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ABSTRACT

Objective: Since Alzheimer disease (AD) neuropathology is thought to develop years before dementia,
it may be possible to detect subtle AD-related atrophy in preclinical AD. Here we hypothesized that
the “disease signature” of AD-related cortical thinning, previously identified in patients with mild AD
dementia, would be useful as a biomarker to detect anatomic abnormalities consistent with AD in
cognitively normal (CN) adults who develop AD dementia after longitudinal follow-up.
Methods: We studied 2 independent samples of adults who were CN when scanned. In sample 1,
8 individuals developing AD dementia (CN-AD converters) after an average of 11.1 years were
compared to 25 individuals who remained CN (CN-stable). In sample 2, 7 CN-AD converters (average follow-up 7.1 years) were compared to 25 CN-stable individuals.

Results: AD-signature cortical thinning in CN-AD converters in both samples was remarkably similar, about 0.2 mm (p ! 0.05). Despite this small absolute difference, Cohen d effect sizes for
these differences were very large ("1). Of the 11 CN individuals with baseline low AD-signature
thickness (!1 SD below cohort mean), 55% developed AD dementia over nearly the next decade,
while none of the 9 high AD-signature thickness individuals (!1 SD above mean) developed dementia. This marker predicted time to diagnosis of dementia (hazard ratio # 3.4, p ! 0.0005); 1
SD of thinning increased dementia risk by 3.4.
Conclusions: By focusing on cortical regions known to be affected in AD dementia, subtle but
reliable atrophy is identifiable in asymptomatic individuals nearly a decade before dementia, making this measure a potentially important imaging biomarker of early neurodegeneration.
Neurology® 2011;76:1395–1402
GLOSSARY
AD # Alzheimer disease; CI # confidence interval; CN # cognitively normal; HR # hazard ratio; MCI # mild cognitive impairment; MGH # Massachusetts General Hospital; MMSE # Mini-Mental State Examination; MTL # medial temporal lobe; ROI #
region of interest.
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The dementia of Alzheimer disease (AD) develops insidiously, initially emerging as mild cognitive impairment before eventually progressing to rob the individual of independent function.
Ten or more years may elapse from first symptoms until clinical dementia.1 The evolution of
AD neuropathology is longer, developing in cognitively normal (CN) adults and causing dysfunction and cell death in neuronal systems subserving cognition, eventually leading to the
clinical syndrome.
Cognitive test measures may change 5–10 years before AD dementia,2-6 and may be useful
for predicting dementia in CN cohorts.7 A few imaging studies have reported subtle brain
abnormalities, particularly in medial temporal lobe and parietal regions, in groups of CN
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individuals who subsequently declined.8-17 To
date, there has been very little investigation of
neuroimaging measures in CN subjects to
predict AD dementia.
We undertook this study hypothesizing that
neuroanatomic abnormalities consistent with
very early AD pathology could be detected in
CN individuals followed longitudinally and
eventually diagnosed with AD dementia. Working with 2 independent samples with nearly
identical demographic and cognitive characteristics, we investigated whether these measures
could be translated into an AD– dementia risk
MRI biomarker applicable to CN individuals.
We employed a hypothesis-driven approach using regions of interest (ROIs) collectively called
the cortical signature of AD based on our earlier
work18 comparing patients with mild AD dementia to CN controls. After examining the 2
samples separately using these a priori ROIs, we
then pooled them to obtain estimates of this measure’s utility in risk assessment, including survival
models predicting time to AD dementia.
METHODS The 2 samples’ characteristics are described briefly;
details are provided in appendix e-1 on the Neurology® Web site at
www.neurology.org. Sample 1 (Massachusetts General Hospital
[MGH]) included community volunteers participating in a longitudinal study. The participants in sample 2 (Rush) were recruited for a
longitudinal imaging project19 from the community by the Rush

Table 1

Demographic and clinical characteristics of samplesa
MGH

Subject group

CN-stable
(n ! 25)

Age, y

71.2 (4.0)

Male, n (%)

Rush
CN-AD
converter
(n ! 8)
71.5 (2.1)

CN-stable
(n ! 25)
76.4 (6.0)

CN-AD
converter
(n ! 7)
77.7 (4.6)

9 (36)

5 (63)

3 (12)

4 (57)

14.9 (2.3)

14.4 (2.6)

15.6 (3.0)

15.3 (3.3)

4 (16)

2 (25)

3 (12)

1 (14)

Baseline MMSE

29.3 (0.7)

28.9 (0.8)

29.1 (1.0)

28.0 (0.6)b

Baseline episodic memory (Z)

0.29 (0.7)

$0.28 (1.1)c

0.64 (0.5)

0.13 (0.5)d

Education, y
APOE (% e4 carriers)

Follow-up, y

10.4 (3.1)

11.1 (2.5)

Follow-up MMSEf

29.4 (0.8)

26.0 (2.9)e

28.8 (2.1)

21.7 (2.7)e

Follow-up episodic memory (Z)f

0.12 (0.7)

$2.3 (1.4)e

0.81 (0.5)

$1.27 (0.9)e

8.3 (3.1)

7.1 (1.1)

Abbreviations: AD # Alzheimer disease; CN # cognitively normal; MGH # Massachusetts
General Hospital; MMSE # Mini-Mental State Examination.
a
Values are mean (SD) unless otherwise noted.
b
p ! 0.01.
c
p ! 0.1 (trend-level effect).
d
p ! 0.05.
e
p ! 0.001.
f
For CN-stable, these are the last available values; for CN-AD converter, these are the
values at the visit associated with time of diagnosis of AD dementia.
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AD Center, the Religious Order Study, or the Rush Memory and
Aging Project. In both studies, subjects were excluded if they had
significant active medical, neurologic, or psychiatric illness, or major
vascular risk factors or disease (i.e., atrial fibrillation, insulindependent diabetes mellitus, cerebral infarcts, cardiac bypass graft
surgery). At baseline, both samples underwent comprehensive clinical evaluations, neuropsychological testing, and MRI scans. Composite episodic memory Z scores were computed from multiple
neuropsychological memory measures. All subjects underwent annual clinical evaluations and were determined to be CN, to be
mildly impaired, or to have dementia. For the present analyses, we
included all subjects in the original cohorts with a baseline CN status and at least 4 annual follow-up visits (1 Rush subject had 3
follow-up visits) after MRI. Because our hypotheses were focused on
the presence of subtle neurodegenerative change in preclinical AD,
we restricted the sample to individuals who remained CN at most
recent follow-up (CN-stable) or those diagnosed with probable AD
dementia (CN-AD converter), excluding those diagnosed with mild
cognitive impairment (MCI, since their longer-term outcome is not
yet known) or non-AD dementia. This resulted in sample sizes of 33
(MGH: 25 CN-stable, 8 CN-AD converters) and 32 (Rush: 25
CN-stable, 7 CN-AD converters). Nearly all CN-AD converters in
both samples were evaluated at an intermediate time when their
clinical status was MCI; 2 individuals in the Rush sample changed
from CN to AD dementia without having been seen during that
transitional stage.
MRI data were acquired very similarly for both samples using a General Electric (Milwaukee, WI) 1.5-T scanner and a
3-dimensional T1-weighted spoiled gradient recalled echo pulse
sequence. The MRI parameters and analysis methods are described in previous publications and appendix e-1. We used an a
priori set of 9 ROIs derived from a previous analysis18 (figure
e-1) and a primary visual cortex ROI as a control region. ROIs
were mapped to each individual and thickness values were obtained; a single measure was derived from the average thickness
of all 9 ROIs, the AD-signature summary measure.
Group statistical comparisons were performed using analysis of
variance with post hoc pairwise comparisons for continuous measures or "2 for proportions (SPSS 16.0, Chicago, IL). Potential confounding factors, including age, gender, and education, were used as
covariates. Separate univariate Cox regression models were constructed to investigate the relationship of covariates, memory Z
scores, and AD-signature cortical thickness summary measures to
the likelihood of progression from CN to AD dementia. A multivariate Cox regression model was then constructed including independent variables that reached a trend-level effect ( p ! 0.1) in the
univariate analyses ( p value-to-enter !0.05).

Standard protocol approvals, registrations, and patient
consents. Each participant gave written informed consent in
accordance with institutional Human Subjects Research Committee guidelines.
RESULTS Clinical characteristics.

The 2 samples
were remarkably similar (table 1). Baseline MiniMental State Examination (MMSE) was within 1 to 2
points of ceiling, and baseline episodic memory scores
were above or only slightly below the mean of large
normative groups. Over nearly a decade of follow-up,
CN-stable subjects remained clinically stable, an observation supported by unchanged MMSE and memory
scores. In contrast, CN-AD converters declined to AD
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Figure 1

Baseline and longitudinal clinical characteristics of the 2 samples

(A, B) Baseline and follow-up episodic memory Z scores from the 2 samples, illustrating the stability (or even slight improvement in sample 2) of performance in the cognitively normal (CN)-stable groups over nearly a decade of follow-up. In contrast, the CN-Alzheimer disease (AD) converters performed
normally at baseline but declined substantially over nearly a decade of follow-up by the time of diagnosis of AD dementia. (C, D) Detailed illustration of
cognitive decline in each of the CN-AD converter individuals. (C) Annual Clinical Dementia Rating (CDR)–sum of boxes scores increased from normal (0) at
baseline to mild dementia in each of the 8 individuals in the Massachusetts General Hospital sample. (D) Annual episodic memory Z scores declined from
normal to substantially impaired in each of the 7 individuals in the Rush sample. Breaks in lines indicate years for which data were not available.

dementia, illustrated by substantial decrements in
MMSE and memory scores.
The trajectories of progressive decline are illustrated
in figure 1, which shows (top) memory performance
data, demonstrating the stability of CN-stable performance compared to substantial declines in the CN-AD
converters, and (bottom) the trajectories of clinical measures for each individual CN-AD converter.
Regional cortical thinning in relation to future AD
dementia. In both samples, the CN-AD converters

showed thinner medial temporal lobe (MTL), temporal pole, and superior frontal gyrus ( p ! 0.05)
than CN-stables. The MGH sample also demon-

strated thinning in the inferior parietal lobule (angular and supramarginal gyri) and middle frontal gyrus
( p ! 0.05). Although not reaching statistical significance in the Rush sample, these and other ADsignature ROIs showed consistent effects in the
expected direction (table 2). In contrast, the primary
visual cortex did not show such a pattern ( p " 0.1).
Finally, the AD signature thickness summary measure demonstrated strikingly similar effects, with the
CN-AD converters being 0.20 mm (MGH) or 0.19
mm (Rush) thinner than CN-Stable (figure 2, top). Cohen’s d effect sizes were 1.3 and 1.2, indicating very
large effects even though absolute magnitudes of group
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Table 2

Mean (SD) region of interest measures by subject group (in mm)
MGH

Rush

Subject group

CN-stable
(n ! 25)

CN-AD
converter
(n ! 8)

CN-stable
(n ! 25)

CN-AD
converter
(n ! 7)

MTL

3.28 (0.38)

2.94 (0.43)a

3.37 (0.23)

2.83 (0.39)b

c

Temporal pole

3.07 (0.20)

2.77 (0.30)

3.02 (0.29)

2.73 (0.31)a

Inferior temporal

2.48 (0.20)

2.39 (0.30)

2.89 (0.26)

2.70 (0.28)

a

Angular gyrus

2.48 (0.22)

2.30 (0.25)

2.50 (0.28)

2.41 (0.23)

Supramarginal gyrus

2.54 (0.17)

2.38 (0.20)a

2.54 (0.26)

2.38 (0.13)

Superior parietal

2.17 (0.21)

2.04 (0.19)

2.05 (0.21)

2.09 (0.25)

Precuneus

2.41 (0.17)

2.25 (0.13)

2.46 (0.22)

2.38 (0.22)

Middle frontal

2.40 (0.16)

2.24 (0.11)a

2.30 (0.15)

2.20 (0.18)

Superior frontal

2.58 (0.23)

2.29 (0.19)

c

2.68 (0.34)

2.40 (0.19)a

Primary visual

1.59 (0.12)

1.55 (0.08)

1.56 (0.17)

1.68 (0.25)

2.65 (0.19)

2.46 (0.12)a

AD-signature summary measure

2.49 (0.14)

2.35 (0.17)

a

Abbreviations: AD # Alzheimer disease; CN # cognitively normal; MGH # Massachusetts
General Hospital; MTL # medial temporal lobe.
a
p ! 0.05.
b
p ! 0.001.
c
p ! 0.005.

differences were less than 1⁄4 millimeter. For comparison, the pooled-sample between-group effect size for
baseline Episodic Memory Z scores was 0.73. Table e-1
contains effect sizes for each ROI.
Since the 2 samples’ characteristics were so similar,
they were pooled for subsequent analyses. To obtain a
preliminary sense of whether the thickness measure
might be a useful predictor, we divided the sample into
3 subgroups based on AD-signature thickness: 1) !1
SD below the entire cohort mean (low thickness subgroup), 2) within 1 SD of the mean (average), and 3)
!1 SD above the mean (high). Of the 11 CN individuals with baseline low AD-signature thickness, 55% developed AD dementia over nearly the next decade. In
contrast, 20% of the 45 average AD-signature thickness
individuals developed AD dementia, while none of the
9 high AD-signature thickness individuals developed
dementia, a highly significant difference ("2 # 8.3, p !
0.005; figure 2, bottom). Figure e-1 presents a scatterplot illustrating these data.
In the 2 samples analyzed separately, low/average/
high AD-signature thickness was associated with
conversion-to-dementia rates of 67%/17%/0%
(MGH) and 40%/24%/0% (Rush). This replication
shows that low/average/high AD-signature thickness
indicates high/middle/low risk for AD dementia
nearly a decade in the future, with the pooled analysis
above providing the best estimates of the actual likelihood for each level of risk.
Prediction of time to dementia in asymptomatic older
adults. Univariate Cox regression models of covari-

ates indicated that gender was a predictor of time to
1398

dementia (greater risk for men, p ! 0.005) but age,
education, APOE status, and MMSE were not ( p "
0.1), at least in this small sample. Univariate and
multivariate (with gender) Cox regression models
indicated that the AD-signature thickness measure
was a strong predictor of time to dementia (univariate model: hazard ratio [HR] # 3.5 for 1 SD
decrease in thickness; 95% confidence interval
[CI] 2.0 – 6.4; p ! 0.00005; multivariate model:
HR # 3.4 for 1 SD thickness decrease; 95% CI
1.7– 6.9; p ! 0.0005). Figure 3 presents a survival
plot illustrating these results. The mean time to a
diagnosis of AD dementia in the pooled sample
was 8 years (SD # 1.9).
In comparison, episodic memory Z score was also
predictive of conversion but at a slightly weaker level
than AD-signature thickness (univariate model:
HR # 3.1 for 1 SD decrease in memory performance; 95% CI 1.6 – 6.1; p ! 0.001; multivariate
model: HR # 3.2 for 1 SD decrease in performance;
95% CI 1.5– 6.6; p ! 0.001).
DISCUSSION

Two decades of investigation have
led to a mature understanding of the brain regions
that are consistently atrophic in patients with AD
dementia. Here we looked further back in the trajectory of AD and demonstrated that subtle neuroanatomic abnormalities are detectable in asymptomatic
individuals nearly a decade before they are diagnosed
with AD dementia, and are useful not only for assessing risk of AD dementia but also for predicting time
to onset. Despite the small sample size, the striking
consistency of these findings in 2 independent samples supports their generalizability.
Although sophisticated tools are now available for
investigating changes in brain structure, function, molecular profiles, and behavior, the challenges of longitudinal research have made it difficult to study the full
course of AD from preclinical to prodromal to dementia. Partly because they are time-, labor-, and costintensive, very few longitudinal studies have been
completed of CN individuals who are followed until a
clinical diagnosis of AD dementia. In one of the earliest
studies of the decline of elderly individuals without dementia to AD dementia, smaller baseline hippocampal
volume was present,10 as also observed in a more recent
epidemiologic study.14 Another investigation of CN individuals demonstrated that ventricular volume was
predictive of cognitive decline (11 converted to MCI, 2
to AD), but hippocampal, entorhinal, or whole brain
volume were not.20
A voxel-based morphometry study found reduced
MTL and parietal gray matter in 23 CN individuals
who later developed MCI,13 and another analysis of
the same sample using manual ROIs demonstrated
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Figure 2

Thinner cortex in regions associated with Alzheimer disease (AD) in
asymptomatic adults who eventually develop dementia

(A) For each of the 2 samples, the average cortical thickness of the AD-signature regions
was slightly thinner in the cognitively normal (CN)-AD converter group than the CN-stable
group at the time of the baseline MRI scan. The absolute difference in the means of the
groups for each sample is less than 1⁄4 mm, but because variance is small the Cohen d effect
size between the groups is very large for each sample ("1.2). Inset illustrates AD-signature
regions of interest. (B) Illustration of the risk of AD dementia as a function of AD-signature
thickness from baseline MRI scans in the pooled group of all participants in this study. For
the group of 9 individuals with high AD-signature thickness, none developed AD dementia in
the follow-up period, while for the group of 45 individuals with average AD-signature thickness, 20% developed AD dementia in the follow-up period. A striking 55% of the 11 individuals with low AD-signature thickness developed AD dementia in the follow-up period.

hippocampal/entorhinal atrophy.15 Two other investigations found subtle shape abnormalities in hippocampal subregions in CN individuals who
progressed to MCI.16,17
Very recently, a group of 9 CN individuals harboring brain amyloid who progressed to very mild
AD dementia were shown to have lower baseline
parahippocampal volumes compared to a stable CN
group.8 We previously demonstrated that CN adults
with brain amyloid have subtle AD-signature cortical
thinning compared to CN adults without brain amyloid, but these individuals had not yet been followed
longitudinally.18
Finally, a few studies have identified MTL and
whole brain atrophy in the presymptomatic stage of

genetically determined early-onset familial AD, again
supporting the concept that atrophy, while subtle,
may be present for years before AD symptoms.9,11,12
From the perspective of quantitative imaging biomarkers, the present study adds to prior literature in
several ways. First, most prior work has employed
manual tracings of one or a few ROIs. While neuropathologic studies21-23 made MTL structures a logical
place to focus when investigating brain regions in
which the earliest atrophy occurs in AD, recent imaging research has highlighted ventrolateral temporal,
lateral parietal, and the posterior cingulate/precuneus
as also involved early in the disease course.11,13,24,25
Here a relatively new technique for quantitative
neuroanatomic measurement (cortical thickness
analysis)— employed using a novel a priori approach
focusing on brain regions known to be consistently
affected early in AD— enabled the detection of statistically robust (large effect sizes due to small measurement error), replicable group differences of very
subtle absolute magnitude (%1⁄4 mm) in MRI scans
now considered previous generation technology.
Such observations highlight the value of returning to
older MRI datasets when new measurement technology is developed.
More importantly, these measures can be efficiently, reliably obtained from single individuals. A
determination of whether AD-signature thickness is
low, average, or high relative to similarly aged individuals appears valuable in assessing risk of future
AD dementia, a finding replicated across both samples. Furthermore, the Cox regression model results
are powerful in that they augment the risk assessment
with an estimate of the potential time to AD dementia. Whether such an approach will prove useful in a
generalizable manner is an important research topic.
A critical element of studies aiming to identify
biomarkers of asymptomatic AD is the cognitive assessment methodology. Contemporary study designs
include the use of questionnaires or careful structured interviews to ascertain the presence and severity of symptoms of declining memory and cognition
in daily life. Questions are asked of both the individual and usually a knowledgeable informant with regard to whether the individual has experienced a
decline in his or her ability to remember the details of
recent events or conversations, items to purchase
while shopping, or how to navigate to familiar places.
Changes of this sort, particularly when corroborated
by an informant, are in some cases associated with
atrophy in neural circuits subserving memory26 and
may potentially be predictors of future decline and
dementia,27 although reports are inconsistent.28
Some individuals who do not endorse symptoms
of memory impairment in daily life may exhibit signs
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Figure 3

Alzheimer disease (AD)-signature MRI biomarker predicts time to
dementia in people who were cognitively normal when scanned

Univariate survival plot of predicted time to AD dementia for hypothetical average study
participants with AD-signature cortical thickness in the lowest (smallest) tertile, middle tertile, and highest tertile. The displayed survival curves are therefore model predictions and
do not directly represent subject results. AD-signature thickness was predictive of progression from normal cognition to AD dementia (hazard ratio 3.5 for 1 SD decrease in thickness; 95% confidence interval 2.0–6.4; p ! 0.00005) in the model. The mean thickness of
the lowest tertile was 1.1 standard deviations thinner than the mean of the entire group of
all participants, the mean of the middle tertile was at approximately the mean of the entire
group, and the mean of the highest tertile was 1.1 standard deviations thicker than the
mean.

of early impairment on detailed neuropsychological
performance-based testing. Verbal list learning,
paired associates, and similar challenging memory
tests may provide objective evidence of mild impairments in individuals who otherwise appear normal
when tested but who ultimately develop cognitive
decline and AD dementia after follow-up.7 With longitudinal cognitive testing, evidence of decline (or in
some cases absence of a practice effect) can be seen
for 5–10 years or more prior to AD dementia.1-6
Given the challenges in these types of assessments,
the clinical designation of “cognitively normal”
should not be used lightly and the methods for making this determination deserve further investigation
and discussion.
Three points regarding the cognitive test performance characteristics of the present participants are
worth discussion. First, coloring the interpretation of
all of these tests, the participants were relatively welleducated with all but 3 individuals having at least a
high-school education and more than half having at
least a college degree. Second, no individual performed below 28 on the MMSE at baseline. Third,
although the preclinical AD dementia groups performed slightly lower on baseline memory testing
than those remaining stable, performance would
have been considered within the normal range for
nearly all individuals. Only 3 individuals performed
1400

more than 1 SD below the mean (scores were 1.0 –
1.5 SD below the mean), and one remained clinically
stable as CN nearly a decade later. Nevertheless, episodic memory measures were useful in prediction of
AD dementia, with similar predictive power in the
Cox model as the MRI measure. We interpret this to
mean that the CN individuals with preclinical AD
may perform within the low-normal range on memory testing (presumably lower than they would have
performed previously) because of the early neurodegenerative change being detected by this MRI technique. Longitudinal studies support the idea that a
causal link can be detected between subtle cortical
atrophy at baseline in CN individuals and subsequent decline in memory performance.29
Studies going back to the 1960s have highlighted
the presence of AD pathology in individuals who die
within a relatively short time after having been assessed as CN,30-34 and extensive investigations have
demonstrated the dissociations that can be present
between the quantitative burden of AD pathology
and the degree of cognitive impairment.23,35 These
and other observations illustrate the distinction between the neuropathology of AD as a biological disease as opposed to the clinical syndrome of AD
dementia, which, although strongly coupled, are by
no means synonymous. Factors such as cognitive reserve have been invoked to explain why some individuals may remain CN despite the presence of
substantial AD neuropathology.36-38 Nevertheless, it
is becoming clear that the presence of AD pathology,
as ascertained via amyloid imaging or CSF analysis,
in CN individuals appears to elevate the probability
of subsequent cognitive decline and dementia.8,39 Efforts are increasing to elucidate relationships between
the presence and severity of these surrogate molecular
markers of AD neuropathology and the timing of the
development of symptoms. The present data demonstrate that in CN older adults a thinner cerebral cortex in regions typically affected by AD is predictive of
time to onset of AD dementia, providing an additional tool to link the biological changes of the disease with the symptoms of the illness. We
conceptualize this measure as a marker of early neurodegenerative change which appears to be of potential value among the candidate biomarkers being
proposed as part of the new research criteria for the
diagnosis of preclinical AD.40
The major limitation of this study is the relatively
small sample size. Yet most prior studies that resemble the present one also include small samples. The
field is now primed for larger, prospectively designed
studies of this sort, although many challenges remain
in making such cumbersome investigations as efficient as possible. Such studies will require as much as
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10 years of follow-up and may need to employ new
methodologic advances, including not only molecular imaging and CSF analysis, but also telephonebased cognitive screening and imaging-guided
neuropathologic assessment, to make them at once
cost-effective and informative. Extending these investigations to more representative samples would
also be a valuable goal, since prior cohorts including
the present ones include highly selected, generally
healthy individuals who are motivated to participate
in this type of research. Another limitation is that the
computational analysis technology required to produce these measurements, while publicly available,
requires nontrivial expertise and computer systems.
Finally, although prior work has demonstrated that
cortical thickness measures are highly reliable across
different scanner platforms and field strengths,41 it is
not clear whether the differences between the measures in the 2 samples reported here are attributable
to true biological variability, instrument variability,
or other factors. Further investigation of these topics
will be required.
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