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bstract

Amyloid plaques and tau neurofibrillary tangles, the pathological hallmarks of Alzheimer’s disease (AD), begin accumulating in the
ealthy human brain decades before clinical dementia symptoms can be detected. There is great interest in how this pathology spreads in
he living brain and its association with cognitive deterioration. Using MRI-derived cortical surface models and four-dimensional animation
echniques, we related cognitive ability to positron emission tomography (PET) signal from 2-(1-{6-[(2-[F-18]fluoroethyl)(methyl)amino]-2-
aphthyl}ethylidene)malononitrile ([18F]FDDNP), a molecular imaging probe for plaques and tangles. We examined this relationship at each
ortical surface point in 23 older adults (10 cognitively intact, 6 with amnestic mild cognitive impairment, 7 with AD). [18F]FDDNP-PET signal
as highly correlated with cognitive performance, even in cognitively intact subjects. Animations of [18F]FDDNP signal growth with decreased
E
Cognition across all subjects (http://www.loni.ucla.edu/∼thompson/FDDNP/video.html) mirrored the classic Braak and Braak trajectory in

ateral temporal, parietal, and frontal cortices. Regions in which cognitive performance was significantly correlated with [18F]FDDNP signal
nclude those that deteriorate earliest in AD, suggesting the potential utility of [18F]FDDNP for early diagnosis.

2008 Elsevier Inc. All rights reserved.
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Decades may elapse between initial cortical accumula-
ions of tau neurofibrillary tangles and amyloid plaques (the

ajor pathologic hallmarks of Alzheimer’s disease (AD)) and

∗ Corresponding author at: Laboratory of Neuro Imaging, Department of
eurology, David Geffen School of Medicine at UCLA, 635 Charles E.
oung Drive South, Suite 225E, Los Angeles, CA 90095-7332, USA.
el.: +1 310 206 2101; fax: +1 310 206 5518.

E-mail address: thompson@loni.ucla.edu (P.M. Thompson).
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he cognitive changes required for clinical diagnosis (Braak
nd Braak, 1991; Thal et al., 2002). Historically, plaques and
angles were only detectable post mortem, making the patho-
ogical burden difficult to relate to cognitive performance.
owever, PET probe advances may facilitate investigation of

his pathology in living humans. In vivo cortical accumulation
f the ligand 2-(1-{6-[(2-[F-18]fluoroethyl)(methyl)amino]-
imaging and cognition in normal aging and Alzheimer’s disease.

-naphthyl}ethylidene)malononitrile ([18F]FDDNP) is con- 41

istent with depositions of both plaques and tangles in living 42

ubjects (Agdeppa et al., 2001b; Small et al., 2006), and previ- 43

usly has been verified via subsequent autopsy to co-localize 44
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ith plaques and tangles (Agdeppa et al., 2001b). Digital
utoradiography of AD brain specimens using [18F]FDDNP
as likewise demonstrated that the pattern of ligand binding
atches the pattern of plaques and tangles in neighbor-

ng slices (as determined using immunohistochemistry and
onfocal fluorescence microscopy) (Agdeppa et al., 2001a).
urthermore, in a recent study, global [18F]FDDNP was
hown to be more accurate than FDG-PET or MRI brain vol-
mes at discriminating among clinical diagnoses (Small et
l., 2006). In addition to [18F]FDDNP, PET ligands Pitts-
urgh Compound B (PIB) (Buckner et al., 2005; Klunk et al.,
004; Mintun et al., 2006) and stilbene (SB-13) (Verhoeff et
l., 2004) are both reported to visualize plaques alone. Initial
eports have focused on validating the imaging probes and
ifferentiating diagnostic groups by examining signal aver-
ged over regions of interest rather than at each cortical point
Klunk et al., 2004; Small et al., 2006; Verhoeff et al., 2004).

In this study, we compared the voxel-wise spatial rela-
ionship between 3D cortical [18F]FDDNP distribution and
ognitive ability across subjects with diagnoses ranging from
ognitively intact to mild AD. This approach empowered
ortical signal detection without requiring a priori specifi-
ation of regions of interest (ROIs), thus preventing biases
hat could be introduced by variations in ROI sizes. We eval-
ated cognition using composite test scores as a continuous
easure, which ensured that participants close to diagnos-

ic boundaries did not obscure results as they might with
ategorical comparisons. Finally, we mapped cortical gray
atter thickness (Thompson et al., 2004) both to separate
olecular pathology from the effects of structural atrophy

nd to assess the specificity and independent predictive value
f PET versus MRI measures.

. Methods

.1. Subjects

Twenty-three community-dwelling subjects were
ssessed with standard neurological and psychological
xams. Those with a history of stroke, mental illness, serious
ead injury, and non-AD diseases that could affect cognitive
erformance were excluded. Although subjects were not
xcluded for presence of white matter lesions, which are
requently present in AD, our composite cognitive test
core was not significantly correlated with the occurrence
f at least one visible white matter hyperintensity in a
2-weighted MRI image (p = 0.868). Seven subjects met
iagnostic criteria for AD, 6 for amnestic mild cognitive
mpairment (MCI) (Petersen, 2004), and 10 were cognitively
ntact controls, although some had typical age-related

emory complaints. Individuals with AD or amnestic MCI
U
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ere diagnosed using previously published standard diag-
ostic criteria (American Psychological Association, 2000;
etersen, 2004). Control subjects did not meet diagnostic
riteria for MCI or AD. Diagnostic groups did not differ
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ignificantly in age, education, sex, or Hamilton Depression
ating Scale (21 item) (Hamilton, 1960). To maximize the

ikelihood of finding cognitively intact subjects who have
arly AD-like pathology, we included several cognitively
ntact subjects who had a family history of dementia
6), were apolipoprotein E e4 (APOE4) carriers (4), or
oth (2).

All but seven of the subjects included in the current study
lso were reported in a study previously published (Small
t al., 2006). Subjects from that study who lacked high-
uality T1-weighted MPRAGE MRI scans (Siemens 3T)
ere excluded from our study.
We obtained informed written consent from all subjects

r their medical proxies, and the study was approved by the
nstitutional Review Board of the University of California,
os Angeles (UCLA).

.2. Neuropsychological testing

Participants underwent a full battery of neuropsychologi-
al tests whose scores were converted to age-adjusted Z scores
sing established age-based normative data for each test.
e created a composite average cognitive Z score composed

f three tests of episodic memory and three tests of frontal
obe function (Table 1). Selected tasks had a wide range of
esponses and high sensitivity to AD-related changes (Jones
t al., 2006; Tabert et al., 2006) and assessed a range of men-
al function including memory, processing speed, attentional
nd response control, and phonemic fluency.

Among the AD patients, cognitive impairment prevented
wo subjects from completing the Stroop C Interference task,
ne from completing the Buschke-Fuld Selective Remind-
ng task, and one from completing the WMS Verbal Paired
ssociates Immediate task. In these cases, we substituted the
orst Z score on that task by any study subject for the incom-
lete test score. No subject failed to complete more than one
f the tasks.

Age-adjusted Z scores on the well-established tests per-
ormed by subjects were correlated with the composite
cores they composed (Pearson’s r values range = 0.67–0.90;
≤ 0.0005 for all tests), suggesting that the composite score
as a valid indicator of memory ability and frontal lobe

unction in these participants. Averaging Z scores from the
ndividual tests into a composite score reduced the likelihood
hat an aberrant score on any one task would unduly influ-
nce the results of the study. The composite score and the
MSE score were also correlated (r = 0.73, p < 0.0001). The

omposite score, however, offered a greater range of val-
es than the MMSE, allowing us to distinguish gradations
f cognitive ability even in cognitively intact older adults.

covariance matrix of the age-adjusted Z scores for each
est across all subjects showed that all the neuropsychologi-
imaging and cognition in normal aging and Alzheimer’s disease.

al scores included in the composite score were significantly 147

orrelated with one another (r = 0.42–0.83), suggesting that 148

veraging these scores provided a reasonable single measure 149

f global cognition.
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Table 1
Demographics and clinical characteristics.

AD MCI Controls

No. of participantsa 7 6 10
Average ageb 77 ± 10.4 73 ± 12.8 73 ± 10.4
Males/females 3/4 2/4 3/7
Years of educationb 16 ± 2 17 ± 3 17 ± 3
Apolipoprotein E �4 carriersc 4 (57%) 2 (33%) 4 (40%)
Known family history of dementiad 2 (29%) 5 (83%) 6 (60%)
Mini-Mental State Exam scoreb 23 ± 2e 28 ± 1e 29 ± 1
Hamilton Depression Rating Scale, 21 itemb 3 ± 3 4 ± 3 2 ± 2
Cognitive composite Z scoreb,f −2.2 ± 0.9e −1.0 ± 0.4e 0.7 ± 0.8e

a Two participants with AD and one with MCI were excluded from the cortical thickness comparison because of technical difficulties with their MRI scans.
b Listed as mean ± standard deviation.
c APOE genotype was not available for two subjects with MCI.
d Family history defined as having a parent, grandparent or sibling with dementia.
e Significant difference between starred items.
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f Mean age-adjusted Z scores for three tests of verbal memory (Buschke-
MS verbal paired associates immediate total) and three tests of frontal lob
ssociation Test: FAS).

.3. MRI protocol

We obtained sagittal T1-weighted magnetization prepared
apid acquisition gradient-echo (MPRAGE) volumetric scans
3T Siemens Allegra MRI): repetition time (TR) 2300 ms;
cho time (TE) 2.93 ms; 160 slices; slice thickness 1 mm/skip
.5 mm; in-plane voxel size 1.3 mm × 1.3 mm; field of view
56 × 256; flip angle 8◦.

.4. MRI image processing

MRI scans were processed using a sequence of steps
escribed previously (Thompson et al., 2004). We used the
xford Centre for Functional MRI of the Brain (FMRIB)
oftware Library (FSL) Brain Extraction Tool (Smith, 2002)
nd “FSL view” to create and manually refine individual brain
asks, which were then applied to exclude non-brain mat-

er. The raw data were scaled and spatially normalized to
he International Consortium for Brain Mapping ICBM53
verage brain imaging template with a nine-parameter linear
ransformation (Collins et al., 1994). Magnetic susceptibil-
ty artifacts and image non-uniformities were reduced using
regularized tricubic B-spline approach. We automatically

egmented each resulting image into gray matter, white mat-
er, and cerebrospinal fluid using a Gaussian mixture model
or their MRI signal values (Shattuck et al., 2001).

A three-dimensional cortical surface model was extracted
utomatically from each subject’s scan as described pre-
iously (MacDonald et al., 2000). Three-dimensional
emispheric reconstructions were created, onto which a sin-
le trained researcher, blind to [18F]FDDNP-PET results,
anually traced neuroanatomical landmarks. Inter-rater reli-

bility has been reported previously (Sowell et al., 2000).
U

Please cite this article in press as: Braskie, M.N., et al., Plaque and tangle
Neurobiol Aging (2008), doi:10.1016/j.neurobiolaging.2008.09.012

We created an inter-subject 3D average cortical model,
s detailed previously (Thompson et al., 2003), by flattening
he cortex and gyral landmarks into two-dimensional space,
hen warping all landmarks into alignment across subjects.

f
(

 P
R

O
Olective Reminding total recall, WMS logical memory II delayed total, and

n (Stroop C interference, WAIS-R digit symbol, and Controlled Oral Word

his method allows voxel by voxel averaging of these images
ithin each delineated region across subjects.
After extracting gray matter volumes (Shattuck et al.,

001) and spatially registering them to the hemispheric mod-
ls, we calculated cortical gray matter thickness at each point
f the brain surface (Sapiro, 2001; Thompson et al., 2004).
ur approach defines thickness as the distance from the inner
ray–white boundary to the closest point on the outer gray
atter surface.
After supersampling the image data to create 0.33 mm

sotropic voxels, a 3D Eikonal equation was applied only
o gray matter voxels, and a smoothing kernel was used to
verage gray matter thickness values within a 15-mm sphere
t each cortical surface point (Hayashi et al., 2002; Sowell et
l., 2004). Test–retest reliability of cortical thickness using
epeated scanning and analysis has been reported previously
Sowell et al., 2004).

.5. [18F]FDDNP-PET scanning

Each subject received a bolus injection of 320–550 MBq
18F]FDDNP, prepared at very high specific activities
>37 GBq/mmol) (Liu et al., 2007), through an in-dwelling
enous catheter. Consecutive dynamic PET scans were per-
ormed for 2 h on an EXACT HR+ tomograph (Siemens-CTI,
noxville, TN) while participants lay supine. Sixty-three

lices were collected parallel to the orbito-meatal line
2.24 mm plane separation). The scans were decay corrected
nd reconstructed using filtered back-projection (Hann filter,
.5 mm FWHM) with correction for scatter and measured
ttenuation.

.6. [18F]FDDNP-PET image analysis
imaging and cognition in normal aging and Alzheimer’s disease.

We performed Logan graphical analysis (using PET 214

rames 30–125 min) to create distribution volume ratio 215

DVR) parametric images of relative [18F]FDDNP-PET 216
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Fig. 1. Increasing [18F]FDDNP and declining cognition. Cortical maps show
that as [18F]FDDNP signal (DVR) increased at each cortical surface point
(across all subjects), cognitive performance decreased (see Section 2 for
calculation of composite test scores). Regions of significant correlation
(p < 0.05), color-coded in red, follow the profile of tangle and plaque accu- Q2

mulation characteristic of mild AD, as established in large-scale post mortem
mapping studies (Braak and Braak, 1991). Corresponding maps did not show
regions where both [18F]FDDNP signal and cognition increased together (not
s
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inding (manifested as PET signal). In these parametric
mages, the value at each point represented the slope of the
inear portion of the Logan plot (or DVR), calculated as the
istribution volume of the tracer at that point divided by the
istribution volume in the cerebellar reference region (Logan
t al., 1996), where little [18F]FDDNP binding was expected.

PET images were co-registered to the MRI images using
mutual information-based rigid body transformation. As

escribed previously (Protas et al., 2005), we assigned PET
alues to each cortical surface vertex by computing the aver-
ge value of the DVR image in a kernel of radius 7 mm
urrounding each cortical mesh point, while excluding extra-
ortical voxels.

For each subject, we also obtained average [18F]FDDNP
alues within ROIs that included bilateral frontal, parietal,
edial temporal, and lateral temporal brain regions as well

s posterior cingulate gyrus. These were traced on the co-
egistered MRI scans as described previously (Small et al.,
006).

.7. Statistical analysis

Statistical maps were generated indicating the correlation
etween [18F]FDDNP-PET signal at each cortical surface
oint and each subject’s composite test score. Different sta-
istical models were fitted at each surface vertex, as detailed
reviously (Thompson et al., 2004), including linear and
uadratic terms in the model, and retaining only terms with
significant fit. The resulting significance values associ-

ting [18F]FDDNP signal and cognitive performance were
ndicated by a color code plotted at each surface point
n the average cortex. After obtaining average ROI values
e additionally performed non-parametric Spearman’s rank

orrelations between regional [18F]FDDNP values and the
omposite cognitive scores.

.8. Permutation testing and multiple comparisons
orrection

The significance map was corrected for multiple compar-
sons by permutation testing using a threshold of p < 0.05 to
efine a suprathreshold region. The area of this suprathresh-
ld region was compared with a null distribution of statistics
hat occurred by chance when test scores were randomly
ssigned to subjects in 100,000 random simulations. Permu-
ation testing has been used widely in imaging and provides
global p value for the observed pattern of effects (Bullmore
t al., 1999; Thompson et al., 2003).

.9. Hypotheses

We used one-sided hypothesis testing, predicting a priori
U
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hat subjects with lower composite scores would show greater
18F]FDDNP signal, particularly in those cortical regions that
oth degenerate early in Alzheimer’s disease and are critical
or cognitive performance.

c

d
H

hown here; maps are blue with p > 0.05 at all voxels). (For interpretation of
he references to color in this figure legend, the reader is referred to the web
ersion of the article.)

. Results

.1. [18F]FDDNP-PET signal and cognitive
erformance

[18F]FDDNP-PET signal was significantly higher across
idespread cortical regions in subjects with poorer neuropsy-

hological test performance (Fig. 1). Strong correlations
ere seen in the entorhinal, orbitofrontal, and lateral tempo-

al cortices, temporoparietal and perisylvian language areas,
arietal association cortices, and much of the dorsolateral pre-
rontal cortex. Correlated regions were bilateral, except in the
edial wall, where above threshold correlations were visible

nly in the left hemisphere in restricted frontal pole regions,
lthough the difference in signal between hemispheres
as not significant. As expected, primary sensorimotor

ortices (e.g., central and pre-central gyri) did not show
n association between [18F]FDDNP signal variation and
imaging and cognition in normal aging and Alzheimer’s disease.

ognition. 282

Notably, cingulate and paralimbic belts did not show 283

etectable correlations on the medial hemispheric surface. 284

owever, significant correlations were found in the medial 285
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Fig. 2. [18F]FDDNP and cognition in cognitively intact subjects. Frontal
regions of the right lateral cortical surface showed elevated [18F]FDDNP
signal in healthy normal subjects with poorer cognitive performance when
correlation analyses were restricted to cognitively intact subjects (controls
only). Cortical maps show similar correlations between [18F]FDDNP signal
and composite cognitive score as in Fig. 1, but in a more restricted region.
Dorsolateral prefrontal regions are implicated in executive function, which
is among the functions required for optimal performance on the neuropsy-
chological tests. Additional correlations were found in parietal association
areas; the left lateral hemisphere did not show broad regions with correla-
tions (shown on the right panels here). Corroborating these results, maps
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Fig. 3. Time-lapse films calibrating maps of [18F]FDDNP signal versus cog-
nition. Projected mean [18F]FDDNP signal (DVR) can be calculated for
various cognition scores based on the relationship of [18F]FDDNP signal
with cognition in the subjects studied. Here we show projected signal for
subjects who scored (A) high normal (2 standard deviations above age-
normal), (B) at age-normal levels (Z score = 0), (C) low normal (2 standard
deviations lower than age-normal), and (D) at impaired levels (4 standard
deviations below age-normal). Red colors denote regions in which greater
predicted [18F]FDDNP signal is associated with lower cognitive Z scores
at each cortical point based on a nonlinear spatially varying model. The
parameterization of disease stages is based on cross-sectional data, but it is
plausible that a comparable trajectory would be followed for each cognitive
s
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Cf regions in which [ F]FDDNP signal and cognition in cognitively intact

ubjects increased together showed no effects, as expected (not shown).

nd lateral temporal cortices, where plaques and tangles are
hought to be deposited first (Braak and Braak, 1997).

To determine whether these patterns could have been
bserved by chance, permutation tests were conducted to
ssign global p values to the maps. At a voxel-level threshold
f p = 0.05, the corrected significance values were p = 0.004
left hemisphere) and p = 0.008 (right hemisphere), suggest-
ng that the results were unlikely to be due to chance.

When only cognitively intact subjects were considered,
18F]FDDNP signal was higher in restricted right frontal cor-
ices, and in some parietal association areas in those having
lower composite cognitive score (Fig. 2). At a voxel-level

hreshold of p = 0.05, the corrected significance value in the
ight hemisphere was p = 0.031 after permutation testing was
erformed. In the left hemisphere, correlations were detected
nly in isolated anterior prefrontal regions on the medial wall
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nd in some of the occipital lobe medial surface, but these
ere not significant after correction for multiple comparisons

p = 0.129).

9
n
s

tage in an individual subject, albeit with variable timing across individuals.
For interpretation of the references to color in this figure legend, the reader
s referred to the web version of the article.)

Given that the estimation of a nonlinear model relation
as significant both pointwise and overall after permuta-

ion testing, it is possible to predict the cortical profile of
18F]FDDNP signal that would be expected at each level
f cognitive deterioration. Based on the 65,536 fitted tra-
ectories for [18F]FDDNP signal at the cortical surface
ertices across all subjects, we created an image of pre-
icted [18F]FDDNP signal for each composite score value.
aps of mean [18F]FDDNP signal were generated for indi-

iduals at each end of the normal range and in the middle
f the normal range (maps corresponding to Z = +2, 0, −2)
Fig. 3). These Z scores were selected because a person scor-
imaging and cognition in normal aging and Alzheimer’s disease.

5th percentile for normal performance. Notably, there is a 318

euroanatomical spread in the areas of higher [18F]FDDNP 319

ignal even within the normal range, with greatest signal 320
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(Fig. 5) showed that such correlations were low and non- 357

Fig. 5. PET-MRI correlation. (A) Maps of the pointwise significance
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residual correlation between PET and cortical thickness, and therefore the
PET effects observed in Figs. 1 and 2 are not confounded by the effects of
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ig. 4. ROI analysis. Scatterplot graphs and linear regressions show the rela
n (A) frontal lobe, (B) parietal lobe, (C) lateral temporal lobe, and (D) pos
emispheres was pooled for these analyses.

n the medial temporal, entorhinal, orbitofrontal, and lat-
ral temporal cortices. The increase in frontal [18F]FDDNP
ignal is characteristic of subjects that are outside the nor-
al range of cognition (see map corresponding to Z = −4,

r scores 4 standard deviations below the mean). The
dvancement of pathology can be seen in the accompany-
ng Supplementary Online Data, observable on the internet at
ttp://www.loni.ucla.edu/∼thompson/FDDNP/video.html.

In this film, frames corresponding to Z scores +2 to −4
ere estimated from the statistical model fitted at each cor-

ical surface vertex, and were concatenated at 30 frames/s
o create a digital animation of the path of pathology with
espect to different levels of cognitive performance.

To supplement our cortical surface map results with those
btained using an ROI analysis, we performed Spearman rank
orrelations between composite cognitive scores and aver-
ge [18F]FDDNP signal DVR values in several ROIs: frontal,
arietal, medial temporal and lateral temporal regions, and the
osterior cingulate gyrus. As hypothesized, when all subjects
ere included, average [18F]FDDNP values in each region
ere significantly lower in those having higher composite

ognitive scores (p < 0.05). Graphs in Fig. 4 demonstrate
hese relationships in four of the ROIs. In contrast, when only
ognitively intact subjects were considered using the ROI
nalysis (rather than the voxel-wise approach), the compos-
te cognitive score was significantly correlated with average
18F]FDDNP signal only in the posterior cingulate gyrus
rho = −0.76; p = 0.01) (not shown). The posterior cingu-
ate gyrus is a region thought to show metabolic changes
n subjects at risk for AD (Small et al., 2000).
U
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.2. Correlations with cortical thickness

In order to determine the independent predictive value of
18F]FDDNP versus MRI-derived measures, we examined

a
i
F
c
a

Op between the composite cognitive scores and average [18F]FDDNP signal
ingulate gyrus across all subjects. Average [18F]FDDNP signal from both

he separate relationships of both cognition and [18F]FDDNP
imaging and cognition in normal aging and Alzheimer’s disease.

trophy. Thickness and PET signal are orthogonal (not correlated) except
n very small, scattered regions not overlapping with the main effects in
igs. 1 and 2. The left frontal pole effects cover no more than 5% of the
ortex, so they are likely false positives (5% false positives are expected in
ny null map thresholded at p = 0.05).
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Fig. 6. Maps of post mortem amyloid load and cortical thickness. (A) Images, which were adapted from Fig. 1 of a previously published paper (Braak and Braak,
1991) (copyright Springer-Verlag, 1991), with kind permission of the authors, Springer Science, and Business Media, display the classic post mortem amyloid
deposition pattern. Images displayed in (B) also have been previously published (Thompson et al., 2003) (copyright 2003 by the Society for Neuroscience),
and show thinner average gray matter in AD patients (mean MMSE = 18) compared with controls at an initial scan (top right) and a follow-up scan 1.5 years
l ). The p
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ater, when the mean MMSE for AD patients dropped to 13 (bottom right
reviously in patients with mild to moderate AD (upper panels) mirrors tho
18F]FDDNP signal in Fig. 1 of the current study [adapted with permission

ignificant throughout the cortex. Note that there is no known
ethod to ascribe a global significance value to a map of

orrelations between two spatially varying signals, as the
xchangeability assumption, required for permutation test-
ng, does not apply, and there is no associated Gaussian
eld theory yet developed to give such a global p value for

wo correlated random processes. Interestingly, the pattern of
18F]FDDNP signal in this study did match the pattern of cor-
ical thinning found previously in a population having more
dvanced AD than the subjects in the current study (Fig. 6B)
Thompson et al., 2003).

Because reduced cortical gray matter thickness has been
eported to be associated with AD, MCI, and poorer cognition
n prior studies (Apostolova et al., 2006; Singh et al., 2006;
hompson et al., 2004), we also correlated cortical thickness
easures with cognitive performance in our sample.
As with [18F]FDDNP signal, cognitive performance was

ot associated with cortical thickness in this sample (cor-
ected p > 0.05; both brain hemispheres).
U
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. Discussion

Cognitive performance was significantly correlated with
18F]FDDNP signal in right frontal and parietal regions

p 401

o
t
s

attern of cortical thinning and post mortem amyloid deposition displayed
ns demonstrating a significant correlation between cognitive function and

e authors and publishers].

n cognitively intact subjects, suggesting that some cog-
itive aging that is considered age-normal actually may
eflect pathological brain changes, particularly in subjects
t risk for AD. That is not to say that plaque and tan-
le accumulations are a result of aging or are present
n all older adults, but rather that in some people diag-
osed as having normal cognitive aging, plaques and tangles
ay be associated with their subtle cognitive decline.
oth the lack of significant positive correlations between

18F]FDDNP signal and composite cognitive scores and the
igor of permutation testing supported the validity of our
ndings.

It is important to note that even though [18F]FDDNP signal
as elevated in the medial temporal lobe in some cogni-

ively intact adults, it was primarily in the frontal cortex
here [18F]FDDNP signal distinguished those controls who
erformed better on certain cognitive tasks from those who
erformed worse. Permutation testing without a restricted a
riori search region appropriately applies a somewhat conser-
ative correction for false positives, so the correlation in the
ight hemisphere but not the left may reflect limited statistical
ower rather than true hemispheric specificity. The specificity
imaging and cognition in normal aging and Alzheimer’s disease.

f the relationship between [18F]FDDNP signal and cogni- 402

ion for right frontal cortex will be tested specifically in future 403

tudies having larger sample sizes. 404
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The correlations we observed in the cognitively intact
ubjects alone were maintained and expanded when cogni-
ively impaired subjects were also included in the sample.
ognitive performance across all subjects was correlated
ith [18F]FDDNP signal in inferior and lateral temporal,
rbitofrontal, dorsolateral prefrontal, and parietal associa-
ion cortices—regions with the greatest plaque and tangle
urden in histopathological studies of AD (Braak and Braak,
991). The anatomical agreement is striking between these
n vivo maps and the well-established post mortem maps for
he staging of AD (Braak and Braak, 1991).

ROI analyses yielded significant relationships between the
omposite cognitive scores and the average [18F]FDDNP sig-
al in all regions examined when all subjects were included,
ut only in the posterior cingulate gyrus when cognitively
ntact subjects alone were considered. Given the reduced
ample size and the restricted range of variability in the
18F]FDDNP signal within the control group, it is not sur-
rising that the controls alone did not demonstrate significant
elationships between [18F]FDDNP signal and the compos-
te cognitive score in several of the ROIs. When there is a
estricted range of variability in the [18F]FDDNP signal (as
here is within the control group), a voxel-wise approach

ay provide advantages over an ROI approach (in which
ignal is averaged across significant and non-significant
oxels) for detecting relationships between [18F]FDDNP sig-
al and cognition. It is interesting to note, however, that
ven using these averaged ROIs to determine [18F]FDDNP
ignal, the graphs in Fig. 4 demonstrate that there do
ot appear to be outlying data points in the relationships
etween [18F]FDDNP signal and composite cognitive scores
ithin the controls, lending support to the significant rela-

ionships we found using a voxel-wise statistical mapping
pproach.

The relationship of plaques and tangles to AD is contro-
ersial. Both must accompany specific cognitive impairment
or a definitive AD diagnosis (McKhann et al., 1984). Some
esearchers believe that plaques or tangles cause the dis-
ase (Binder et al., 2005; Selkoe, 2001); others contend that
hese merely tend to co-occur with other more causative dis-
ase processes (Castellani et al., 2006; Watson et al., 2005).
eurofibrillary tangle density correlates more strongly with
isease severity and neuronal death than does total plaque
urden (Berg et al., 1998; Giannakopoulos et al., 2003).
owever, even in studies in which total plaque load did
ot correlate with disease severity, a simple comparison of
otal plaque load in AD subjects versus controls (rather than

correlation with severity of dementia) showed that AD
ubjects had on average more extensive plaques than con-
rols (Bouras et al., 1994; Gomez-Isla et al., 1996). These
ata suggest that both plaques and tangles are good indi-
ators of disease processes, regardless of whether they are
U
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ausative factors in AD. Although we are unable to distin-
uish [18F]FDDNP signal associated with amyloid plaques
rom that associated with tau neurofibrillary tangles in vivo,

recent study compared [18F]FDDNP-PET scanning and
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rain autopsy assessment in the same patient (Small et al.,
006). In that study, [18F]FDDNP signal in the medial tem-
oral lobe was mainly associated with tau pathology whereas
hat in other areas of the brain was overwhelmingly related
o amyloid plaque deposition.

We did not find a significant correlation between corti-
al thickness and either [18F]FDDNP signal or cognition
n the current study. However, the significant correlations
etween [18F]FDDNP signal distribution and cognitive abil-
ty in the current study were evident in the same regions
hat showed cortical thinning related to more advanced AD
n our prior studies (Fig. 5B) (Thompson et al., 2003). As
uch, the pattern of cortical [18F]FDDNP signal in this cog-
itively intact and mildly affected population very closely
atches the topography of cortical thinning known to appear

ater, albeit with a substantial time-lag. Previous studies that
onsidered cognition and cortical thickness either focused
rimarily on cognitively impaired subjects or had larger sub-
ect samples than we had in the current study (Apostolova
t al., 2006; Lerch et al., 2005; Thompson et al., 2004). In
ontrast, nearly half of the subjects in the current study were
ormal controls who would not be expected to show anything
ore than the most subtle pathology-related cortical thinning.
his early distribution of plaques and tangles may therefore
e followed by MRI-detectable cortical thinning only when
euronal damage has become more extensive than is typically
ound in cognitively intact older adults. Our results suggest
hat plaque and tangle deposition occurs early and precedes
etectable changes in cortical structure, so [18F]FDDNP may
e more sensitive to early cognitive changes than structural
RI measures are, and therefore may offer greater power

or disease detection, at least during the early stages of the
isease process.

Without partial volume correction, PET measures are
nfluenced by cortical atrophy, which reduces the gray mat-
er volume emitting radioisotope signals, resulting in signal
ttenuation. However, partial volume correction is arguably
ess critical for interpretation of [18F]FDDNP-PET scans
han for metabolic or perfusion PET images, as the disease
ends to elevate [18F]FDDNP signal and reduce cortical thick-
ess. Therefore, any atrophic effect works against finding a
isease-associated PET signal increase, and PET increases
annot reasonably be attributed to cortical thinning; use
f uncorrected values is, therefore, a slightly conservative
pproach. It also avoids the risk of overcorrecting the signal
alues, which could occur if the partial volume model was not
xactly correct, and ensures that any observed [18F]FDDNP
ignal increase can be interpreted as related to the ligand and
ot to structural atrophy. Future empirical estimation of par-
ial volume models for different gray/white matter fractions
nd local cortical geometries may increase the signal-to-
oise ratio for detecting correlations with cognition with
his ligand, so the current approach should be considered as
imaging and cognition in normal aging and Alzheimer’s disease.

eliberately conservative. 514

Eighteen of our 23 subjects were APOE4+, had a known 515

amily history of dementia, or both. Because our subjects 516
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ere at high risk for AD and were highly educated, those who
ad lower memory ability on certain tasks than their same-
ge peers were more likely than the general population to be
ffected by a pathological condition. Including participants
rom backgrounds representative of the general population
n future studies may help to further elucidate these relation-
hips. Finally, the results presented here are cross-sectional;
ongitudinal follow-up is needed to determine which control
ubjects will eventually develop AD.
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