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BACKGROUND AND PURPOSE: MR imaging of the brain has significant potential in the early detection
of neurodegenerative disorders such as AD. The purpose of this work was to determine if perfusion
MR imaging can be used to separate AD from normal cognition in individual subjects. We investigated
the diagnostic utility of perfusion MR imaging for early detection of AD compared with structural
imaging.

MATERIALS AND METHODS: Data were analyzed from 32 participants in the institutional review
board�approved CHS-CS: 19 cognitively healthy individuals and 13 with clinically adjudicated AD. All
subjects underwent structural T1-weighted SGPR and CASL MR imaging. Four readers with varying
experience separately rated each CASL and SPGR scan finding as normal or abnormal on the basis of
standardized qualitative diagnostic criteria for observed perfusion abnormalities on CASL or volume
loss on SPGR and rated the confidence in their evaluation.

RESULTS: Inter-rater reliability was superior in CASL (� � 0.7 in experienced readers) compared with
SPGR (� � 0.17). CASL MR imaging had the highest sensitivity (85%) and accuracy (70%). Frontal lobe
CASL findings increased sensitivity to 88% and accuracy to 79%. Fifty-seven percent of false-positive
readings with CASL were in controls with cognitive decline or instability within 5 years. Three of the
4 readers revealed a statistically significant relationship between confidence and correct classification
when using CASL.

CONCLUSIONS: Readers were able to separate individuals with mild AD from those with normal
cognition with high sensitivity by using CASL but not volumetric MR imaging. This initial experience
suggests that CASL MR imaging may be a useful technique for detecting AD.

ABBREVIATIONS: AA � African American; AD � Alzheimer Disease; CASL � continuous arterial
spin-labeled; CHS � Cardiovascular Health Study; CHS-CS � Cardiovascular Health Study Cognition
Study; FDG-PET � fluorodeoxyglucose–positron-emission tomography; L � left; MCI � mild
cognitive impairment; MMSE � Mini-Mental State Examination; MRI � MR imaging; PET �
positron-emission tomography; R � right; rCBF � regional cerebral blood flow; ROC � receiver
operating characteristic; SPECT � single-photon emission computed tomography; SPGR � spoiled
gradient-recalled echo

Alzheimer Disease is the most common cause of dementia
in the elderly and is expected to affect 13.5 million indi-

viduals by 2050.1 As preventive and treatment innovations are
developed, there is a critical need to identify subjects with AD
as early as possible. One drawback of conventional clinical
evaluations is that subjects with frank dementia symptoms are

often too advanced in their disease to be effectively treated.
Neuroimaging methods hold much promise for detecting
early AD or before its clinical symptoms fully develop. Such
methods would be most clinically useful if they classified an
individual as either having AD or being a healthy control.
While voxel-based methods exist, they are limited in that they
provide information on a group and not on an individual sub-
ject level.2,3 Visual classification of images, however, can
readily separate individuals into diagnostic categories.

Multiple brain imaging modalities are currently used in
clinical and research settings to attempt to better diagnose and
study neurodegenerative disorders, particularly AD. Struc-
tural MR imaging is commonly part of the work-up for de-
mentia,4 and volumetric studies have been effective in identi-
fying specific regional atrophy at a group level.5 FDG-PET6

and SPECT7 have shown some utility for the diagnosis of AD.
However, these require the injection of tracers that increase
radiation exposure. A more widely available and inexpensive
technique than PET that produces better spatial resolution
than SPECT without ionizing radiation would be valuable.

One such potential method is CASL MR imaging, which
generates an endogenous contrast by the application of radio-
frequency pulses to “label” water proton spins in blood flow-
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ing through the carotid and vertebral arteries.8,9 These labeled
spins exchange with unlabeled spins in brain tissue to yield a
quantifiable map of rCBF. CASL MR imaging does not require
any exogenous contrast agents.

Perfusion imaging with arterial spin-labeled MR imaging
has been validated against quantitative techniques such as 15O
PET10 and has been used to show that perfusion abnormalities
can occur very early in the course of neurodegeneration.11-14

These findings motivated the present study to assess the diag-
nostic utility of perfusion MR imaging versus structural imag-
ing in the classification of AD versus normal cognition.

We hypothesized that perfusion CASL MR imaging would
have superior utility over 3D volumetric SPGR for the diag-
nostic separation of AD from normal cognition. Quantitative
rCBF measurements were available for this work but were not
used because there is no consensus regarding what perfusion
cutoff value distinguishes AD from normal cognition. In the
absence of such a consensus, investigators typically use an ar-
bitrary criterion of a perfusion value being 2 SDs below the
mean for the control group,15 and this approach has yielded
limited success. A SPECT perfusion imaging study that used a
perfusion cutoff 2 SDs below the control group mean yielded a
specificity of 87% but a relatively poor sensitivity of 63%.16 A
PET study that used rCBF levels of the temporal lobe with a
consensus diagnosis yielded a specificity of 88% but a poor
sensitivity of 38%.17 Were we to apply a 2-SD cutoff for CASL-
measured hippocampal perfusion, for instance, we would not
find that any of our 32 subjects (healthy or with dementia)
were below this arbitrary cutoff. Our work, therefore, focused
on qualitative evaluations of both CASL and SPGR MR imag-
ing scans.

Materials and Methods

Subjects
Each subject provided informed consent to participate in the institu-

tional review board�approved CHS-CS. Retrospective data were an-

alyzed from a subset of participants in this community-based longi-

tudinal cohort study.18,19 The CHS-CS is a branch of the larger

Cardiovascular Health Study, initiated in 1988 with recruitment

based on Medicare eligibility lists.20 The purpose of the CHS-CS is to

identify risk factors for and to track the longitudinal progression of

dementias such as AD. CHS-CS inclusion and exclusion criteria have

been carefully documented in prior studies.21,22 Perfusion and struc-

tural MR imaging scans of the brain were obtained in the CHS-CS as

previously described.23 From this group, we selected 32 individuals:

19 cognitively normal elderly subjects and 13 subjects with an adju-

dicated research-level diagnosis21 of probable AD by using the criteria

of the National Institute of Neurological and Communicative Disor-

ders and Stroke–Alzheimer’s Disease and Related Disorders Associa-

tion.24 At the time of scanning, AD subjects had neither been identi-

fied by their primary care physician with a cognitive disorder nor were

they taking any cholinesterase inhibitors.

Inclusion criteria for the 32 subjects in the present study were the

following: 1) clinical classification of either normal cognition or AD

by using standard CHS criteria,21 2) availability of both structural and

perfusion MR imaging scans obtained as part of the CHS-CS, 3)

5-year longitudinal evaluation of cognitive status. Exclusion criteria

for CASL data imaging and/or analysis were the following: 1) a history

of clinical stroke or carotid stenosis as assessed with standard CHS

criteria25,26; 2) radiologic evidence of structural brain lesions (eg, tu-

mors, trauma, or surgery); 3) history of head trauma or encephalitis;

4) consumption of caffeine within 8 hours before examination be-

cause this has been linked with lower cerebral perfusion27; 5) inability

to segment images by using semiautomated tools; 6) placement of the

labeling plane not orthogonal to both carotid arteries and/or the dif-

ference between left and right carotid arterial mean velocities exceed-

ing 20% of the mean, which was used as a marker of carotid stenosis;

7) excessive patient motion as evidenced in structural images; or 8)

excessive image artifacts (eg, hair oil or dental implant).

Table 1 summarizes subject demographics and information on

vascular diseases such as hypertension and white matter hyperinten-

sity grade, all determined by using standard CHS criteria.25,28,29 MR

imaging�identified infarcts were classified as lesions on T2 or proton

attenuation sequences of �3 mm in diameter with no associated clin-

ical symptoms of stroke.30,31 A white matter grading of �3 was de-

fined in the CHS as radiologic evidence for small vessel ischemic dis-

ease.32 There were no statistically significant differences between the

control and AD groups, except the modified MMSE score.33

The average modified MMSE score of the AD group was approx-

imately 9 points above the standard clinical dementia cutoff of 80,34

meaning that the subjects with AD were very early in their clinical

dementia course. None of the patients with AD had been clinically

identified with dementia by their primary care physicians nor were

any being treated for a dementia by using cholinesterase inhibitors.

Table 1: Subject characteristics

Normal Cognition Probable AD �2/T Test Valuea
P Value,

Cohen D or �

Number 19 13
Age (SD and range) 82.31 � 3.87 83.1 � 3.35 �.63 .53, .23

(76.17–93.34) (77.22–88.32)
Male/female 8/11 8/5 1.17 .47, .28
Caucasian/AA 18/1 13/0 .71 .59, .41
Education (beyond 12th grade/12th grade) 11/8 8/5 .04 .56, .84
Modified MMSE 94.73 � 4.44 88.9 � 6.31 3.08 �.01, 1.11

(85–99) (76–97)
Hypertension (�) 11/8 10/3 1.23 .23, .27
Heart disease 17/2 10/3 .92 .32, .34
Type II diabetes mellitus 17/2 10/2 .25 .63, .09
MRI infarcts (�) 12/7 9/4 .13 .53, .72
Small vessel ischemic disease 11/8 8/5 .04 .57, .84
a df � 30.
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Perfusion MR imaging
All MR imaging data were acquired by using a 1.5T scanner (Signa

Horizon LX; GE Healthcare, Milwaukee, Wisconsin). Multisection

CASL was applied as demonstrated in prior work.23,35-37 In summary,

our CASL sequence used ramp-sampled echo-planar imaging to ac-

quire 19 contiguous axial sections (64 � 64 matrix, 2-cm FOV, 5-mm

section thickness, 0 spacing, 21-ms TE (ie, minimum full), 76-kHz

effective receiver bandwidth, 1-second acquisition time, 700-ms tran-

sit delay, 90° flip angle). The alternating single adiabatic inversion

label and double adiabatic inversion control labeling planes were po-

sitioned near the cervicomedullary junction to acquire images of the

entire cerebrum and were repeated 50 times for signal-intensity aver-

aging the pairs of acquisitions. The labeling period or bolus width in

time was 3.7 seconds.

CASL data were converted into rCBF maps by using previously

described kinetic models.23,38 The specific tracer convolution model

of CASL used in both the present and prior work had several assump-

tions, including that tracer decay occurs before exchanging with tissue

water and that the endogenous tracer arrival time occurs when the

CASL control-label-difference signal intensity reaches its maxi-

mum.39 All perfusion images were registered to a common stereotac-

tic space in the standard single-subject Montreal Neurologic Institute

template by using a fully deformable registration method.40 This was

done to correct CASL images for partial volume effects, which are a

substantial source of error in perfusion imaging and can generate

inaccurate underestimations of rCBF in the elderly.15,41 Such error

can consequently hinder even visual evaluations of perfusion MR

imaging, and because of this, we elected to partial volume correct our

CASL images. Partial volume correction also addresses lower rCBF

due to atrophy and amplifies the likelihood of detecting the earliest

perfusion changes associated with AD, which often occur before the

onset of significant cerebral atrophy.42

Structural MR Imaging Acquisition
Structural imaging methods for the CHS are described in greater de-

tail elsewhere.39,43 Briefly, a 3D volumetric SPGR sequence was per-

formed for the whole brain (TE/TR, 5/25 ms; flip angle, 40°; NEX, 1;

section thickness, 1.5 mm/0 mm intersection gap), with an in-plane

acquisition matrix of 256 � 256 � 124 image elements, 250 � 250

mm FOV, and an in-plane voxel size of 0.98 mm3.

Image Interpretation
An experienced board-certified neuroradiologist with Certificate of

Added Qualification (C.L., 30 years of experience, United States) de-

veloped the CASL reader criteria and a separate set of criteria for

grading the structural scans (Appendices A and B). For every CASL

scan, each reader (readers 1 and 2: J.F.B. and E.D.S., �5 years of

clinical experience after neuroradiology fellowship; readers 3 and 4:

J.T. and H.M.H., �5 years of experience) had to complete the evalu-

ation sheet described in Appendix A. Briefly, for the CASL scans, each

reader had to specify whether thinning and focal gaps in perfusion

were noted in the cortex on visual inspection of all CASL MR imaging

sections. Next, the reader had to visually assess whether rCBF ap-

peared lower in each of 9 brain regions selected for evaluation because

they are common targets of AD pathology44-46 (Fig 1).47 Finally, the

readers had to classify the scan findings as “normal” or “abnormal”

and rate their confidence in that classification on a 5-point Likert

scale.48 Visual identification of cortical thinning/focal gaps and lower

appearing rCBF in any of the 9 selected regions were essential criteria

for rendering an evaluation of abnormal findings with CASL.

Figure 2 shows 2 axial CASL scans used as instructional examples

for distinguishing normal versus abnormal findings in detecting AD.

Neither of the 2 images in this figure was evaluated by the readers in

the actual study. One scan is from a control subject (Fig 2A), and the

other is from a person with AD (Fig 2B). The control scan is charac-

terized by the presence of foci of uniformly robust cortical signal

intensity representing areas of normal perfusion (purple arrows). The

scan of the subject with AD lacks these foci, and the few that exist are

typically reduced in size and intensity (green arrows) compared with

those in the control subject. There are also focal gaps in perfusion in

the person with AD in the frontal lobe (turquoise arrow). The color bar

shows the corresponding perfusion values in milliliters of blood per

gram of tissue per minute.

For the evaluation of volume loss by using SPGR, each reader had

to assess whether brain volume and sulcal width were appropriate for

age and to complete the evaluation sheet presented in Appendix B.

The reader had to visually judge whether volume loss was noted in 7

specific brain regions and whether there was enlargement of the cere-

bral ventricles; all 120 image sections were available for inspection.

Visual assessment of generalized cortical volume loss greater than that

expected for age or focal hippocampal atrophy was an essential crite-

rion in rendering an abnormal evaluation. The regions listed in Ap-

pendix B were chosen because they are early targets of AD patholo-

gy.49 As with the CASL scans, the readers had to rate their confidence

on a Likert scale. CASL and SPGR scans were examined in separate

sessions, with neither technique used to inform the evaluation of the

other.

The 4 readers were blinded to the clinical diagnosis, and each

separately evaluated the 32 CASL MR imaging scans and 32 corre-

sponding SPGRs. Before the readings were performed, a group didac-

tic session was conducted by C.L. to detail both CASL and SPGR

criteria to the readers. All images were displayed by using the OsiriX

Imaging Software (http://www.osirix-viewer.com). All readers had

access to the PowerPoint file used in the teaching session for refer-

ence, but they could not interact with C.L. or each other in evaluating

the scans. The CASL and SPGR images shown in PowerPoint for

teaching purposes were not the same scans evaluated by the readers.

Fig 1. Midaxial CASL image shows the regions assessed by the reader: 1, anterior
cingulate gyrus; 2, middle frontal lobe; 3. caudate nucleus; 4, putamen and globus pallidus;
5, thalamus; 6, superior and medial temporal lobes; 7, parietal lobes; 8, posterior cingulate
gyrus; 9, occipital lobes. Many of these regions, such as the cingulate gyrus, temporal
lobes, and thalamus, are common targets of AD pathology. Reproduction of Fig 1 with
permission from Lee et al.47
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No reader had access to any clinical history or information about the

subjects aside from their age for the SPGR evaluations.

Statistical Analysis
All data were analyzed by using standard software (SPSS, Version

16.0; SPSS, Chicago, Illinois), and there were 5 components to the

statistical analysis: 1) assessment of inter-reader reliability in the

CASL and SPGR modalities by using the � statistic50 (the inter-rater

reliability analyses were performed by grouping the readers into rel-

atively more experienced, readers 1 and 2, and relatively less experi-

enced, readers 3 and 4, categories); 2) ROC analysis for each reader

comparing CASL and SPGR; 3) calculation of sensitivity, specificity,

and accuracy by using ROC curve analysis; 4) identification of the 1

brain region out of 9 listed in Appendix A that most consistently had

lower appearing rCBF among correct abnormal CASL classifications

in the 4 readers and recalculation of sensitivity, specificity, and accu-

racy values based on that region; and 5) correlation analysis between

the correct diagnosis and confidence in each modality.

Longitudinal Evaluation of CASL False-Positives
We evaluated CASL false-positives, abnormal image interpretations

assigned by readers to 1 of the 19 control subjects in this study, to

determine if they occurred in subjects who experienced cognitive de-

cline or instability 5 years later. Each subject was clinically evaluated

annually for any signs of cognitive decline as previously de-

scribed.7,19,51 Cognitive decline was classified as conversion from

normal cognition to either AD or MCI—a high risk state for future

dementia, in which cognition is reduced but not yet below the clinical

cutoffs for dementia.52 We also noted if false-positives occurred in

subjects who experienced any instability in their cognitive status. One

common example of this would be in subjects who converted to MCI

1 year after their CASL scan but reverted to healthy at the completion

of the 5-year follow-up period. We computed the percentage of false-

positive readings in all 4 readers that occurred in subjects who con-

verted as a fraction of the total number of false-positives summed

across all 4 readers. We also identified in this exploratory analysis the

relative proportion of controls who remained healthy, experienced

cognitive fluctuations, converted to MCI, or converted to AD.

Results
Figure 3 shows representative examples of true-negative (nor-
mal classified as normal), true-positive, false-negative (abnor-
mal classified as normal), and false-positive CASL images. The
true-negative scan in Fig 3A has uniformly high perfusion (60-
to 90-mL blood/g tissue/min) throughout the cortex. The
true-positive scan (Fig 3B) has reduced perfusion globally to
approximately 30 mL blood/g tissue/min, and this is especially
pronounced in the frontal lobes. The false-negative scan (Fig
3C) has a varied pattern of rCBF. There are some regions of the
cortex that appear to have lower perfusion, such as the parietal
lobes, but other areas such as the thalamus and posterior cin-
gulate appear to show normal-to-higher perfusion levels. The
false-positive scan (Fig 3D) has a mean global perfusion of
50-mL blood/g tissue/min, giving the appearance of lower per-
fusion in the cortex, when it was actually at the lower end of the
normal range of 50- to 54-mL blood/g tissue/min in the
brain.53

Table 2 shows individual reader values for sensitivity, spec-
ificity, and accuracy for all 4 readers and the average across all
readers. CASL MR imaging had higher sensitivity and accu-
racy than SPGR, which had higher specificity than CASL. In-
ter-rater agreement with CASL was superior to that with SPGR
imaging. For CASL, the inter-rater agreement for the relatively
experienced readers (1 and 2) was superior (� � 0.70, P �
.001) but for SPGR scans the agreement was poor (� � 0.17,
P � .39). Less experienced readers also had a high agreement
when using CASL (� � 0.54, P � .002) but not with SPGR
(� � 0.03, P � .46).

In subjects in whom an abnormal classification by a reader
on CASL correctly matched a clinical diagnosis of AD (true-
positive), the 9 regions from Appendix A were rank ordered to
determine which area was most frequently identified as having
lower appearing rCBF in these subjects. This process was done
in all 4 readers, and the ranks are shown in Table 3. The table
values refer to the percentage of true-positive cases in which
that region was visually classified on Appendix A as having a
lower appearing rCBF to the reader. Three of 4 readers iden-

Fig 2. Examples of control (A) and AD (B) CASL images. Please refer to text for details.
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tified the frontal lobe as having lower rCBF in 100% of their
true-positive cases. Because of this, sensitivity, specificity, and
accuracy values were recalculated on the basis of this frontal
lobe finding, and these results are shown in Table 4. Compared
with classifications using all brain regions, as shown in Table 2,
the sensitivity of CASL MR imaging for detecting AD in-
creased from 85% to 88%, specificity increased from 54% to
68%, and accuracy went from 70% to 79%. These results sug-
gest that a regionally specific visual finding of lower frontal
lobe rCBF on CASL adds additional diagnostic utility for the
classification of individuals with AD versus those with normal
cognition.

Three of 4 readers were more likely to have a statistically
significant correlation between higher confidence and the cor-
rect diagnosis, and these results are summarized in Table 5.

Only reader 3 (r � 0.34, P � .06) did not show a statistically
significant correlation between confidence rating and a CASL
image evaluation that matched the clinical diagnosis, though
there was a trend toward significance.

The CHS-CS is a longitudinal study with clinical data and
dementia classifications obtained annually for 5 years after
scanning for all 19 controls in this study. In that group, 42%
(8/19) remained healthy, 10% (2/19) experienced cognitive
fluctuations, 32% (6/19) converted to MCI, and 16% (3/19)
converted to AD. Across all 4 readers, there were a total of 35
false-positive errors. There were 20/35 false-positive observa-
tions (57%) that occurred in subjects who either converted to
MCI after 5 years (n � 4), converted to AD after 5 years (n �
2), or experienced a cognitive fluctuation after 5 years (n � 2).
The remaining number of false-positive errors (15/35; 43%)
occurred in subjects who remained cognitively healthy after 5
years (n � 6). We also investigated whether there was a rela-
tionship between a false-positive error and the presence of a
risk factor for cardio- or cerebrovascular disease. There were
no statistically significant correlations between false-positives
and the presence of hypertension (�2 � 0.08, P � .56, df � 1),
MR imaging infarcts (�2 � 0.04, P � .61, df � 1), small vessel
ischemic disease (�2 � 0.01, P � .63, df � 1), heart disease (�2

� 0.84, P � .37, df � 1), or type II diabetes mellitus (�2 � 0.01,
P � .67, df � 1). All subjects were receiving medical treatment
for their diabetes, hypertension, and heart disease.

Discussion
Perfusion CASL MR imaging, a method that uses no radioac-
tive or exogenous contrast agents, has good diagnostic utility
in identifying AD compared with structural MR imaging. Vi-

Fig 3. Axial CASL MR images obtained at the level of the thalamus. A, True-negative. B, True-positive. C, False-negative. D, false-positive. The images are obtained from the OsiriX Imaging
Software with a standard Hot Iron scale of 0- to 100-mL blood/g tissue/min, the same scale used by the readers to view the scans shown in Fig 2.

Table 2: Summary of individual and average reader metrics of
diagnostic utility

Sensitivity
(%)

Specificity
(%)

Accuracy
(area under ROC

curve, %)
CASL

Reader 1 69 74 72
Reader 2 77 53 65
Reader 3 92 47 70
Reader 4 100 42 71
Average (%) 85 54 70

SPGR
Reader 1 77 53 65
Reader 2 54 79 66
Reader 3 8 100 54
Reader 4 85 47 66
Average (%) 56 70 63
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sual evaluations of CASL MR imaging can identify subjects
with AD regardless of reader experience—though more expe-
rienced readers had better inter-rater agreement than less ex-
perienced ones. This was not the case with the comparison
SPGR technique, which had poor sensitivity, only slight inter-
rater reliability, and poor correlation between confidence and
the correct diagnosis. These relationships held regardless of
reader experience. Of the brain regions evaluated on CASL,
the frontal lobes demonstrated the most effective diagnostic
utility for the identification of AD.

This study was the first step to test the possible use in clin-
ical practice of a new MR imaging method in early AD detec-
tion. The sensitivity, specificity, and accuracy with CASL was
similar to those of clinical dementia evaluations without MR
imaging that were confirmed with 3 years of follow-up and
repeat cognitive testing.54 The sensitivity of the visual ratings
for AD was similar, though slightly lower, to that seen in re-
search settings by using FDG-PET.6,55 In the context of these
studies, unlike most SPECT and PET images used in clinical
practice, CASL MR images are atrophy-corrected. Conse-
quently, the reduced perfusion observed is likely to be a pri-
mary hypoperfusion and not secondary to volume loss. In the
context of these studies and given the improved safety CASL
MR imaging offers relative to PET and SPECT, our results
justify further studies comparing CASL with those modalities.

Of particular interest is the finding that the frontal lobes
were the most diagnostically useful of the 9 regions evaluated
by the readers and improved the overall sensitivity, specificity,
and accuracy of CASL for the classification of AD versus nor-
mal cognition. There are several potential reasons why the
frontal lobes were the most diagnostically effective. One pos-
sible explanation is that these large brain areas are particularly
identifiable on CASL, thus making it easier for readers to de-
termine lower rCBF visually. Additionally, the frontal lobes
are often affected in AD as demonstrated in both perfu-
sion11,13,23 and PET amyloid imaging studies.56,57 The fre-

quent visual identification on CASL of lower rCBF in the cau-
date by the readers also mirrors results from prior PET studies
showing substantial amyloid deposition in that region.49,58

While it is tempting to speculate that lower rCBF shown with
CASL may reflect the consequences of underlying amyloid pa-
thology in the brain, this would have to be confirmed with
future work that combined both modalities in the same sub-
jects. It is also notable that the findings of these CASL and PET
amyloid imaging studies differ from those of prior FDG-PET
work that demonstrated a temporal-parietal pattern of hypo-
metabolism.6 Such technique-specific differences warrant ad-
ditional investigation.

False-positive errors occurred with CASL imaging in our
study. Over half of these errors were in subjects who were
adjudicated as cognitively normal at the time of scanning but
who progressed to an altered cognitive state during the 5-year
follow-up period. While it may be possible that CASL can
detect presymptomatic AD changes, a definitive conclusion
will require additional future studies to confirm this explor-
atory analysis.

There are several reasons why hypoperfusion patterns
could appear on CASL neuroimaging that do not involve a
neurodegenerative process. Global patterns of hypoperfusion
can be secondary to low cardiac output and vasospasm,59

while focal patterns of hypoperfusion can be due to ischemia
and leukoaraiosis. Because levels of vascular disease were
equivalent between groups and no subjects with carotid steno-
sis were included in this study, it is unlikely that these factors
were the cause of the false-positive errors. Also, there was no
association between false-positive readings and hypertension,
MR imaging infarcts, heart disease, or type II diabetes mellitus.

With differences in rCBF between hypertensive and nor-
motensive subjects identified through CASL MR imaging,39

the use of CASL in the diagnosis of AD would ideally entail
knowledge of vascular disease status. Because these are factors
that are routinely evaluated during a dementia work-up, close
communication between neuroradiologists and other clini-
cians will be necessary to ensure that such conditions are taken
into consideration when evaluating CASL scans.

In contrast to CASL, visual assessments of the SPGRs were
not useful for the diagnosis of AD due to the poorer sensitivity
of SPGR. Average specificity with SPGR would be even lower if
reader 3, with a 100% value, was not included. The variation in
SPGR sensitivity from 8% to 85% across all readers also makes
this technique undesirable for early AD detection. Thus, while
SPGR retains usefulness for ruling out other causes of demen-
tia, it remains a less desirable screening tool for identifying
subjects who are very early in their disease.

Table 3: Most commonly identified regions in correct abnormal CASL scan classifications by reader

Reader 1 (%) Reader 2 (%) Reader 3 (%) Reader 4 (%)
Frontal lobes (100) Frontal lobes (100) Parietal cortex (100) Frontal lobes (100)
Caudate (100) Caudate (100) Frontal lobes (92) Caudate (100)
Lentiform (100) Thalamus (90) Thalamus (83) Lentiform (100)
Thalamus (89) Lentiform (80) Medial temporal lobe (75) Thalamus (85)
Medial temporal lobe (78) Medial temporal lobe (80) Caudate (67) Parietal cortex (85)
Precuneus (78) Posterior cingulate (60) Lentiform (67) Precuneus (77)
Anterior cingulate (67) Parietal cortex (50) Precuneus (33) Posterior cingulate (77)
Posterior cingulate (67) Anterior cingulate (40) Anterior cingulate (25) Anterior cingulate (69)
Parietal cortex (67) Precuneus (20) Posterior cingulate (25) Medial temporal lobe (38)

Table 4: Sensitivity, specificity, and accuracy values across all 4
readers based upon visual identification of lower rCBF in the
frontal lobes with CASL

CASL
Sensitivity

(%)
Specificity

(%)

Accuracy (area
under ROC
curve, %)

Reader 1 69 79 74
Reader 2 92 63 78
Reader 3 92 68 80
Reader 4 100 63 82
Average (%) 88 68 79
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There are 2 issues to consider regarding visual assessments
of structural images. First, our raters were asked to determine
the presence of AD on the basis of their best impression of
multiple brain areas, which is close to actual clinical practice.
This is different from research-level visual rating scales, which
have been shown to be useful in differentiating healthy sub-
jects from those with early AD but tend to focus on 1 coronal
section of the mesial temporal lobe.60,61 Second, the difference
in sensitivity between our structural and perfusion images is
likely due to the fact that alterations in brain function—
reflected by reduced perfusion— generally precede structural
brain changes.42 Given that the subjects in this study had yet to
present for a clinical evaluation of their mental status, the ex-
tent of structural change may simply have been too mild to be
detected by visual ratings.

In analyzing our inter-rater agreements, we chose to di-
chotomize the results in terms of reader experience, with 2 of
our readers being relatively more experienced and the other 2
being comparatively less experienced. Prior radiologic studies
have shown that the reliability of an imaging study can be
affected by reader experience.62,63 By studying inter-rater
agreement by experience, we found that the reliability of CASL
was statistically significant, regardless of whether the readers
were more experienced (� � 0.70, P � .001) or less experi-
enced (� � 0.54, P � .002). This point has relevance to daily
clinical practice and pertinence in any training of novice neu-
roradiologists in the application of perfusion MR imaging to
the identification of AD.

Our CASL criteria by using simple visual examinations of
the brain regions commonly affected by AD pathology dem-
onstrate good screening test qualities with 85% sensitivity,
which increased to 88% when using only the frontal lobe find-
ings. Region-by-region quantification of rCBF values, while
desirable and potentially informative, is time-consuming and
less feasible in daily clinical practice. The same constraints
apply to quantitative morphometry of structural brain scans:
No uniform consensus exists regarding hippocampal volume
cutoffs for dementia classification and such analyses are time-
intensive, computationally demanding, and thus undesirable
in clinical practice.64 Future work will further refine the utility
and practicality of these automated methods such that they
may eventually be used in routine clinical work.

The main strength of this study was a well-characterized
community cohort with longitudinal follow-up data. By draw-
ing from the community, the CHS-CS minimizes the referral
biases that often pervade studies of subjects in specialty mem-
ory disorder clinics. However, as with many epidemiologic
investigations of the elderly, a survivor bias exists in that sub-
jects with substantial health burdens such as heart disease may
not live long enough to be studied. Another disadvantage of
this study was the relatively small sample size, which limits the
extent to which these results can be generalized to the overall
population. Future studies can reduce this drawback by in-
cluding greater numbers of controls and subjects with AD.

Another caveat in using CASL imaging is the substantial inter-
subject variation of �20%, which has been reported in prior
literature, because this can confound group comparisons of
AD and normal cognition.13 While this limitation is typically
controlled for in group studies, it was not a focus of our work
because we used reader-based visual ratings of individual
scans. Overall, this study highlights the diagnostic potential of
CASL in identifying AD. Because perfusion abnormalities can
precede atrophy in AD,65 CASL MR imaging may permit ear-
lier detection of the disease than would be possible with struc-
tural imaging alone.

Conclusions
CASL MR imaging demonstrated substantial diagnostic utility
in the classification of AD-versus-control brains with 85%
sensitivity, which increased to 88% when focusing on visual
identifications of reduced frontal lobe perfusion. Thus, CASL
MR imaging may be a useful addition to the clinical classifica-
tion of AD.
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Appendix A: CASL Reader Criteria
Is the gray matter cortex thinned, Y N (circle 1)?
Are there focal gaps in the cortex, Y N (circle 1)?
Is there a decrease in size of the basal ganglia (thalamus, cau-
date, lentiform), Y N (circle 1)?

Check off if you observed fewer/absent bright spots in the
following areas and answer adjacent laterality questions. If
bright spots were noted bilaterally, do not checkmark.

● Posterior cingulate (bilateral, circle 1: L � R, L � R, L � R).
Unilateral: L or R?

● Anterior cingulate (bilateral, circle 1: L � R, L � R, L � R).
Unilateral: L or R?

● Precuneus (bilateral, circle 1: L � R, L � R, L � R). Unilat-
eral: L or R?

● Medial temporal lobe (bilateral, circle 1: L � R, L � R, L �
R). Unilateral: L or R?

● Thalamus (bilateral, circle 1: L � R, L � R, L � R). Unilat-
eral: L or R?

● Caudate (bilateral, circle 1: L � R, L � R, L � R). Unilateral:
L or R?

● Lentiform (bilateral, circle 1: L � R, L � R, L � R). Unilat-
eral: L or R?

● Parietal cortex (bilateral, circle 1: L � R, L � R, L � R).
Unilateral: L or R?

● Frontal lobes (bilateral, circle 1: L � R, L � R, L � R).
Unilateral: L or R?

● Final classification: normal or abnormal (circle 1)

Table 5: Correlation between reader confidence and correct image classification

Modality Reader 1 Reader 2 Reader 3 Reader 4
CASL r � 0.46, P � .008 r � 0.44, P � .01 r � 0.34, P � .06 r � 0.42, P � .02
SPGR r � 0.16, P � .39 r � 0.32, P � .07 r � �0.14, P � .45 r � �0.16, P � .36
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I am confident in my final classification on the basis of the
perfusion CASL MR imaging (circle 1):

1) Strongly disagree.
2) Disagree.
3) Neither agree nor disagree.
4) Agree.
5) Strongly agree.

Appendix B: SPGR Volume Loss Reader Criteria
Subject Age:

Brain volume and sulcal width appropriate for subject age,
Y or N (circle 1)?

Check off if the following areas showed volume loss and or
expansion of ventricles. If volume loss or expansion was not
noted in these areas, do not checkmark them.

● Parietal cortex
● Frontal cortex
● Temporal cortex
● Occipital cortex
● Hippocampus/temporal horns
● Lateral ventricle
● Third ventricle
● Final classification: normal or abnormal (circle 1)

I am confident in my final classification on the basis of the
T1 volumetric SPGR scan (circle 1):

1) Strongly disagree.
2) Disagree.
3) Neither agree nor disagree.
4) Agree.
5) Strongly agree.
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