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Using whole-brain pulsed arterial spin labeling magnetic resonance imaging, resting cerebral blood
flow (CBF) was measured in 20 mild cognitive impairment (MCI; 11 e3 and 9 e4) and 40 demographically
matched cognitively normal (CN; 27 e3 and 13 e4) participants. An interaction of apolipoprotein (APOE)
genotype (e3 and e4) and cognitive status (CN and MCI) on quantified gray-matter CBF corrected for
partial volume effects was found in the left parahippocampal and fusiform gyri (PHG/FG), right middle
frontal gyrus, and left medial frontal gyrus. In the PHG/FG, CBF was elevated for CN e4 carriers but
decreased for MCI e4 carriers. The opposite pattern was seen in frontal regions: CBF was decreased
for CN e4 carriers but increased for MCI e4 carriers. Cerebral blood flow in the PHG/FG was positively
correlated with verbal memory for CN e4 adults (r = 0.67, P = 0.01). Cerebral blood flow in the left medial
frontal gyrus was positively correlated with verbal memory for MCI e4 adults (r = 0.70, P = 0.05).
Findings support dynamic pathophysiologic processes in the brain associated with Alzheimer’s
disease risk and indicate that cognitive status and APOE genotype have interactive effects on CBF.
Correlations between CBF and verbal memory suggest a differential neurovascular compensatory
response in posterior and anterior cortices with cognitive decline in e4 adults.
Journal of Cerebral Blood Flow & Metabolism (2012) 32, 1589–1599; doi:10.1038/jcbfm.2012.58; published online
2 May 2012

Keywords: apolipoprotein E; arterial spin labeling; cognition; mild cognitive impairment

Introduction

The independent contributions of cognitive and
genetic risk factors for Alzheimer’s disease (AD)
have received considerable attention, but less is

known about possible interactive effects. Mild
cognitive impairment (MCI) is the most well-char-
acterized cognitive risk factor for AD and is con-
sidered to be a transitional state between normal
aging and dementia with rates of progression to AD
reported to range between 16% and 40% (Marra et al,
2011). The apolipoprotein (APOE) e4 allele is a well-
known susceptibility gene for the development of
late-onset AD, occurs in B15% to 20% of the
population, and is estimated to account for B40%
of AD cases (Devanand et al, 2005; Saunders et al,
1993). The APOE e4 allele has been linked to AD
neuropathology (e.g., increases in amyloid b deposi-
tion, dysregulation of tau phosphorylation), as well
as small vessel arteriolosclerosis and microinfarcts of
the deep nuclei in autopsy-confirmed patients with
AD, suggesting that the allele also has deleterious
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effects on cerebral microvascular integrity (Mahley
et al, 1996; Morris et al, 2010; Tiraboschi et al, 2004;
Yip et al, 2005).

A growing body of research indicates that func-
tional brain changes precede structural decline in
dementia risk, and changes in brain function have
been reported both in asymptomatic cognitively intact
genetically at-risk adults (i.e., APOE e4 carriers) and in
symptomatic adults diagnosed with MCI (see Wier-
enga and Bondi, 2007 for review). Functional changes
in adults at genetic or cognitive risk typically involve
increased functional magnetic resonance imaging
(MRI) blood oxygen level-dependent (BOLD) response
and reductions in metabolism and blood flow mea-
sured by fluorodeoxyglucose positron emission tomo-
graphy and single-photon emission computed
tomography imaging methods, respectively (Reiman
et al, 1996; Wolf et al, 2003). The recent finding of
decreased BOLD response in presymptomatic carriers
of familial AD mutation but increased BOLD response
in APOE e4 carriers (albeit only four subjects)
challenges the argument that increased BOLD is
related to cognitive compensation (e.g., recruitment
of additional neural resources indicating greater
cognitive effort required to maintain performance at
an equivalent level to healthy peers) and raises the
possibility of an unidentified effect of the APOE
allelic variant on cerebral vascular reactivity (Ring-
man et al, 2011). Since the BOLD signal reflects local
changes in deoxyhemoglobin content, which in turn
exhibits a complex dependence on changes in cerebral
blood flow (CBF), cerebral blood volume, and the
cerebral metabolic rate of oxygen consumption (Bux-
ton et al, 2004), group differences in the BOLD
response may also reflect variations in cerebrovascular
functioning that become more pronounced with age or
disease and can be confused with alterations in neural
activity (D’Esposito et al, 2003). Therefore, direct
assessment of CBF through perfusion imaging offers
considerable promise as a noninvasive technique for
detecting such early and oftentimes subtle functional
brain changes that occur in preclinical or prodromal
stages. In light of evidence of altered BOLD signal, the
study of changes in resting gray-matter (GM) CBF in
dementia risk may provide important information for
early diagnosis, disease conversion, and monitoring of
disease progression.

Reflecting the close relationship between blood
perfusion and metabolism in the brain, alterations in
CBF may also represent a precursor to cognitive
decline in dementia risk. Cerebral blood flow refers
to the rate of delivery of arterial blood to a capillary
bed in brain tissue. Since CBF delivers glucose and
oxygen to the brain, changes in CBF at rest may reflect
not only a decrease in cerebrovascular integrity, but
also altered neurovascular function that may affect
cognition. Arterial spin labeling (ASL) MRI is a
noninvasive cerebral perfusion method for the quanti-
tative measurement of CBF. It uses an endogenous
diffusible tracer by applying a magnetic label to the
water molecules of flowing blood to invert the

magnetization of the water in arterial blood before
the blood reaches the image slice (Brown et al, 2007;
Buxton, 2009). Typically, the ASL signal is then
converted into a measure of CBF in absolute units
(e.g., milliliters of blood/milliliter of tissue/minute—or
milliliters of blood/100 g of tissue/minute) (Brown
et al, 2007; Wong, 2005). An average value for CBF in
GM of the adult brain is typically between 50 and
60 mL/100 g per minute. The quantitative CBF mea-
surements from ASL are generally in agreement with
other perfusion measurement techniques, although the
CBF values with ASL tend to be slightly higher
(Buxton, 2009; Ewing et al, 2005; Koziak et al, 2008).
Methodologically, ASL techniques offer several ad-
vantages over fluorodeoxyglucose positron emission
tomography and single-photon emission computed
tomography methods of perfusion imaging in that they
(1) are noninvasive and free of exposure to ionizing
radiation, intravenous contrast agents, or radioactive
isoforms, (2) are easily repeatable and can be
performed within a short period of time (e.g., scans
< 10 minutes), (3) can be obtained during the same
imaging session as structural or functional scans, (4)
result in decreased intersubject and intersession
variability, and (5) provide a quantitative measurement
of CBF at rest and during brain activation. Therefore,
ASL MRI has significant potential for application to
the study of disease diagnosis and progression.

Given the recent advent of ASL, only a few
published reports show its use in examining CBF
alterations in adults at risk for AD. Results have been
equivocal and adults with MCI have shown both
increases and decreases in CBF across studies but
also in the same subjects across different regions. For
example, decreased CBF in MCI has been reported in
the posterior cingulate (Dai et al, 2009), right inferior
parietal lobe (Johnson et al, 2005), and right
precuneus (Xu et al, 2007), whereas increased CBF
has been reported in the medial temporal lobe,
amygdala, anterior cingulate, and basal ganglia
compared with cognitively intact peers (Dai et al,
2009). In contrast, adults with AD consistently tend
to show widespread decreases in CBF compared
with either normal control group or adults with MCI
in the inferior parietal lobe extending to the posterior
cingulate cortex, left lateral frontal lobe, left superior
temporal region, and left orbitofrontal cortex (Alsop
et al, 2000; Dai et al, 2009; Detre and Alsop, 1999;
Johnson et al, 2005). Alterations of CBF appear
largely independent of cortical GM atrophy (Johnson
et al, 2005).

Despite clear implications for disease-related al-
terations in CBF on cognition, the relationship
between resting CBF and cognition has not been
comprehensively explored in aging, dementia risk, or
AD. In an elegant longitudinal study by Chao et al
(2010), resting CBF in the right inferior parietal lobe
including the precuneus and the right middle frontal
gyrus was associated with progression to dementia.
Another study found a positive correlation between
CBF in the right precuneus and memory performance
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in cognitively normal (CN) adults and adults with
MCI (Xu et al, 2007), suggesting that hypoperfusion
negatively affects cognition. Together, these studies
support a functional localization between resting
CBF and cognition.

The present investigation addressed limitations of
previous studies (e.g., partial brain coverage, lack of
CBF quantification, and absence of associations
between CBF and neuropsychological performance)
and investigated the impact of genetic (APOE e4
allele) and cognitive (MCI) risk for AD on resting GM
CBF and its associations with neuropsychological
performance. The traditional CBF landscape in the
healthy brain is characterized by hyperfrontality,
indicating a regional difference whereby perfusion
is greater to frontal regions than posterior regions
(Parkes et al, 2004), and age-related GM perfusion
declines are predominantly localized in the frontal
cortex (Parkes et al, 2004). Against this backdrop, we
hypothesized that dementia risk would result in
altered CBF whereby (1) asymptomatic adults at
genetic risk for AD (e.g., CN e4) would show elevated
CBF in posterior regions and decreased CBF in
anterior regions compared with CN e3 carriers,
consistent with a compensatory brain response in
regions implicated early in the AD process, (2) adults
with MCI would show decreased CBF compared with
CN peers in posterior cortices more susceptible to AD
neuropathology, and this difference may be greater
for symptomatic adults at genetic risk for AD (e.g.,
MCI e4) suggesting a more deleterious effect of genetic
susceptibility in cognitively impaired adults. Addi-
tionally, we predicted that (3) CBF in regions of group
difference would selectively correlate with neurop-
sychological performance in associated cognitive
domains indicating functional localization of CBF
changes (e.g., CBF in medial temporal lobe would
correlate with memory performance) providing sup-
port for the notion of compensatory mechanisms.

Materials and methods

Participants

Twenty right-handed adults diagnosed with MCI and forty
neurologically and CN elderly adults enrolled in a long-
itudinal study of healthy aging participated. The CN
participants were recruited through newspaper advertise-
ments and community lectures (i.e., no clinic-based or
medical referral sources). All CN participants were
considered to be normal based on the extensive medical,
neurologic, laboratory, and neuropsychological evalua-
tions. The MCI participants were recruited from the
community and the UCSD Alzheimer’s Disease Research
Center. The CN participants included 27 e3/e3 homozy-
gotes, 12 e3/e4 heterozygotes, and 1 e4/e4 homozygote. The
MCI participants included 11 e3/e3 homozygotes, 6 e3/e4
heterozygotes, and 3 e4/e4 homozygotes. Because of the
small number of e4/e4 homozygotes, gene dose effects were
not examined. Participants with one or more e2 allele(s)
were excluded due to allele’s possible protective effects.

Diagnosis of MCI was made independently by at least two
neuropsychologists (AJ, CW, and MB) according to criteria
put forth by Jak et al (2009). To strike a balance between the
reliability and rigor of the diagnosis of MCI and sensitivity
to detect mild impairment, performance on at least two
tests within at least one cognitive domain falling 1 SD or
more below their age-appropriate norms was required (see
Heaton et al, 1991 for discussion of the use of 1 SD or more
(and not 1.5 SD as suggested by Petersen) as the optimal
standard score cutoff between normal and neurologic
populations) in the absence of functional impairment.
The MCI grouping comprised of four amnestic (one single
domain and three multidomain) and seven nonamnestic
(three single domain and four multidomain) e3 carriers and
four amnestic (all single domain) and five nonamnestic
(three single domain and two multidomain) e4 carriers. The
groups based on APOE genotype (e3 and e4) did not differ
in terms of MCI subtype (w2 = 5.3, P = 0.15). Potential
participants were excluded if they had dementia, a history
of severe head injury, uncontrolled hypertension, the
APOE e2 allele, or a Diagnostic and Statistical Manual of
Mental Disorders-Fourth Edition Axis 1 diagnosis of
learning disability, attention deficit disorder, mood dis-
order, or substance abuse. Persons with significant cere-
brovascular disease, defined by Framingham Stroke Risk
Profile (D’Agostino et al, 1994) 10-year probability of
stroke > 30%, or a history of frank stroke or coronary
artery disease were excluded. In addition, participants
were excluded if they had contraindications to MRI scans
such as metal in their body other than dental fillings, or if
they were taking prescription psychoactive medications. No
participant reported a significant level of depressive
symptoms on the Geriatric Depression Scale (i.e., GDS > 10).

The demographic characteristics and neuropsychologi-
cal performances of the participants are shown in Table 1.
The groups based on cognitive status (CN and MCI) did not
differ in terms of age, gender distribution, or APOE e4
distribution. The groups also did not differ on indirect
measures of vascular disease including GM CBF averaged
across the whole brain, overall GM and white-matter (WM)
volume, cerebrovascular health as indicated by percent
stroke risk according to the Framingham Stroke Risk
Profile, or pulse pressure (PP; the pulsatile component of
blood pressure calculated from systole (SBP) and diastole
(DBP)), fractional diastolic pressure (equal to PP/DBP), and
fractional systolic pressure (equal to PP/SBP), which are
related to coronary artery disease (Jankowski et al, 2004).
However, the MCI group had slightly lower educational
attainment than the CN group, though the sample as a
whole is generally well educated. As expected, on the
majority of neuropsychological tests, the MCI group
performed worse than the CN group. Within cognitive
groups, APOE e4 and APOE e3 carriers did not differ on
any of these variables, with the exception that MCI APOE
e3 carriers performed worse than APOE e4 carriers on the
D-KEFS Color-Word Inhibition Switching condition
(P = 0.03).

This research was approved by the Ethics Committee
and Institutional Review Board at the University of
California at San Diego and VA San Diego Healthcare
System. Written informed consent was obtained from all
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participants according to guidelines established by the
Declaration of Helsinki.

Apolipoprotein E Genotyping

Genotyping for APOE alleles was performed using PCR
restriction fragment length polymorphism analysis. Geno-
mic DNA was collected from participants using buccal
swab and extracted using Qiamp DNA blood mini kit
(Qiagen, Valencia, CA, USA) followed by PCR amplifica-
tion. The amplification reaction contained 5mL genomic
DNA, 2.5 units of Taq DNA Polymerase (New England
Biolabs, Inc, Ipswich, MA, USA), 1� ThermoPol Reaction
Buffer (New England Biolabs), 0.3 mmol/L dNTPs, 10%
DMSO, and 0.3 mmol/L of each primer (forward primer:
50-ACGCGGGCACGGCTGTCCAAGGA-30; reverse primer:
50-GCGGGCCCCGGCCTGGTACAC-30). The PCR cycling
conditions were as follows: initial denaturation at 941C
for 3 minutes followed by 30 cycles of 941C for 30 seconds

and 721C for 90 seconds with a final extension at 721C for
4 minutes. Amplification was performed on a C1000
Thermocycler (BioRad Laboratories, Hercules, CA, USA).
After PCR, the amplicon products were digested with 10
units of restriction enzyme Hha1 (New England Biolab) at
371C for > 4 hours. The resulting DNA fragments were
analyzed by separation on a 12% acrylamide gel. After
electrophoresis, the gel was incubated in ethidium bro-
mide and visualized under UV illumination.

Image Acquisition

Imaging data were acquired on a GE Signa Excite 3-T whole
body system with a body transmit coil and an 8-channel
receive-only head coil. A high-resolution T1-weighted 3D
FSPGR scan was obtained to provide anatomic reference:
25 cm field of view, 256� 192 matrix, repetition time = 8 ms,
echo time = 3.1 ms, flip angle = 121, T1 = 600 ms, band-
width = 31.25 kHz, 172 1 mm sagittal slices.

Table 1 Demographics and raw neuropsychological test scores of the CN and MCI groups

Variables Diagnosis

CN, n = 40 MCI, n = 20 P value

Mean (s.d.) Mean (s.d.)

Demographics
Age (years) 73.5 (6.8) 74.8 (11.4) 0.63
Education (years) 16.3 (1.8) 14.5 (2.7) 0.01
Women/men 27 13 10 10 0.26
e3/3; e3/4; e4/4 27;12;1 11;6;3 0.20

FSRP % stroke risk 11.0 (9.7) 12.5 (8.3) 0.58
Pulse pressure 50.0 (13.0) 51.8 (9.3) 0.68
Fractional diastolic pressure 0.66 (0.20) 0.68 (0.14) 0.76
Fractional systolic pressure 0.40 (0.08) 0.40 (0.05) 0.61
Whole-brain GM volume (mm3) 581,863 (55,182) 551,196 (59,590) 0.06
Whole-brain WM volume (mm3) 445,139 (52,293) 433,632 (56,121) 0.44
Whole-brain GM CBF (mL/100 g per minute) 53.6 (17.0) 55.7 (16.9) 0.27

Global cognition
DRS total (out of 144) 142 (1.7) 136.3 (4.4) < 0.01

Learning and memory
WMS-R LM immediate recall 30.1 (6.6) 20.0 (5.3) < 0.01
WMS-R LM delayed recall 28.0 (6.9) 15.4 (7.8) < 0.01
CVLT-2 List 1–5 total 51.4 (11.8) 38.2 (9.3) < 0.01
CVLT-2 SD free 10.9 (3.4) 6.7 (3.7) < 0.01
CVLT-2 LD free 11.0 (3.6) 7.1 (3.5) < 0.01

Language
Animal Fluency 22.2 (5.1) 18.8 (6.4) 0.04
Letter Fluency (F,A,S) 47.2 (12.4) 37.9 (11.9) < 0.01
DRS Supermarket items 28.0 (8.7) 22.6 (5.1) 0.01
Boston Naming Test 58.1 (2.4) 55.7 (3.3) < 0.01

Executive function
WAIS-R Digit Span Backwards 5.7 (1.2) 4.6 (1.3) < 0.01
D-KEFS CW Inhibition 57.8 (10.6) 75.4 (17.8) < 0.01
D-KEFS CW Inhibition/Switching 64.4 (14.2) 90.3 (40.5) 0.01
D-KEFS Trails Number-Letter Switching 80.6 (21.1) 130.8 (53.8) < 0.01

GM, gray matter; WM, white matter; DRS, Dementia Rating Scale; FSRP, Framingham Stroke Risk Profile; WMS-R, Wechsler Memory Scale-Revised, LM,
Logical Memory subtest; CVLT, California Verbal Learning Test; SD, short delay; LD, long delay; D-KEFS, Delis-Kaplan Executive Function System; CW, Color-
Word; CBF, cerebral blood flow; MCI, mild cognitive impairment; CN, cognitively normal.
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To assess CBF differences across participants, three
sequences were acquired to obtain an absolute CBF
measurement. Resting brain blood perfusion was measured
with pulsed ASL using a modified flow-sensitive alternating
inversion recovery sequence with both presaturation pulses
and PICORE QUIPSS 2 postinversion saturation pulses and a
spiral readout with four interleaves to reduce signal dropout
due to susceptibility effects (Liu and Wong, 2005; Wong
et al, 1998). Imaging parameters of the ASL scan were
22� 22 cm field of view, a 64� 64 matrix, 3.2 ms echo time,
2,500 ms repetition time, postsaturation and inversion times
of TI1= 600 ms and TI2= 1,600 ms, tag thickness 10 cm, tag
to proximal slice gap 1 cm, 20 5 mm axial slices, and 40
volumes for 20 tag + control image pairs (Wong, 2005). A
scan with the 901 excitation pulse turned off for the first
eight repetitions was acquired to obtain the equilibrium
magnetization of cerebrospinal fluid (CSF) (a 36-second scan
with repetition time = 4 seconds, echo time = 3.4 ms, number
of excitations (NEX) = 9). The CSF signal was used to
estimate the equilibrium magnetization of blood, which in
turn was used to convert the perfusion signal into calibrated
CBF units (mL blood/100 mL tissue per minute). A 32-second
minimum contrast scan was acquired using an eight-
shot acquisition with repetition time = 2,000 ms, echo
time = 11 ms, NEX = 2 to estimate the combined transmit
and receive coil inhomogeneities (Brumm et al, 2010). The
two images were averaged to create the minimum contrast
image. The ASL image was then divided by the minimum
contrast image to remove the effect of coil inhomogeneity
during the CBF quantification step (Shin et al, 2012).

Data Processing and Analyses

Image processing was performed with Analysis of Func-
tional NeuroImages (AFNI; afni.nimh. nih.gov), FMRIB
Software Library (FSL, Oxford, UK), and locally created
MatLab scripts. Each ASL data set was reconstructed using
the SENSE algorithm (Pruessmann et al, 1999; Weiger et al,
2002) to reduce sensitivity to the modulations that occur
between shots caused by physiological fluctuations or
motion. An automated MatLab script was used to prepro-
cess the ASL data using AFNI and FSL tools. The ASL time
series was coregistered to the middle time point to
minimize the effects of participant motion. For each
subject, a mean ASL image was formed from the average
difference of the control and tag images using surround
subtraction to create an uncorrected perfusion time series,
and slice timing delays were accounted for, making the
inversion time (TI2) slice specific (Liu and Wong, 2005).
This mean ASL image was then converted to absolute units
of CBF (mL/100 g tissue per minute) using an estimate of
the equilibrium magnetization of CSF as a reference signal
(Chalela et al, 2000). This resulted in a calibrated perfusion
value for each voxel. Skull stripping of the high-resolution
T1-weighted image was performed using Brain Surface
Extractor (Shattuck et al, 2001), shown to outperform other
methods in older adults (Fennema-Notestine et al, 2006).
Scans were manually edited to remove residual nonbrain
material when necessary. Tissue segmentation was per-
formed using FSL’s FAST algorithm to define CSF, GM, and

WM regions. The high-resolution T1-weighted image and
partial volume segmentations were registered to ASL
space, and partial volume segmentations were down-
sampled to the resolution of the ASL data. To correct the
CBF measures for partial volume effects and ensure that
CBF values were not influenced by known decreased
perfusion in WM or increased volume of CSF (e.g., Hermes
et al, 2007 and Parkes et al, 2004), we used the method
previously reported by Johnson et al (2005). These
calculations assume that CSF has zero CBF and that CBF
in GM is 2.5 times greater than that in WM. The following
formula was used to compute partial volume corrected CBF
signal intensities: CBFcorr = CBFuncorr/(GM + 0.4�WM). The
CBFcorr and CBFuncorr are corrected and uncorrected CBF
values, respectively. The GM and WM are gray-matter and
white-matter partial volume fractions, respectively. Infor-
mation from the high-resolution structural image and the
FAST (FSL Automated Segmentation Tool) was used to
determine the tissue content of each perfusion voxel. Using
AFNI, a 4.0-mm full-width, half-maximum Gaussian filter
was applied to the CBFcorr data. Voxels with negative
intensities were replaced with zero (Brown et al, 2003).
The CBFcorr data were warped to standard Talairach space
and resampled to a 4� 4� 4 mm resolution grid. Data were
then screened for data quality and outlying values
deviating by > 3 SDs of the mean were eliminated.

Quantified CBF corrected for partial volume effects was
compared using a 2 group (CN and MCI)� 2 APOE
genotype (e3 and e4) voxelwise analysis of variance. Type
I error was controlled based on Monte Carlo simulation
results using AFNI’s AlphaSim set with a voxelwise a of
0.05. Based on an averaged GM mask created from all the
participants, a minimum cluster volume threshold of
1,280 mL or 20 contiguous voxels was chosen and this
threshold/volume combination protected a whole-brain
probability of false positives of P < 0.05. Effect sizes were
calculated according to the following equation: Z2 = (t2/(t2 +
df)) where t = t-value and df = degrees of freedom.

Associations with Cognition

Associations between CBF in activated clusters resulting
from the interaction of cognitive group and APOE genotype
and neuropsychological composite scores were then
examined for each subgroup with correlations. A Bonfer-
roni correction was applied for each region to correct for
multiple comparisons, and correlations were only consid-
ered as significant at P < 0.016 (P = 0.05/3 regions). Compo-
site scores were created for three neuropsychological
domains hypothesized to be related to GM CBF: memory,
executive functions, and language. Composite scores were
calculated for the entire sample using principal component
analysis on raw scores from the following 12 tests with
oblique rotation (direct oblimin): California Verbal Learn-
ing Test (List A Trials 1 to 5, short delay free recall, and
long delay free recall), Wechsler Memory Scale-Revised
(Logical Memory immediate and delayed recall), Delis-
Kaplan Executive Function System (Color-Word Inhibition
and Inhibition/Switching, Trailmaking Letter-Number
Switching subtests), Wechsler Adult Intelligence Scale
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Digit Span Backwards condition, Mattis Dementia Rating
Scale Supermarket fluency condition, the Boston Naming
Test, and animal fluency. The Kaiser–Meyer–Olkin mea-
sure verified the sampling adequacy for the analysis,
KMO = 0.68, and Bartlett’s test of sphericity X2 (66) = 496,
P < 0.01, and indicated that correlations between items
were sufficiently large for principal component analysis.
An initial analysis was run to obtain eigenvalues for each
component in the data. Three components had eigenvalues
over Kaiser’s criterion of 1 and in combination these three
factors explained 67.5% of the variance. Table 2 shows the
factor loading after rotation. The items that cluster on the
same components suggest that component 1 represents
verbal memory, component 2 represents executive func-
tions, and component 3 represents language. The resulting
factor scores from each principal component analysis were
saved and submitted to correlation analyses. For regions
showing a significant correlation between CBF and
composite neuropsychological test scores, hierarchical
linear regression models determined whether CBF ac-
counted for additional variance in each composite score
above and beyond age, education, and overall cognitive
function as determined by total raw score on the Mattis
Dementia Rating Scale. The first model contained age and
education as independent variables. The second model
added Dementia Rating Scale raw score, and the third
model added CBF and tested whether the additional
change in variance was significant.

Results

Interaction of Cognitive Status and Apolipoprotein in
Dementia Risk

Whole-brain voxel-level GM CBF comparisons re-
vealed an interaction of APOE genotype (e3 and e4)
and cognitive status (CN and MCI) on quantified CBF
corrected for partial volume effects in the following
three regions: (1) left parahippocampal gyrus (PHG)

extending to the fusiform gyrus (FG), (2) right middle
frontal gyrus, and (3) left medial frontal gyrus
extending to the anterior cingulate (see Table 3 and
Figure 1). In the left PHG/FG, CBF was elevated
for CN e4 carriers but decreased for MCI e4 carriers.
The opposite pattern was seen in frontal
regions: CBF was decreased for CN e4 carriers but
increased for MCI e4 carriers. The MCI participants,
collapsed across genotype, showed increased
CBF in three clusters in the right superior temporal
gyrus including the anterior temporal pole, Brod-
mann’s area 22, and the posterior aspect extending
to the supramarginal gyrus and inferior parietal lobe.
A main effect of cognitive group was also found in
the right hippocampus extending to the pulvinar
region of the thalamus and the left superior frontal
gyrus (Figure 2). No main effect of APOE genotype
was found. These results suggest that, in the left
PHG/FG showing a cognitive status by APOE
genotype interaction, possession of one risk factor
(either genetic or cognitive) results in elevated CBF
but possession of both risk factors results in
decreased CBF. However, the opposite pattern was
revealed in frontal regions, though the interaction
was largely driven by the contrast between CN and
MCI e4 carriers (Figure 1).

Relationships Between Cerebral Blood Flow and
Cognition in Dementia Risk

Increased CBF in the left PHG/FG resulting from the
interaction of cognitive group and APOE genotype
was only correlated with improved verbal memory
and only for CN e4 adults using the Bonferroni
adjusted a-level of P < 0.01 (r = 0.67, P = 0.01), and
this association remained significant after controlling
for age, education, and overall cognitive function as
determined by Mattis Dementia Rating Scale total
raw score (r = 0.75, P = 0.01). The addition of CBF to

Table 2 Summary of principal component analysis to extract neuropsychological composite scores for the entire sample

Neuropsychological test Rotated factor loadings

Verbal memory Executive functions Language

CVLT Short Delay Free Recall 0.91 �0.07 0.14
CVLT List A Trials 1–5 0.89 �0.11 0.11
CVLT Long Delay Free Recall 0.89 �0.03 0.13
WMS-R Logical Memory Immediate Recall 0.83 �0.09 0.19
WMS-R Logical Memory Delayed Recall 0.81 �0.04 0.16
D-KEFS Color-Word Inhibition/Switching 0.04 0.93 �0.04
D-KEFS Color-Word Inhibition 0.10 0.93 0.01
WAIS-R Digit Span Backwards 0.26 �0.48 0.06
D-KEFS Trail Making Letter-Number Switching �0.18 0.53 �0.56
Animal Fluency 0.09 �0.09 0.79
DRS Supermarket items �0.01 0.02 0.69
Boston Naming Test 0.33 �0.01 0.57
Percentage of variance explained 33.1 19.0 15.4

CVLT, California Verbal Learning Test; WMS-R, Wechsler Memory Scale-Revised; DRS, Dementia Rating Scale; D-KEFS, Delis-Kaplan Executive Function
System; WAIS-R, Wechsler Adult Intelligence Scale-Revised.
Note: Factor loadings over 0.40 appear in bold.
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Table 3 Clusters of significant interaction between cognitive status (CN, MCI) and APOE (e3, e4) for resting gray-matter CBF
resulting from a whole-brain voxelwise two-way ANOVA

Direction of
response

Hemisphere Subregion
(Brodmann’s area)

Volume
(mm3)

Coordinates of
maximum
intensity voxel

F for maximum
intensity voxel

Z2 (mean
±s.e.m.)

Interaction of cognitive status�APOE
L C1. Parahippocampal

gyrus and fusiform
gyrus (36, 20)

2,752 46L, 25P, 12I 11.3 0.38±0.02

R C2. Middle and
superior frontal gyrus
(10)

1,856 30R, 43A, 4S 13.6 0.41±0.03

L C3. Medial frontal
gyrus, anterior
cingulate (32,10)

1,408 14L, 43A, 8S 10.5 0.36±0.03

Main effect of cognitive status
MCI > CN R C1. Superior temporal

gyrus, supramarginal
gyrus, inferior parietal
lobe (22, 40, 42)

5,632 66R, 37P, 20S 24.2 0.44±0.02

R C2. Superior temporal
gyrus (22)

2,176 54R, 11A, 0 18.1 0.42±0.03

R C3. Superior temporal
gyrus, anterior
temporal pole (38)

1,344 34R, 15A, 24I 10.7 0.35±0.02

R C4. Hippocampus,
thalamus (pulvinar)

1,344 14R, 37P, 12S 10.2 0.42±0.03

L C5. Superior frontal
gyrus (10)

1,344 18L, 55A, 24S 13.1 0.44±0.04

L, left; R, right; A, anterior; P, posterior; S, superior; I, inferior; C, cluster; CBF, cerebral blood flow; MCI, mild cognitive impairment; CN, cognitively normal;
APOE, apolipoprotein; ANOVA, analysis of variance.
Clusters shown survived our cluster threshold a-protection procedure (P < 0.05, volume > 1,280 mm3; see text for details).
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Figure 1 The interaction of cognitive status (CN and MCI) and APOE genotype (e3 and e4) on cerebral blood flow (CBF). Thresholded
and clustered results (protecting a whole-brain voxelwise P < 0.05; red: P < 0.05, orange: P < 0.025, yellow: P < 0.01) for a two-
way analysis of variance indicating an interaction of cognitive status (CN and MCI) and APOE genotype (e3 and e4) with
corresponding graphical presentation of significant CBF differences. Error bars represent the standard error of the mean. Results are
overlaid onto sagittal slices of a high-resolution anatomical image averaged across all participants (L: left; R: right; C: cluster; PHG/
FG: parahippocampal gyrus/fusiform gyrus). For the interaction of cognitive status by APOE genotype: C1: CN e3 = 46.0±17.0, CN
e4 = 70.3±45.5, MCI e3 = 75.6±43, MCI e4 = 37.7±12.7, F(3,56) = 4.5, P < 0.01; C2: CN e3 = 64.1±31.5, CN
e4 = 42.2±18.8, MCI e3 = 45.0±17.4, MCI e4 = 80.9±33.6, F(3,56) = 4.8, P < 0.01; C3: CN e3 = 58.9±23.2, CN
e4 = 44.8±11.8, MCI e3 = 44.6±14.6, MCI e4 = 76.8±40.3, F(3,56) = 4.4, P < 0.01. APOE, apolipoprotein; CN, cognitively
normal; MCI, mild cognitive impairment.
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a hierarchical linear regression model examining
whether CBF in the left PHG/FG in CN e4 adults
explains a significant amount of variance in verbal
memory above and beyond age, education, and
overall cognitive function resulted in a significant
change in R2 (DR2 = 0.50, b= 0.72, F(1,8) change = 10.5,
P = 0.01, Cohen’s f2 = 1.3) and improved the signifi-
cance of the overall model (i.e., from nonsignificant
(P = 0.74) to a trend toward significance (P = 0.07)).
Increased CBF in the left medial frontal gyrus was
only correlated with better verbal memory and only
for MCI e4 adults (r = 0.70, P = 0.05), although this did
not meet statistical significance after controlling for
multiple comparisons. The correlations between CBF
and verbal memory suggest a differential neurovas-
cular compensatory response in cognitively intact
and MCI APOE e4 carriers, and raise the question of
whether a shift from posterior to anterior cortices
occurs with cognitive decline in e4 adults. To fully
test this hypothesis, longitudinal data and confirma-
tion of AD neuropathology (e.g., decreased CSF
amyloid b42/tau ratio or increased amyloid b deposi-
tion in cortex) are needed.

Discussion

This study extended previous cerebral perfusion
studies of aging and MCI to genetic risk and revealed
an interaction between APOE genotype and cognitive
status on CBF. Specifically, three regions were
identified to be sensitive to the joint effects of
cognitive and genetic risk for dementia on CBF,
revealed by an interaction of APOE e4 genotype and
cognitive status in the left PHG extending to the FG,
the right middle and superior frontal gyri, and the left
medial frontal gyrus extending to the anterior
cingulate. In the left PHG/FG, CBF was elevated for
CN e4 carriers but decreased for MCI e4 carriers. The
opposite pattern was seen in frontal regions: CBF was
decreased for CN e4 carriers but increased for MCI e4
carriers. Associations between CBF alterations and
neuropsychological performance were identified that
support the relationship between CBF and cognition.
Increased CBF in the left PHG/FG was correlated only
with verbal memory for CN e4 adults and accounted
for a significant amount of the variance above age,
education, and Dementia Rating Scale score. In-
creased CBF in the left medial frontal gyrus was only
correlated with verbal memory for MCI e4 adults.

Regional increases in CBF have been interpreted as
indicating a cellular and vascular compensatory
process in response to pathologic damage associated
with incipient AD (Dai et al, 2009), whereas
decreases in CBF are thought to reflect decreases in
brain function. Neural activity results in increased
blood flow (i.e., delivery of glucose and oxygen) and
metabolism in the brain. Thus, since CBF supports
cognitive function, increased blood flow may reflect
increased demand for oxygen as a result of compen-
satory changes in the activity of neurons. In fact, it is
this change in demand for energy that modulates CBF
(Buxton, 2009). For example, the finding that, in
APOE e4 carriers, increased CBF in the left PHG/FG
was correlated with verbal memory for CN adults and
increased CBF in the left medial frontal gyrus was
correlated with verbal memory for MCI adults
suggests successful compensation and preservation
of function in posterior regions affected early in the
AD process before cognitive symptoms are evident. In
adults with cognitive symptoms already present (e.g.,
suggestion of disease progression), anterior regions
have a larger role. Moreover, the reduced CBF in the
MCI e4 group in the left PHG/FG reflecting a
decreased ability to deliver oxygen, possibly resulting
from changes in the neurovascular unit due to
disease, is consistent with the speculated role of the
APOE e4 allele in blood–brain barrier alterations.

Correlations between CBF and verbal memory
suggest a differential neurovascular compensatory
response in frontal and posterior cortices in cogni-
tively intact and MCI APOE e4 carriers, respectively.
Results suggest that, in posterior regions that appear
more susceptible to early disease pathology, posses-
sion of one risk factor (APOE e4 or MCI) results in
elevated CBF but possession of both risk factors
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Figure 2 The effect of cognitive status on cerebral blood flow
(CBF). Thresholded and clustered results (protecting a whole-
brain voxelwise P < 0.05; red: P < 0.05, orange: P < 0.025,
yellow: P < 0.01) for a two-way analysis of variance indicating a
main effect of cognitive status (bottom right) with corresponding
graphical presentation of significant CBF differences. Error bars
represent the standard error of the mean. Results are overlaid
onto axial slices of a high-resolution anatomical image averaged
across all participants (L: left; R: right; I: inferior; S: superior; c:
cluster; STG: superior temporal gyrus; Hipp: hippocampus). For
main effect of cognitive status: C1: CN = 20.9±8.7,
MCI = 41.6±18.5, F(1,58) = 34.1, P < 0.001; C2: CN =
29.5±10.9, MCI = 53.2±25.3, F(1,58) = 25.4, P < 0.001;
C3: CN = 32.0±13.6, MCI = 52.5±20.3, F(1,58) = 21.4,
P < 0.001; C4: CN = 41.7±15.7, MCI = 67.2±31.0, F(1,58)
= 17.8, P < 0.001; C5: CN = 29.9±12.0, MCI = 48.2
±20.0, F(1,58) = 19.2, P < 0.001. CN, cognitively normal;
MCI, mild cognitive impairment; SFG, superior frontal gyrus.
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results in decreased CBF, possibly due to greater
likelihood of dementia conversion in adults with
multiple risk factors. This result is consistent with
Chao et al’s (2010) finding that posterior CBF (e.g.,
inferior parietal lobe) predicts dementia progression.
The opposite pattern seen in the right middle frontal
gyrus and left medial frontal gyrus (e.g., greater CBF
for MCI APOE e4) is consistent with the compensa-
tory recruitment hypothesis suggesting increased
reliance on frontal regions to compensate for a
declining posterior hippocampal-parietal system
(Cabeza et al, 2002; Daselaar et al, 2006). When
interpreted within the context of prior studies
reporting a lack of association between APOE e4
and CBF in mild AD (Sakamoto et al, 2003) and MCI/
AD combined (Luckhaus et al, 2010), and reports that
nondemented older e4 adults show greater CBF
decline over 8 years measured with positron emis-
sion tomography (Thambisetty et al, 2010), these
results suggest that the APOE e4 allele may have the
strongest impact on CBF during the transitional
period between normal cognition and AD. This
possibility is further supported by the lack of a main
effect of APOE genotype on resting GM CBF.
However, when collapsed across APOE genotype,
our study confirmed prior brain imaging results
revealing elevated CBF in MCI in several regions of
the right superior temporal gyrus (including the
anterior temporal pole, Brodmann’s area 22, and a
posterior aspect extending to the supramarginal
gyrus and inferior parietal lobe), right hippocampus
extending to the pulvinar nucleus of the thalamus,
and the left superior frontal gyrus. This suggests
that some regions may be more susceptible to
perfusion changes that accompany MCI regardless
of APOE genotype.

Taken together, our findings suggest that the
transition from normal cognition to presumptive
AD is likely associated with dynamic pathophysio-
logic changes in the brain and provide further
support for a vascular role in AD risk. Findings
reveal localized effects of CBF on domains of
cognition, indicating differential involvement of
regionally specific CBF changes on cognition. This
specificity of CBF with respect to brain regions and
cognition is valuable to better characterize changes
in structure–function relationships in dementia
risk. Our results are generally consistent with a
compensatory response to overcome pathologic en-
croachments and reveal early changes in CBF in
regions corresponding to the progression of the
neuropathological changes of AD (i.e., early involve-
ment of medial temporal lobe structures such as the
hippocampus and entorhinal cortex to later involve-
ment of frontal, temporal, and parietal cortices; Braak
and Braak, 1991).

In conclusion, this study has several strengths,
including whole-brain voxelwise CBF comparisons
in a neuropsychologically well-characterized sample
with associations between CBF and cognitive perfor-
mance using partial volume corrected quantitative

ASL MRI. These strengths set the current study apart
from some of the large-scale efforts that, despite their
large sample sizes and impressive statistical power,
are limited in the variables they use to examine
brain–behavior relationships. Smaller studies, such
as this one, allow for sophisticated cognitive and
imaging work-ups that ultimately may serve as
seedbeds for hypothesis testing in next generation
large-scale studies. Despite these strengths, there are
several remaining limitations of ASL techniques. For
instance, ASL has reduced sensitivity to weak
activation because the overall magnetic resonance
signal caused by the delivered arterial blood is
only B1% of the total signal due to the tissue
resulting in a low intrinsic perfusion signal-to-noise
ratio of pulsed ASL compared with that of exogenous
tracers (e.g., xenon; Liu and Brown, 2007). ASL also
relies on several assumptions in the perfusion
quantification (e.g., tagging efficiency and transit
delay). Transit delay sensitivity is a known issue
affecting all ASL techniques that use a single
inversion time. However, there are several drawbacks
of using transit delay mapping techniques that are
currently available, which limit our ability to apply
them to a patient population, e.g., (1) they generally
are more time consuming and (2) their sensitivity to
perfusion is lower per unit acquisition time. Never-
theless, because our CBF measurements were de-
rived from a population with similar demographics
and cerebrovascular health, it is likely that that
transit delay effects had equal influence on the
conditions we investigated. Since transit delay
sensitivity can be greatly reduced by increasing
postlabeling delay, recent advances in pseudocontin-
uous ASL technique may hold promise in future
studies as it can accommodate longer postlabeling
delay (thanks to its ability to define larger temporal
bolus relative to pulsed ASL) while preserving
sufficient perfusion signal for accurate and reliable
CBF measures (Shin et al, 2012). Results support the
potential role for CBF measurement using ASL as a
candidate biomarker for detecting early changes in
the central nervous system associated with AD risk,
as ASL offers the practical advantages of being
noninvasive, relatively easy to implement compared
with other functional imaging methodologies, and
allows the ability to repeat scans to monitor long-
itudinal change.
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