and we

calculated the effect size (Cohen’s coefficient, d) in order to assess

the magnitude of those differences. The effect of using different

regions for normalization on the intra-group variability of PWI

data was assessed through the coefficient of variation (CV). We

also estimated the components of variance for the diagnosis group

and normalization region to ensure that any reduction in

variability after normalization (measured using the CV) was due

to a reduction in intra-group variability and not to a reduction in

between-group differences. An ANCOVA model including age as

covariate was used to test between-group differences in GM

volume in the medial temporal cortex, amygdalae and hippocam-

pi. Data were analyzed using Statistical Analysis System (SAS)

version 9.0 (SAS Institute Inc., Cary, NC, USA).

Results

Demographic Data
Demographic and clinical data of the participants are shown in

Table 2. No significant between-group differences were found for

any of the variables, except in the MMSE score, which was lower

in the AD group than in the MCI and control groups.

Between-group Bias in Reference Regions
No statistically significant differences were found in mean CBF

values between the groups in any of the three reference regions

studied. Intra-group variability in CBF intensity values was similar

in the three regions: around 40% in the control group and 50% in

the MCI and AD groups (Table 3).

Effects of Normalization on between-group Analysis
No statistically significant differences between patient groups

and controls were detected for absolute mean CBF values in

cortical ROIs. Differences in perfusion values between groups

were detected only after normalization of data. CBF data

normalized by whole-brain cortical GM showed significantly

lower CBF mean values in the right and left parietal lobes and

higher mean values in the right medial temporal lobe in AD

patients than in the control group (Fig. 2). No significant

differences were found for the parietal lobes in AD patients

according to whether the cerebellum or whole-brain WM was

used as a reference region. The hyperperfusion pattern in the right

medial temporal lobe appeared after normalization regardless of

the reference region used; however, statistical significance was

higher when normalization was by whole-brain WM than by the

cerebellum or whole-brain cortical GM (Table 4). We found no

perfusion differences between the group with stable MCI and

controls either before or after normalization. Consistent results

were found when the comparative analysis was performed based

on cerebral gyri-based ROIs instead of lobe-based ROIs.

Compared to controls, AD patients showed higher mean CBF

values in the right fusiform gyrus (p,0.01) and right parahippo-

campal gyrus (p,0.05) after normalization by the three reference

regions. This group also showed lower mean CBF values in the

superior parietal gyri (right, p,0.05; left, p,0.01) and the right

precuneus (p,0.05) after normalization by whole-brain cortical

gray matter. Differences in the left superior parietal gyrus were

also found after normalization by cerebellum, although the

statistical significance was weaker (p,0.05). No significant

differences were observed between the MCI group and controls.

Reduction in Intra-group Variability after Normalization
Intra-group variability in the CBF measurements was consid-

erably reduced after data normalization. Data normalized by

whole-brain cortical GM consistently showed the lowest dispersion

in every lobe (Table 5). The results of the component of variance

Figure 2. Scatter plots of CBF values for controls, patients with mild cognitive impairment, and patients with Alzheimer’s disease in
both parietal lobes and right medial temporal lobe. Absolute CBF units are given in ml of blood/100 g of tissue/min. Cont, controls; MCI, mild
cognitive impairment; AD, Alzheimer’s disease. Bar shows two standard deviations below and above the mean (horizontal line). p, one-way ANOVA p
value.
doi:10.1371/journal.pone.0081548.g002

Table 4. Dunnett’s test p values (p) and effect size (d) of differences between AD patients and controls in mean CBF value for the
three reference regions studied.

Right temporal lobe (medial region) Right parietal lobe Left parietal lobe

p d p d p d

CBFcer ,0.05 0.76 – – – –

CBFwm ,0.01 1.06 – – – –

CBFcgm ,0.05 0.76 ,0.05 20.70 ,0.01 21.17

CBFcgm, cerebral blood flow of whole-brain cortical gray matter; CBFcer, cerebral blood flow of cerebellum; CBFwm, cerebral blood flow of whole-brain white matter; p,
Dunnett’s test p value, d, Cohen’s coefficient.
doi:10.1371/journal.pone.0081548.t004
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analysis showed that the variance attributable to the normalization

method was considerably larger (over 95%) than the variance

attributable to the diagnosis group effect.

Medial Temporal Lobe Atrophy
Compared to controls, the AD group showed significantly lower

GM volumes in the medial temporal cortex (bilateral), amygdalae

and hippocampi. No significant differences in those regions were

observed for the MCI group (table 6).

Discussion

The high physiological variability of CBF parametric maps

makes it difficult to detect subtle perfusion abnormalities in AD,

especially in small samples. Normalization of data based on a

reference region usually facilitates the detection of disease-

dependent affected regions. However, in comparative analyses,

results could vary with the region chosen for normalization. This

observation was reported in SPECT studies using 99mTc-

hexamethylpropyleneamine oxime (HMPAO), which confirm the

cerebellum to be the optimal region for normalization [11,12,13];

however, no studies to date have validated the cerebellum as the

optimum normalization region in MRI perfusion studies. The

present study shows the effect of using different regions to

normalize the intensity of CBF parametric maps acquired by MRI

on the results of a comparative analysis between stable MCI

patients, AD patients and healthy controls. While SPECT studies

confirmed the cerebellum as a valid reference region, our results

suggest that it is not optimal in MRI studies in early-stage disease.

Between-group Bias in Reference Regions
A possible disease-associated decrease in absolute CBF values

must be ruled out before choosing a region as a reference. The

three reference regions chosen for this study did not show any

group-related bias. No between-group differences in mean values

for absolute CBF data were found in the ANOVA model, and

intra-group variability for CBF values was quite similar in all three

regions (table 3). An insufficient sample size could be the reason for

the undetected differences in global perfusion between patients

and controls; in such cases, the criteria for accepting regions as

unbiased is a t value close to zero [10]. In our case, since we

compared three groups, we considered an F value close to zero as

the criterion for an optimal normalization region. Whole-brain

cortical GM showed the F value to be closest to zero (table 3).

Effects of Normalization on between-group Analysis
Differences in perfusion values between groups were detected

only after normalization of CBF data. We observed a statistically

significant pattern of hyperperfusion in the right medial temporal

lobe of AD patients after normalization. Relatively increased

regional CBF in AD patients has been reported for SPECT and is

commonly attributed to a reference region that is unsuitable for

normalization. Such is the case of Soonawala et al. [13], who

reported increased CBF in the occipital cortex and whole-brain

WM using global normalization instead of the cerebellum. Talbot

el al. [11] reported the same effect in the frontal lobe when they

normalized by the occipital cortex instead of the cerebellum.

However, the hyperperfusion pattern observed in the medial

temporal lobe in AD patients in our study seems to be independent

of the chosen reference region, since the same pattern appeared

after normalization by the three regions studied. Increased CBF

may suggest compensatory mechanisms [42] or inflammatory

processes. Studies of inflammation in AD have reported activated

microglia surrounding amyloid deposits within the brain, which

may be responsible for a locally induced chronic inflammatory

response [43,44].

We also found a significant decrease in CBF in both parietal

lobes in the AD group, although only when normalizing by whole-

brain cortical GM. Cerebellum-normalized data showed the same

hypoperfusion pattern, but group differences did not reach the

threshold of statistical significance (Fig. 2). Similar hypoperfusion

patterns in posterior regions of the parietotemporal cortex have

been found in SPECT studies [45]. According to the disconnec-

tion hypothesis [46], the loss of synaptic inputs from the medial

temporal lobe in the parietotemporal cortex reduces neuronal

activity and blood flow in the region. This may be the reason why

perfusion decreases in very early stages of the disease, when the

region has not yet been affected by amyloid plaques [47]. The

marked GM volume loss in the medial temporal lobes and the

decreased parietal perfusion observed after normalization by

whole-brain cortical GM are consistent with the pattern expected

for early AD. A similar pattern of hyperperfusion in medial

temporal lobes and hypoperfusion in parietal lobes has been

described in a CBF study based on arterial spin labeling (ASL)

MRI and normalization by the visual cortex instead of the

cerebellum [19]. This study was based on a sample that was

similar to ours in size, MMSE score and age. Although ASL

presents methodological differences with respect to DSC (absence

of external contrast and longer scan acquisition times, which make

ASL more sensitive to patient movement artifacts [48]), measure-

ments of perfusion by ASL seem to correlate well with DSC

perfusion [49].

Table 5. Reduced variability in intensity values after
normalization by the three reference regions (coefficients of
variation, %).

Frontal Parietal
Temporal
(lateral)

Temporal
(medial) Occipital

Absolute CBF 46.61 46.96 46.31 45.54 44.47

CBF/CBFcer 8.69 8.76 8.62 10.37 8.72

CBF/CBFwm 7.39 7.40 7.17 11.18 9.82

CBF/CBFcgm 5.54 5.40 5.94 7.98 5.73

CBF, cerebral blood flow; CBF/CBFcgm, CBF values per region of interest
normalized by whole-brain cortical gray matter; CBF/CBFcer, CBF values per
region of interest normalized by cerebellum; CBF/CBFwm, CBF values per
region of interest normalized by whole-brain white matter. Coefficients of
variation show bilateral information per lobe in the three groups (controls, MCI
and AD).
doi:10.1371/journal.pone.0081548.t005

Table 6. Dunnett’s test p values for differences between
patients and controls in gray matter volume for the medial
temporal lobes.

Controls-MCI Controls-Alzheimer

Left temporal cortex 2 0.002

Right temporal cortex 2 ,0.001

Left hippocampus 2 ,0.0001

Right hippocampus 2 ,0.0001

Left amygdala 2 ,0.0001

Right amygdala 2 ,0.0001

(2) non-significant differences.
doi:10.1371/journal.pone.0081548.t006
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Nevertheless, other MRI studies have reported decreased

parietal perfusion when the reference region was the cerebellum

[16,17]. However, the results may not be comparable to ours,

because AD patients were older, with lower MMSE scores, and

the variable assessed was cerebral blood volume instead of CBF,

which seems to be more sensitive to physiological processes than

cerebral blood volume [50].

According to our results, normalization by whole-brain cortical

GM enables more sensitive detection of perfusion abnormalities

(with a larger number of affected regions in AD patients) than data

normalized by cerebellum or whole-brain WM.

We found no differences in perfusion between stable MCI

patients and healthy controls before or after normalization. These

findings may indicate vascular impairment that is specific to AD

and not observed in MCI patients who do not progress to AD. In

fact, in the MCI group, we did not observe GM volume loss in the

medial temporal lobe, the first region affected by neuropathology

in AD. The lack of evidence of AD in this group seems to indicate

fulfillment of the specific criteria for MCI according to the new

lexicon for Alzheimer’s disease proposed by Dubois et al. [51].

Reduction in Intra-group Variability after Normalization
Absolute CBF data dispersion was considerably reduced after

normalization by the three reference regions studied. However,

normalization by whole-brain cortical GM showed the lowest

coefficients of variation in all brain lobes (table 5). The reduced

variability in CBF intensity values after normalization could arise

from a reduction in intra-group variability, but also from a

reduction in between-group differences. The component of

variance analysis reveals that reduced variability was due to the

first factor. This result could explain why more significant

differences were observed between patients and controls after

normalization of data. Since intensity variability across subject is

the main obstacle to comparative analysis between controls and

patients, the greater reduction in variability actually validates

whole-brain cortical GM as a good reference region for MRI

perfusion studies. One possible explanation is that cortical GM

may be subject to sources of variability that are similar to those of

the ROIs we studied; therefore, normalization against whole-brain

cortical GM could somehow adjust for these hidden factors.

Our study is subject to a series of limitations. Given the

differences in spatial resolution between T1 and PWI studies,

coregistration may lead to tissue registration mismatch; therefore,

some errors in cortical parcellation of CBF maps cannot be

controlled. We accepted the results after normalization by whole-

brain cortical GM as a more valid perfusion pattern than that

obtained after normalizing by cerebellum and whole-brain WM,

since similar temporoparietal hypoperfusion patterns have been

demonstrated in SPECT studies where AD was confirmed by

autopsy [52]. The main strengths of our study are the multimodal

nature of the data, the application of an easily reproducible

method for cortical brain parcellation and tissue segmentation,

and the fact that patients with AD were recruited at a very early

stage of the disease, since more than 50% of the patients had

prodromal AD [51].

Conclusion

Our results suggest that normalization of CBF parametric maps

based on whole-brain cortical GM leads to a more sensitive

detection of perfusion changes in AD patients than when the

cerebellum or whole-brain WM is used as the reference region;

therefore, the cerebellum is not necessarily the optimal reference

region in MRI studies for early-stage AD. When normalizing by

whole-brain cortical GM, we found a significant decrease in CBF

in both parietal lobes and an increase in CBF in the right medial

temporal lobe. This hyperperfusion pattern in the AD group seems

to be independent of the chosen reference region. We found no

differences in perfusion between the group with stable MCI and

healthy controls either before or after normalization, thus

suggesting the absence of perfusion abnormalities in this group.
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