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a b s t r a c t
Although both normal aging and Alzheimer's disease (AD) are associated with regional cortical atrophy, few
studies have directly compared the spatial patterns and magnitude of effects of these two processes. The extant literature has not addressed two important questions: 1) Is the pattern of age-related cortical atrophy
different if cognitively intact elderly individuals with silent AD pathology are excluded? and 2) Does the
age- or AD-related atrophy relate to cognitive function? Here we studied 142 young controls, 87 older controls, and 28 mild AD patients. In addition, we studied 35 older controls with neuroimaging data indicating
the absence of brain amyloid. Whole-cortex analyses identiﬁed regions of interest (ROIs) of cortical atrophy
in aging and in AD. Results showed that some regions are predominantly affected by age with relatively little
additional atrophy in patients with AD, e.g., calcarine cortex; other regions are predominantly affected by AD
with much less of an effect of age, e.g., medial temporal cortex. Finally, other regions are affected by both
aging and AD, e.g., dorsolateral prefrontal cortex and inferior parietal lobule. Thus, the processes of aging
and AD have both differential and partially overlapping effects on speciﬁc regions of the cerebral cortex. In
particular, some frontoparietal regions are affected by both processes, most temporal lobe regions are affected much more prominently by AD than aging, while sensorimotor and some prefrontal regions are affected
speciﬁcally by aging and minimally more by AD. Within normal older adults, atrophy in aging-speciﬁc cortical
regions relates to cognitive performance, while in AD patients atrophy in AD-speciﬁc regions relates to cognitive performance. Further work is warranted to investigate the behavioral and clinical relevance of these
ﬁndings in additional detail, as well as their histological basis; ROIs generated from the present study
could be used strategically in such investigations.
© 2013 Elsevier Inc. All rights reserved.

Introduction
The dementia of Alzheimer's disease is diagnosed when an individual loses independent functioning as a result of impairments in multiple
domains of cognitive function (McKhann et al., 1984). These symptoms
are thought to be a direct reﬂection of the loss of function of multiple
brain systems for memory, executive function, visuospatial function,
language, praxis, and other abilities, and are thought to result, at least
in part, from the accrual of pathologic alterations in multiple regions
of cerebral cortex (Arnold et al., 1991; Brun and Gustafson, 1976).
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Analyses of in vivo neuroimaging data demonstrate anatomic and physiologic abnormalities preferentially affecting limbic and heteromodal
association cortices (Chetelat et al., 2005; Lerch et al., 2005; Scahill
et al., 2002; Thompson et al., 2001; Whitwell et al., 2008). Recently developed computational analytic techniques have enabled the identiﬁcation of a reliable “cortical signature” of speciﬁc regions that undergo
atrophy in mild and prodromal AD (Bakkour et al., 2009; Dickerson
et al., 2009b). The degree to which this signature atrophy pattern is
expressed correlates with symptom severity (Dickerson et al., 2009b),
predicts future decline in prodromal patients (Bakkour et al., 2009),
and is detectable in cognitively normal individuals with preclinical AD
(Dickerson et al., 2011, 2012).
This pattern of AD-related anatomical abnormalities is identiﬁed
in comparison to cognitively intact individuals of similar age, which
presumably controls for atrophy associated with the aging process.
Yet it is known that aging itself is associated with regionally speciﬁc
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atrophy of the cerebral cortex, most prominently affecting prefrontal,
lateral parietal, and sensorimotor regions (Allen et al., 2002, 2005;
Brickman et al., 2007; Fjell et al., 2009b; Jernigan et al., 1991b, 2001;
Kalpouzos et al., 2009; Raz et al., 1997, 1998, 2004, 2005; Resnick et al.,
2003; Salat et al., 2004; Taki et al., 2004; Tisserand et al., 2002;
Walhovd et al., 2005). However, a number of inconsistencies are present
in the literature regarding the regions within the cerebral cortex that undergo the most substantial atrophy in normal aging, some of which may
relate to technical issues related to MRI data acquisition and analytic
methodology, and some of which may relate to sample-speciﬁc factors
such as the presence of subclinical pathology (Raz and Rodrigue, 2006).
Despite observations that aging and AD exert regionally speciﬁc effects on the cerebral cortex, and studies demonstrating dissociations between aging and AD in analyses focusing on particular regions of interest
(Dickerson et al., 2009a; Head et al., 2005), there has been relatively little
comparative investigation of the spatial topographies of these processes
surveying the entire cortex (Driscoll et al., 2009; Fjell et al., 2009a,
2010a; Jernigan et al., 1991a,b; McDonald et al., 2009; Ohnishi et al.,
2001; Raji et al., 2009). In keeping with the methods at the time, the earlier studies (Jernigan et al., 1991a,b) focused on measurements of the
volume of relatively large lobular cortical regions of interest, summarizing for example the parietal cortex and superior occipital cortex
as a single measure, the superior posterior region. Ohnishi et al. (2001)
performed a very early voxel-based morphometry study directly comparing aging vs. AD and identiﬁed several regions as being atrophic in
normal aging, including prefrontal and lateral and medial parietal cortex,
while the hippocampal formation and MTL cortices were relatively more
prominently affected in AD. Raji et al. (2009) found similar results, with
the additional observation of relatively prominent primary sensorimotor
atrophy in normal aging which had not been observed by the prior
studies. In addition, conﬂicting with Ohnishi, Raji et al. (2009) found
that both aging and AD affected the hippocampal body and entorhinal
cortex. The ﬁrst study directly comparing cortical thickness between
normal aging and AD focused on a frontostriatal network of regions
which was relatively more atrophic in normal aging than a MTL network of regions which was relatively more atrophic in AD (Fjell et al.,
2010a). In addition, atrophy of the MTL network was related to cerebrospinal ﬂuid levels of amyloid-β and tau, but the frontostriatal network
was not. This study did not compare amyloid-negative older adults to
younger adults nor investigate the relationships of structural measures
to cognition. Longitudinal investigations, while having the potential to
resolve some of the conﬂicting data identiﬁed via the aforementioned
cross-sectional studies, have to date only begun to provide novel insights as well as raising additional questions on this point, in part because of the relatively short duration of the initial reports (Driscoll
et al., 2009; McDonald et al., 2009).
The existing data leave several important questions only partially
answered, which we aimed to address here. First, with a few important
exceptions mostly examining speciﬁc regions (Raz and Rodrigue, 2006;
Rodrigue and Raz, 2004), much of the prior work reporting on differences in cortical structure between older and younger adults has not
speciﬁcally investigated the relationship of age-related atrophy to cognitive test performance. Second, and perhaps most importantly, to our
knowledge there have been no studies published to date that have compared cortical thickness in amyloid-negative cognitively intact older
adults to that of young adults. Many cognitively intact older adults
harbor AD pathology that is asymptomatic at the time of assessment
(Hulette et al., 1998; Price and Morris, 1999; Troncoso et al., 1996).
The development of molecular imaging techniques to identify the
presence of ﬁbrillar amyloid deposits has demonstrated that approximately 20–30% of cognitively intact adults over the age of 65
harbor silent brain amyloid (Becker et al., 2011; Jack et al. 2012;
Mintun et al., 2006; Mormino et al., 2009; Morris et al., 2009),
which is thought to be evidence of preclinical AD (Sperling et al.,
2011). To date, although there are a growing number of investigations of the localization of cortical atrophy in cognitively normal
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individuals with brain amyloid (Becker et al., 2011; Chetelat et al.,
2010; Dickerson et al., 2009b; Fjell et al., 2010b; Rodrigue et al., 2012),
there has been essentially no work to our knowledge on the localization
of cortical atrophy in cognitively normal older adults without evidence of
brain amyloid, who presumably are experiencing brain changes associated with “normal” aging in the absence of AD pathology. Additional considerations include the following. Although temporal lobe regions,
particularly the MTL, appear to be more prominently affected by AD
than aging and frontal regions show the opposite pattern, the topography of overlap and lack of overlap in parietal regions is less consistent.
Moreover, while the topographic patterns have received investigation,
the relative magnitude of atrophy within distinct and overlapping cortical regions has not been reported. Finally, to date, the existing datasets
have not been used to generate speciﬁc quantitative imaging biomarker
summary measures that can be applied to new populations.
In the present study, we set out to systematically compare the spatial topography of cortical atrophy in AD with that of normal aging.
Based on our and others' prior work using similar methods of measurement (Dickerson et al., 2009a, 2009b, 2011, 2012; Fjell et al., 2009b; Fjell
et al., 2010a; Salat et al., 2004), we hypothesized that there are some
cortical regions, such as those in the medial, ventral, and lateral temporal lobe, where the thickness of the cortical ribbon is predominantly affected by AD but much less so by normal aging. Other cortical regions,
such as the sensorimotor cortices, were predicted to undergo atrophy
in normal aging without appreciable additional atrophy in AD. Finally,
frontoparietal cortices were predicted to show a more complex pattern
in which some regions are affected much more by one process than the
other (e.g., precuneus in AD; inferior frontal gyrus in aging), and some
regions are affected by both (e.g., inferior parietal lobule, superior
frontal gyrus). To investigate these hypotheses, we further performed
speciﬁc focused measures of regional cortical thickness across the spectrum of age and AD dementia (young adult/older cognitively intact
adult/older adult with mild AD) to determine the localization and relative magnitude of regional atrophy.
We believe there are three major novel contributions of the present
work. First, we focused on a group of cognitively intact older adults
without brain amyloid in order to determine whether cortical regions
thought to be vulnerable to normal aging are substantially affected by
aging even in the absence of cerebral amyloid. Second, we speciﬁcally
examined the relationships of cortical thickness within age- vs.
AD-vulnerable regions to cognitive test performance. Finally, in part to
lay the foundation for future studies, we generated summary measures
of the set of regions identiﬁed as being relatively AD-speciﬁc vs. those
identiﬁed as being relatively aging-speciﬁc; these summary measures
could be used in an unbiased fashion in future studies of normal aging
or clinical or preclinical AD.
Participants and methods
Primary sample: participants, clinical assessment, and MRI data acquisition
A primary sample of 257 paid participants (age 18 to 96) was
employed in this study. Data from subsets of the participants have
been published in previous studies and are available as part of the
OASIS sample (http://www.oasis-brains.org/) (Marcus et al., 2007).
Four additional samples which are not part of the OASIS sample were
also used in this study; one of these samples is described under the
amyloid-negative section immediately below. The other three samples,
used in the analysis of the similarity of cortical maps described at the
end of the Participants and methods section, are detailed in a prior publication (Dickerson et al., 2009b).
Young adults were recruited from the community at Washington
University. Non-demented and demented older adults were recruited
from the ongoing longitudinal sample of the Washington University
AD Research Center (ADRC). All procedures were approved by Washington University's human subjects committee. At study enrollment,
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participants were free of non-AD disorders such as major depression,
clinical history of stroke, Parkinson disease, and head trauma (Berg
et al., 1998).
Trained clinicians assessed each ADRC participant for the presence
and severity of dementia based on semi-structured interviews with
the research participant and a knowledgeable informant (usually a
spouse or adult child) followed by a neurological examination of the
participant (Morris, 1993; Morris et al., 1997). The assessment protocol evaluates cognitive problems that represent a decline from a former level of function in daily life for that individual. Also included
in the protocol are a health history, depression inventory, aphasia
battery, and medication inventory. A psychometric battery is administered to the participants at a separate visit. The CDR staging and
clinical diagnostic determinations were made by the examining clinician based solely on the clinical assessment (i.e., without reference to
psychometric test results). Diagnostic criteria for AD required the
gradual onset and progression of impairment in memory and in at
least one other cognitive and functional domain, comparable to standard diagnostic criteria for probable AD (McKhann et al., 1984).
For the purposes of the present study, the resultant clinical diagnostic categories include normal older control (OC, CDR Rating = 0) or
mild dementia of the Alzheimer type (referred to here as AD; CDR
Rating = 1).
Multiple (three or four) high-resolution structural T1-weighted
magnetization-prepared rapid gradient echo (MPRAGE) images
were acquired on a 1.5 T Siemens Vision scanner (Siemens Medical Systems, Erlangen, Germany). MPRAGE parameters were empirically optimized for gray–white contrast (repetition time (TR)
9.7 msec, echo time (TE) 4 msec, ﬂip angle (FA) 10, inversion time
(TI) 20 msec, delay time (TD) 200 msec, 256 × 256 (1 mm × 1 mm)
in-plane resolution, 128 sagittal 1.25 mm slices without gaps,
time per acquisition 6.6 min). Participants were provided cushioning, headphones, and a thermoplastic face mask for communication and to minimize head movements. Positioning was low
in the head coil (toward the feet) to center the ﬁeld of view on
the cerebral hemispheres.

Amyloid-negative older control sample
Data from an additional sample of non-demented OC participants
were analyzed as part of this study (this sample did not include any
individuals with AD dementia). This sample consisted of 35 older
adults (age range 61–86, 80% females) who were considered to be
non-demented OC individuals at the time of MRI scanning; these individuals were recruited, evaluated, and scanned at Washington University as described above. Their data were published previously
(Dickerson et al., 2009b). In the initial sample of individuals who
underwent amyloid imaging, 35 individuals were amyloid negative
and 9 were amyloid positive (the latter not included in the present
publication). The proportions of individuals with and without brain
amyloid are consistent with other similarly designed studies. In addition to the procedures described above, they were also imaged using
[ 11C]PIB (Klunk et al., 2004) to identify brain amyloid binding. Participants were imaged using [ 11C] PIB on a 961 ECAT positron emission
tomography (PET) scanner (Siemens, Erlangen, Germany) according
to the procedures described previously (Buckner et al., 2005; Mintun
et al., 2006). PIB-PET imaging provides an in vivo measure of human
brain amyloid in plaques associated with AD (Buckner et al., 2005;
Klunk et al., 2004; Mintun et al., 2006). Individuals were considered
PIB-negative if their binding potential for four cortical regions (prefrontal, lateral temporal, precuneus, and gyrus rectus) was below 0.2 (Fagan
et al., 2006; Fotenos et al., 2008; Mintun et al., 2006). For the purposes of
the present study, we used PIB-PET imaging to identify 35 older individuals who were cognitively intact and demonstrated no evidence of amyloid deposition. The present classiﬁcation of participants is the same as

that used by previous studies (Andrews-Hanna et al., 2007; Dickerson
et al., 2009b; Fotenos et al., 2008).
MRI morphometric data analysis—automated surface reconstruction and
alignment of participants
These methods have been previously described in detail (Dale et al.,
1999; Fischl and Dale, 2000; Fischl et al., 1999; Kuperberg et al., 2003;
Rosas et al., 2002; Salat et al., 2004). The Freesurfer software used to perform the analyses and visualization employed in this study, along with
complete documentation, is freely available via the internet at http://
surfer.nmr.mgh.harvard.edu. The multiple T1 acquisitions for each participant were motion corrected and averaged to create a single image volume with high contrast-to-noise. The resulting averaged volume was
used to segment cerebral white matter (Dale et al., 1999) and multiple
subcortical gray matter and ventricular regions (Fischl et al., 2002), and
to estimate the location of the gray/white boundary. Topological defects
in the gray/white boundary were corrected (Fischl et al., 2001), and
this gray/white boundary was used as the starting point for a deformable
surface algorithm designed to ﬁnd the pial surface with submillimeter
precision (Fischl and Dale, 2000). Cortical thickness measurements
were obtained by calculating the distance between those surfaces
at each of approximately 160,000 points (per hemisphere) across
the cortical mantle (Fischl and Dale, 2000). The mean thickness of
each individual subject's entire cerebral cortex was then calculated.
The accuracy of the thickness measures derived from this technique
has been previously validated by direct comparisons with manual
measures on postmortem brain (Rosas et al., 2002) and on MRI
data (Kuperberg et al., 2003). The methods for generation of cortical
surfaces and resultant thickness measurements have been shown to
be reliable in a test–retest study of a group of older participants scanned
twice on the same scanner, as well as across scanner manufacturers
and 1.5 T and 3.0 T ﬁeld strengths (Han et al., 2006), and in a study of
different sequence parameters (Wonderlick et al., 2009).
The surface representing the gray–white border was “inﬂated,”
differences among individuals in the depth of gyri and sulci were normalized, and each subject's reconstructed brain was then morphed
and registered to an average spherical surface representation that optimally aligns sulcal and gyral features across participants. Thickness
measures were then mapped to the inﬂated surface of each
participant's reconstructed brain (Fischl et al., 1999). This procedure
allows the visualization of data across the entire cortical surface
(i.e., both the gyri and sulci) without interference from cortical folding. The data were smoothed on the surface using an iterative
nearest-neighbor averaging procedure. One hundred iterations were applied, which is equivalent to applying a 2-dimensional Gaussian
smoothing kernel along the cortical surface with a full-width/
half-maximum of 18.4 mm. Data were then resampled for participants
into a common spherical coordinate system (Fischl et al., 1999). The procedure provides accurate matching of morphologically homologous cortical locations among participants on the basis of each individual's
anatomy, while minimizing geometric distortion, resulting in a mean
measure of cortical thickness for each group at each point on the
reconstructed surface.
MRI morphometric data analysis—exploratory statistical analysis of the
entire cortical surface
For the exploratory analysis in the primary sample, two statistical surface maps were generated by computing a two-class general linear model for the effect of membership in 1) the AD group
when compared to the OC group and 2) half the OC group when
compared to half the YC group on cortical thickness at each point.
For these exploratory analyses, a statistical threshold of p b 10 − 8
was used.
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MRI morphometric data analysis—generation of cortical ROIs, quantiﬁcation of magnitude of atrophy, and hypothesis-driven statistical analysis
of additional samples
We investigated the magnitude of age-related and AD-related atrophy within cortical regions identiﬁed in the two exploratory analyses described above. Nine ROIs known to be affected consistently in
AD (Dickerson et al., 2009b) were used in this study. In addition,
eight “aging-signature” ROIs were determined based on the exploratory analysis of the ﬁrst split-half sample of YCs and OCs. For regions in which there was a statistical effect of aging, an ROI label
was drawn on the average cortical surface template. These ROI boundaries followed the “aging effects” identiﬁed through the exploratory
analysis, not gyral or sulcal anatomic boundaries. Aging effects were
found to be consistent in the second split-half sample (see end of
Results section below).
Fig. 1 shows the statistical AD and aging effects from the exploratory
analyses as well as an overlap of the effects of the two processes. The
map in Fig. 2 shows ROIs derived from these analyses. Using the spherical registration of each subject to the template, the ROIs were mapped
back to individual participants. For each subject, mean cortical thickness
within each ROI was calculated by deriving an average of all of the thickness estimates at vertices that fell within the labeled ROI.
For hypothesis-driven analyses, these same 17 ROIs generated from
the primary sample were mapped through the spherical registration to
each subject, and the mean cortical thickness measures were calculated
for each ROI as described above. Thus, the speciﬁc location and spatial
extent of the ROI was determined a priori from the exploratory analysis
of the primary sample and used in subsequent analyses.
For each subject, the resultant ROI measures of cortical thickness
were averaged across the two hemispheres, and these 17 values per
subject were used for further statistical analysis. These ROI thickness
values were used to calculate the mean difference in the thickness of
each ROI between the OC and YC groups as well as between the AD
and Control groups, the percent atrophy in OCs in relation to YCs as
well as ADs in relation to OCs, and the Cohen's d effect sizes of
aging-related as well as AD-related atrophy for each ROI. Group
comparisons were performed using analyses of variance (ANOVA),
with a priori-speciﬁed planned contrasts, to evaluate differences between OC and YC as well as AD patients and OC. These statistical
analyses were performed using SPSS 16.0 (SPSS, Chicago, IL). Note
that we use the term “atrophy” in the present study, assuming that
cross-sectional cortical thickness differences between older and younger
adults or between AD patients and older controls are due to processes
associated with cortical thickness shrinkage; although many other investigators use similar terminology, longitudinal methods would likely
be the best way to be conﬁdent that there are no sample-related or
other differences also contributing to cortical thickness differences that
are not strictly related to atrophy.
Similarity of effect maps across multiple samples
This analysis was performed to investigate the consistency of the
spatial patterns of regional cortical atrophy in normal aging vs. AD. Six
maps of atrophy across the entire cerebral cortex were used. First,
four independent maps representing AD-related cortical atrophy (AD
vs. OC) were obtained from three separate samples of AD and OC, in addition to the sample described above; these samples are described in
detail elsewhere (Dickerson et al., 2009b). In addition, two independent
maps representing age-related cortical atrophy (OC vs. YC) were
obtained from the two split-half samples used in the present study.
The similarity of each map of cortical atrophy to the others was calculated using eta2 as described previously in detail (Cohen et al., 2008). This
is a measure calculated from a pair of maps and indicates the degree of
similarity between two maps, with values ranging from 0 (not at all
similar) to 1 (identical). The formula computes, on a point-by-point
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basis, the fraction of the variance in one measure that is accounted for
by the variance in another measure, and is equal to:
n h
i
X
2
2
ðai −mi Þ þ ðbi −mi Þ

2

eta ¼ 1–

SSWithin
¼ 1– i¼1
n h
X
SSTotal

ai −M

2


2 i
þ bi −M

i¼1

where ai and bi represent the values at vertex i in maps a and b, respectively. mi is the mean value of the two maps at vertex i, (ai + bi) / 2, and
M-bar is the grand mean value across all vertices in the map, m, or
across all vertices in both maps. eta 2 thus measures the difference in
the values at corresponding vertex points in the two maps, not strictly
whether the points vary in similar ways, and can detect differences
and similarities in the maps using information from all of the vertices
of the entire cortical surface. See the prior publication for additional discussion about the value of this measure (Cohen et al., 2008).
Relationship of regional cortical atrophy patterns to cognition
This analysis was performed as an initial investigation of the relevance of cortical atrophy with regard to cognition. For these analyses,
we examined the brain-behavior relationships within the two older subject groups—cognitively intact OC and cognitively impaired AD patients—
hypothesizing that age-related variation in cognition would relate to
thickness in parts of the cortex predominantly affected by aging while
AD-related cognitive impairment would relate to atrophy in parts of
the cortex predominantly affected by AD.
A total of 87 OCs (mean age = 76.8, CDR = 0, MMSE = 29.1) and
81 AD patients with very mild to mild dementia (mean age = 77.6,
CDR = .67, MMSE = 24.6) were included in this analysis. These subjects include all of the OCs and mildly (CDR 1) demented AD patients
used in the analysis above plus a group of very mildly demented (CDR
0.5) AD patients (the sample previously published in Dickerson et al.
2009b) to make the OC and AD sample sizes similar for this
brain-behavior analysis. Three summary anatomic measures were
used: 1) mean cortical thickness across all AD-speciﬁc regions,
2) mean cortical thickness across aging-speciﬁc regions, and 3) mean
cortical thickness across overlap regions that are affected by both AD
and aging. The behavioral measure was a summary measure of overall
cognitive test performance derived from a factor analysis of performance
on a neuropsychological test battery (Kanne et al., 1998; Johnson et al.,
2008).
Pearson's correlations of each of the three cortical measures against
the general factor were performed in the OC and AD groups separately.
Two regression models were constructed in each of the OC and AD
groups separately to determine, in each group, which anatomic
measure(s) would add the most explanatory power with respect to cognition beyond that explained by demographic measures. The regression
analyses were performed by entering three demographic measures—
age, gender, and education—into the model in a ﬁrst block and then including the three anatomical measures in a second stepwise block
(p value to enter b0.05).
Results
Participant characteristics
Demographic and clinical characteristics of the participants are
presented in Table 1. The AD patients (N = 28) were speciﬁcally selected to be relatively homogenous on the basis of a mild level of dementia severity (CDR = 1). MMSE scores (mean = 22.1, S.D. = 3.5)
corroborated the relatively mild level of impairment.
The PIB-negative OCs in the second sample (N = 35) were slightly
younger than the OCs in the primary sample (p b 0.01).
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Fig. 1. A) The cortical signature of aging: map of cortical atrophy across the hemispheres in normal aging. B) The cortical signature of AD: map of cortical atrophy across the hemispheres in AD. C) Binarized map showing areas affected by aging only (blue), by AD only (red) and areas affected by both processes (purple). Maps are presented on the
semi-inﬂated cortical surface of an average brain with dark gray regions representing sulci and light gray regions representing gyri. The color scale at the bottom of A and B represents the statistical signiﬁcance of the thickness difference with yellow indicating regions with smaller p values. See Table 2 for quantitative metrics of the amount of atrophy in
each region.
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Visual inspection of these patterns indicates that aging has relatively
prominent and speciﬁc effects on calcarine ﬁssure and cuneus, lateral occipital, dorsomedial prefrontal, inferior frontal, precentral, caudal insula,
and caudal fusiform cortex (aging-speciﬁc areas). AD, in contrast, has
relatively prominent speciﬁc effects on medial temporal, inferior temporal, temporal pole, posterior cingulate/precuneus, and superior parietal
cortices (AD-speciﬁc areas). Areas where both processes are associated
with atrophy include supramarginal, angular, lateral superior frontal,
and middle frontal cortices (overlap areas).
Cortical regions in which atrophy is predominantly related to the aging
process

Fig. 2. Top) “AD signature” ROIs. Labels A, B, C, F and H are AD-speciﬁc ROIs, where atrophy is seen primarily in AD. Labels D, E, G and I are aging-AD overlap ROIs, where atrophy is seen in both aging and AD. Bottom) “aging-speciﬁc” ROIs, where atrophy is
seen primarily in normal aging with minimal additional effect of AD.

The spatial topography of cortical atrophy in aging and AD: distinct yet
partially overlapping
Analyses comparing the spatial patterns of cortical atrophy in aging
vs. AD revealed distinct topographies of regional atrophy in each process,
with some areas of overlap. With respect to normal aging, exploratory
analyses across the entire cortex demonstrated a set of “aging-signature”
regions that were thinner in OC when compared to YC, including occipital (lateral and medial), frontal (precentral, lateral prefrontal,
and dorsomedial), and parietal (inferior lateral) cortices, with minimal involvement of the temporal lobe (Fig. 1A). With respect to AD,
comparison of AD to OC revealed atrophy in “AD-signature” regions in
the temporal (medial, inferior and polar temporal cortices), parietal
(superior and inferior lateral and precuneus/posterior cingulate), and
prefrontal (mostly lateral superior and middle, as well as ventromedial
prefrontal/orbitofrontal) cortices (Fig. 1B).
To directly compare the topography of these two processes, the statistical maps demonstrating AD and aging effects were binarized and
displayed on the average brain. Fig. 1C illustrates the regions speciﬁcally
affected by aging (blue), AD (red), and those that overlap (purple).
Table 1
Demographic and clinical characteristics of participants.
N

M/F

Group
YC
OC
AD
OCPibneg

142
87
28
35

63/79
23/64
6/22
7/28

Age (yrs)

MMSE

CDR

Mean

S.D.

Mean

S.D.

Mean

S.D.

22.44
77.68
77.46
73.69

3
7.9
6.6
7.5

–
28.91
22.07
29.7

–
1.2
3.5
0.3

–
0
1
0

–
0
0
0

Values represent mean ± standard deviation.
CDR = Clinical Dementia Rating; MMSE = Mini Mental State Examination; YC =
young controls; OC = older controls; OCPibneg = PiB-negative older controls; AD =
Alzheimer's disease.

The area most prominently affected by age and minimally more by
AD is the calcarine ﬁssure. The OC group showed 19.6% cortical atrophy
in the calcarine compared to YC [YC = 1.84 (S.D. = 0.13) mm, OC =
1.48 (S.D. = 0.14) mm, F = 403.6, p b 0.0001, Cohen's d = 2.7] whereas the AD group exhibited only an additional 6.7% atrophy when compared to the OCs [AD = 1.38 (S.D. = 0.20) mm, F = 8.4, p b 0.005,
Cohen's d = 0.57]. Several other regions followed this trend such as
the caudal fusiform, caudal insula, cuneus, inferior frontal gyrus, medial
superior frontal and precentral cortices showing between 10 and 17.6%
atrophy due to aging with only an additional 2.5 to 4.4% atrophy due to
AD. Fig. 2 shows the localization of these and other regions and Table 2
presents details of these results.
Cortical thickness measures from these regions that are affected predominantly by aging and only marginally more by AD were averaged to
obtain a single measure reﬂecting the aging process—the aging-speciﬁc
measure. On this measure, the OCs were 13.3% thinner than the YCs
[YC = 2.31 (S.D. = 0.13) mm, OC = 2.01 (S.D. = 0.14) mm, F =
617.3, p b 0.0001, Cohen's d = 2.25] whereas the ADs were only 3.6%
thinner than the OCs [AD = 1.94 (S.D. = 0.18) mm, F = 10.1, p b 0.05,
Cohen's d = 0.43]. A Z-score of this aging-speciﬁc measure was calculated based on the mean and standard deviation of the YCs. Fig. 3A shows
that the OCs are 2.4 S.D. thinner than the YC group whereas the ADs are
only an additional 0.56 S.D. thinner than the OCs.
Cortical regions in which atrophy is predominantly related to the process
of AD
Similar analyses of AD-signature regions demonstrated that AD
has prominent effects on medial temporal, inferior temporal, temporal pole, superior parietal, and precuneus cortices, while aging was associated with much lesser effects in these regions. For example, the
medial temporal lobe exhibited 12% atrophy when compared to the
OCs [OC = 2.85 (S.D. = 0.35) mm, AD = 2.51 (S.D. = 0.32) mm,
F = 20.5, p b 0.0001, Cohen's d = 1.01], but only 4.8% atrophy due
to aging [YC = 2.99 (S.D. = 0.31) mm, F = 10.3, p b 0.05, Cohen's
d = 0.43]. Other regions ranged from 7 to 13% thinner in AD compared to 0.2 to 1.6% thinner in normal aging.
Cortical thickness across these regions affected in AD was averaged to
obtain a single AD-speciﬁc measure. On this measure ADs were 13.9%
thinner than the OC group [OC = 2.46 (S.D. = 0.22) mm, AD = 2.12
(S.D. = 0.26) mm, F = 54.7, p b 0.0001, Cohen's d = 1.43] whereas
the OCs were only 5% thinner than the YCs [YC = 2.59 (S.D. = 0.21)
mm, F = 52.6, p b 0.0001, Cohen's d = 0.60]. Fig. 3B illustrates that on
this measure the OCs are only 0.6 S.D. thinner than the YC group and
the ADs are 1.7 S.D. thinner than the OCs.
Cortical regions in which atrophy is related to aging and compounded by
AD
Although the processes of aging and AD seem to have largely distinct
effects on the cortex, there are a few regions encompassing the inferior
parietal lobule and dorsolateral prefrontal cortices that seem to be affected by both processes. A single overlap measure was obtained by
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Table 2
Quantitative metrics of atrophy by region within primary sample of participants.
Region

Mean thickness and SD (mm)
YC (N = 142)

Aging

AD

Aging and AD overlap

Mean:
Mean:
Mean:
Mean:

entire cortex
aging-speciﬁc ROIs
AD-speciﬁc ROIs
overlap ROIs

Calcarine
Caudal insula
Cuneus
Caudal fusiform
Dorsomedial frontal
Lateral occipital
Precentral
Inferior frontal
Medial temporal
Inferior temporal
Temporal pole
Superior parietal
Precuneus
Angular
Supramarginal
Superior frontal
Middle frontal

1.84O,A
2.34O,A
2.01O,A
2.01O,A
2.99O,A
2.08O,A
2.55O,A
2.70O,A
2.99O,A
2.77A
2.76O,A
2.10O,A
2.34O,A
2.58O,A
2.65O,A
2.85O,A
2.36O,A
2.34O,A
2.31O,A
2.59O,A
2.61O,A

OC (N = 87)
0.13
0.15
0.1
0.12
0.16
0.11
0.11
0.15
0.31
0.20
0.22
0.138
0.19
0.15
0.17
0.18
0.13
0.08
0.13
0.21
0.16

1.48Y,A
1.93Y
1.70Y,A
1.76Y
2.65Y
1.85Y,A
2.27Y,A
2.43Y,A
2.85Y,A
2.73A
2.57Y,A
2.00Y,A
2.17Y,A
2.33Y,A
2.41Y,A
2.57Y,A
2.21Y,A
2.20Y,A
2.01Y,A
2.46Y,A
2.38Y,A

AD (N = 28)
0.14
0.16
0.12
0.16
0.16
0.12
0.14
0.13
0.35
0.26
0.23
0.13
0.14
0.16
0.18
0.18
0.12
0.12
0.14
0.22
0.16

1.38Y,O
1.86Y
1.63Y,O
1.71Y
2.58Y
1.79Y,O
2.20Y,O
2.34Y,O
2.51Y,O
2.36Y,O
2.39Y,O
1.87Y,O
2.03Y,O
2.09Y,O
2.18Y,O
2.34Y,O
2.01Y,O
2.05Y,O
1.94Y,O
2.12Y,O
2.11Y,O

0.20
0.21
0.12
0.18
0.20
0.19
0.18
0.19
0.32
0.23
0.20
0.14
0.19
0.24
0.20
0.22
0.15
0.11
0.18
0.26
0.21

Percent atrophy

Ratio

OCvsYC

ADvsYC

ADvsOC

19.6
17.6
15.3
12.3
11.6
11.3
11.0
10.0
4.8
1.6
6.9
4.7
7.5
9.6
9.1
9.8
6.2
6.2
13.3
5.0
8.8

25.0
20.4
19.1
14.8
13.8
14.1
13.7
13.2
16.1
14.8
13.5
11.2
13.3
19.1
18.0
17.8
14.6
12.6
16.4
18.3
19.3

1.3
1.2
1.2
1.2
1.2
1.2
1.2
1.3
3.4
9.4
1.9
2.4
1.8
2.0
2.0
1.8
2.4
2.0
1.2
3.6
2.2

YC = young controls; OC = older controls, AD = Alzheimer's disease patients.
Y,O,A
p b 0.05 different than YC, OC, or AD.

averaging thickness across these regions. On this measure, the OCs were
8.8% thinner than the YCs [YC = 2.61 (S.D. = 0.16) mm, OC = 2.38
(S.D. = 0.16), F = 295.0, p b 0.0001, Cohen's d = 1.45] and the ADs
suffered an additional 11.6% of atrophy compared to the OCs [AD = 2.1
(S.D. = 0.21) mm, F = 31.5, p b 0.0001, Cohen's d = 1.46]. Fig. 3C illustrates that the OCs are 1.7 S.D. thinner than the YCs and the ADs are an
additional 1.0 S.D. thinner than the OC group.
To further understand the effects of aging vs. AD on these cortical
regions, a ratio measure was calculated of % atrophy due to AD vs. %
atrophy due to aging. Table 2 shows that regions that are affected
by AD or that overlap between AD and aging are at least twice as
thin in AD as in normal aging (ratios around 2 or greater). Some
areas are much more affected by AD than by aging (medial and inferior temporal). In contrast, areas considered to be primarily affected
by normal aging show ratios between 1.2 and 1.3, indicating that
they are minimally more affected by AD than by normal aging.
Cortical atrophy in amyloid-negative older control individuals
The 35 amyloid-negative OCs (PiB-negative OCs, or OCPibneg)
showed a pattern of atrophy strikingly similar to that of the larger
OC sample whose amyloid load is unknown. Fig. 3 demonstrates
the consistency of the aging effects in the amyloid-negative sample
compared to the larger OC group. Aging-speciﬁc (OCPibneg = 2.09
(S.D. = 0.15) mm) and overlap areas (OCPibneg = 2.27 (S.D. =
0.15) mm) are affected in a similar manner to that of the normal
aging group, while AD-speciﬁc areas (OCPibneg = 2.49 (S.D. =
0.24) mm) are relatively spared. These ﬁndings reinforce the hypothesis that age-related regional cortical atrophy is not related
to possible preclinical AD amyloid pathology.
The magnitude of age-related cortical atrophy is reliable in two separate
samples
To ensure that the aging-signature ROIs were affected in a reliable
manner, they were derived (as detailed in the Participants and methods
section above) from a comparison of OC vs. YC in half of the sample of
subjects and then applied in an unbiased fashion to the split-half sample
of YCs and OCs. As illustrated in Fig. 4 and Table 3, the effects of aging on

the thickness of these regions was remarkably similar in both halves of
the sample.
Map-level similarity of atrophy effects within processes and distinction of
effects between processes
The eta2 spatial similarity analysis revealed that the four AD-signature
atrophy maps derived from four different samples of OCs and ADs were
reasonably similar to each another (eta2 = 0.57–0.65), and the two
aging-signature atrophy maps derived from split-half samples of OCs
and YCs were very similar to each other (eta2 = 0.92). This is illustrated
in the eta2 matrix in Fig. 6 with the highest values in the upper left
(blue-green colors) and lower right (red colors) of the matrix—the
within-process relationships. In contrast, the four AD-signature maps
are notably different from the two aging-signature maps (eta2 = 0.33–
0.40). This analysis quantiﬁes the high degree of reliability of the spatial
patterns and magnitudes of atrophy effects within the AD process and
the aging process, as well as the differences of these effects between
the two processes.
Regionally-speciﬁc atrophy due to aging or AD shows distinct relationships to behavior
Within the OC group, the average thickness of the aging-speciﬁc cortical regions was correlated with global cognition (r = .229, p b .05,
Fig. 5A). In this OC group, the average thickness of AD-speciﬁc or overlap
regions did not correlate with this measure of global cognitive function
(p values >.095). In contrast, in the AD patient group, this same global
cognitive measure correlated with the average thickness of AD-speciﬁc
regions (r = .414, p b .001, Fig. 5B). Mean cortical thickness among
the aging-speciﬁc and overlap regions did not correlate with cognition
in this group of demented patients (p values >.3).
In addition, we performed a multiple linear regression analysis to
conﬁrm that the thickness of the relevant cortical areas explained variance over and above that explained by demographic factors, including
age, gender and education. This analysis revealed that in the OC group,
aging-speciﬁc cortical thickness was the only anatomic measure
that entered the model to explain additional variance in cognition beyond that explained by demographic factors. Using the demographic
measures alone, the regression was signiﬁcant (F(3,82) = 6.581,
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explaining additional variance beyond that explained by demographics
alone. Using the same three demographic measures alone, the regression
was not signiﬁcant (F(3,64) = 4.661, p > .08, R2 = .098). No demographic predictors in the ﬁrst block were signiﬁcant. The only anatomical
measure that entered the regression model after stepwise model selection was AD-speciﬁc mean cortical thickness (β = .42, p b .001, t =
3.77) which signiﬁcantly (p b .001) improved the model's predictive
power to R2 = .218.
These ﬁndings show that, in normal aging, differences between individuals in global cognitive performance are largely explained by differences in the thickness of aging-speciﬁc cortical regions. In contrast, in
AD, differences between individuals in global cognitive performance
are largely explained by differences in the thickness of AD-speciﬁc cortical regions.
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Fig. 3. Mean cortical thickness across A) aging-speciﬁc ROIs showing that little additional atrophy is present in AD beyond that of normal aging; B) AD-speciﬁc ROIs showing relative sparing of these regions in normal aging and prominent atrophy in AD
relative to normal aging; and C) aging-AD overlap ROIs, showing atrophy effects in
normal aging and AD of relatively similar magnitude. In all graphs, the group of
PiB-PET negative (OCPibneg) individuals is shown to demonstrate that the ﬁndings
in a group of older adults known not to have amyloid pathology by this marker are
very similar to the ﬁndings in the larger group of older controls whose pathologic status is unknown, supporting the hypothesis that these are truly age-associated effects.
Graphs show mean cortical thickness (z) within each set of ROIs across the four groups,
normalized to the young subject group mean. Error bars indicate 1 standard error of
the mean. YC: young control; OC: older control; OCPibneg: PiB-negative older control;
AD: Alzheimer's disease.

p b .001, R2 = .165). Of the demographic predictors only education
was signiﬁcant (β = .395, p b .001, t = 3.98). The only anatomical
measure that entered the regression after stepwise model selection is
aging-speciﬁc cortical thickness (β = .249, p b .02, t = 2.4), which signiﬁcantly (p = 0.018) improved the model's prediction to R2 = .248.
In contrast, among the AD patients, AD-speciﬁc cortical thickness
was the only anatomic measure that entered the regression model,

The results of the present study, in conjunction with data from previous studies, indicate that the spatial topographies of the processes of
aging and AD as they affect the anatomy of the cerebral cortex are largely
distinct (Dickerson et al., 2009b; Fjell et al., 2009b; Salat et al., 2004). Although changes in cortical thickness between young adulthood and
older age are widespread throughout the cortical mantle, some regions
are much more prominently affected than others. Many of these cortical
regions that undergo disproportionate age-related atrophy are not those
that are most substantially affected by AD, supporting the hypothesis
that multiple neural factors contribute to cognitive aging rather than a
unitary factor that is differentially expressed (Buckner, 2004; Hedden
and Gabrieli, 2004). For example, primary unimodal sensorimotor cortices sustain a large magnitude of age-related atrophy (Fjell et al., 2009b;
Good et al., 2001; Lemaitre et al., 2005; Salat et al., 2004), while these
areas are minimally affected by neuroﬁbrillary pathology in AD until
late in the disease (Arnold et al., 1991; Braak and Braak, 1991; Price
et al., 1991), although plaques may be present in these zones (Arnold
et al., 1991; Arriagada et al., 1992). The histologic basis of age-related
cortical atrophy is not clear, as discussed in greater detail below. Given
the differences in spatial distribution of age-related as opposed to ADrelated cortical atrophy, along with the conﬁrmation of similar agerelated cortical atrophy in a group of older-aged adults without brain
amyloid as measured by in vivo PET scanning, it is likely that the biologic
basis of age-related atrophy is not preclinical AD pathology. It may be possible to focus future post-mortem studies of age-related cortical abnormalities on regions with the most prominent and speciﬁc age effects by
using imaging maps as guides to assist pathologists' sampling locations.
In contrast, some areas affected substantially by AD are relatively
spared in normal aging, particularly temporal lobe regions. For example,
one of the areas that undergoes prominent cortical atrophy in very early
AD—the rostral ventromedial temporal lobe within entorhinal and
perirhinal cortices—sustains much less prominent (but not negligible)
atrophy in normal aging. These areas are cortical regions that, for the
most part, are known to harbor greater neuroﬁbrillary than plaque pathology in AD (Arnold et al., 1991). Since some level of neuroﬁbrillary
pathology is often found in these areas in non-demented older individuals (Arriagada et al., 1992; Price and Morris, 1999; Price et al., 1991,
2009), it is likely that at least some of the small-to-moderate magnitude
atrophy effects found in normal aging occur as a result of neuroﬁbrillary
pathology, although this is probably not the only factor. Additional
study of the oldest-old in comparison to younger-old individuals may
help to shed further light on this issue. An in vivo molecular neuroimaging marker speciﬁc to neuroﬁbrillary pathology would be highly valuable in this regard.
Cerebral cortical changes in normal aging
Imaging studies of age-related changes in the cerebral cortex include those using manual region-of-interest approaches and those
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Fig. 4. Mean cortical thickness (z) across the eight “aging-speciﬁc” ROIs across both split-half samples of OCs and YCs. The atrophy effect in all aging regions is remarkably similar
across the two split half samples. Error bars indicate 1 standard error of the mean.

employing semi-automated or automated methods, which typically
survey the spatial distribution of changes throughout relatively
large areas of the brain (Brickman et al., 2007; Good et al., 2001;
Lemaitre et al., 2005; Ohnishi et al., 2001; Raji et al., 2009; Sato et
al., 2003; Smith et al., 2007; Taki et al., 2004; Tisserand et al., 2002).
Relatively few studies have directly compared the results of different
analytic methods to each other in the same dataset, but those that
have done so highlight potentially important differences in results
that relate to measurement methodology (Kennedy et al., 2009;
Tisserand et al., 2002). The prefrontal cortex is typically highlighted
as one of the most consistently affected cortical regions in normal
aging, with prominent atrophy in ventrolateral, dorsolateral, dorsomedial
prefrontal regions and variable results for ventromedial/orbitofrontal
cortices (Fjell et al., 2009b; Raz et al., 1997; Walhovd et al., 2009). Although the results of some studies suggest that primary sensorimotor
cortices are relatively spared in normal aging (Jernigan et al., 2001; Raz
et al., 1997), a number of recent studies demonstrate that this does not
seem to be the case, with precentral, postcentral, Heschl's, and calcarine
regions showing fairly prominent age-related atrophy (Fjell et al.,
2009b; Good et al., 2001; Resnick et al., 2003; Salat et al., 2004;
Smith et al., 2007; Tisserand et al., 2002). In addition, it is worth noting that the caudal insula, a primary viscerosensory region (Craig, 2002),
undergoes prominent age-related atrophy that has been reported in
Table 3
Reliability of aging effects within the “aging-signature” ROIs.
Region

Calcarine
Caudal insula
Cuneus
Caudal fusiform
Dorsomedial frontal
Lateral occipital
Precentral
Inferior frontal

Percent atrophy

Effect size

Split-half 1

Split-half 2

Split-half 1

Split-half 2

21.35
18.17
16.09
12.46
12.05
11.77
12.06
10.18

17.77
17.00
14.57
12.18
11.19
10.81
9.94
9.90

2.82
2.89
2.48
1.88
2.31
2.20
2.74
2.00

2.60
2.54
2.61
1.64
2.02
1.76
1.78
1.87

Effect size = Cohen's d effect size.

ﬁgures and tables of prior publications but which has received little discussion (Fjell et al., 2009b). Focused investigation of primary sensory regions of the cerebral cortex with more than one morphometric technique
would be valuable given the conﬂicting results in the literature.
From a neuropathological perspective, although there have been
a number of post-mortem investigations of the presence, magnitude,
and spatial distribution of Alzheimer pathology in non-demented
older adults, there has been relatively little study of the regional patterns in the cerebral cortex of other types of changes that accompany
aging. A stereologic study of 27 individuals classiﬁed as “normal older
adults” ranging from 56 to 103 measured cortical thickness, neuronal
number, and neuronal density in a region within the superior frontal
gyrus and a region within the temporal pole, and also measured these
cellular indices as well as area within subﬁelds of the hippocampal formation (Freeman et al., 2008). Analyses were performed within this
sample of subjects examining correlations with age. Although cortical atrophy in both regions was identiﬁed, with larger frontal than temporal
effects, there was no apparent neuronal loss but a slight increase in neuronal density. The authors interpreted their results as supporting suggestions that cortical atrophy in aging is related to the loss of neuropil,
which may be driven by age-related reductions in neuronal size, presynaptic terminal numbers, complexity of dendritic arborizations, or possibly gray- or white-matter induced loss of afferent projections (Jacobs
et al., 1997; Pakkenberg and Gundersen, 1997).
A very large analysis of in vivo MRI data from six separate samples from North America and Europe focusing on age-related cortical
atrophy called attention to the consistency of effects within multiple
prefrontal regions, including dorsomedial prefrontal as well as dorsolateral and ventrolateral prefrontal cortex, inferior parietal cortex,
and pre- and post-central gyri, results which are consistent with
those presented here (Fjell et al., 2009b). Superior and middle temporal gyri, which were not identiﬁed as undergoing age-related atrophy in the present investigation, were somewhat inconsistently
affected in the previous study except for mid-caudal superior temporal gyrus where age-related atrophy was consistently present. It
is possible that at least some of this inconsistency relates to the likely
inclusion of variable numbers of individuals in those samples who
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Fig. 5. A) Correlation of the general cognitive factor score with mean cortical thickness across aging-speciﬁc regions (squares) and with mean cortical thickness across AD-speciﬁc
regions (circles) in OCs only. B) Correlation of the general cognitive factor score with mean cortical thickness across aging-speciﬁc regions (squares) and with mean cortical thickness across AD-speciﬁc regions (circles) in ADs only.

harbored brain amyloid, which was not measureable at the time
those scans were acquired. The occipital cortex was less consistently
affected across samples in the prior study, although the calcarine ﬁssure itself was an area of reproducible atrophy, again similar to ﬁndings presented here. Finally, the polar and ventromedial temporal
cortex, precuneus, and anterior cingulate were areas that were consistently relatively spared by normal aging, as we found in the present study.
The relative magnitude of age effects received little attention in the
prior study; this was a measure of major interest here given the goal
of comparing age-related and AD-related effects directly to each other.
On the whole, the cerebral cortex thins by about 6% between young
adulthood and older age, but some regions are much more prominently

affected beyond this global effect. In the present study, the areas that
undergo the most substantial atrophy in normal aging are calcarine
ﬁssure, caudal insula, and cuneus (all > 15% atrophy). The ﬁnding
that the cortex within the calcarine ﬁssure undergoes 20% atrophy
as part of normal aging is notable because this area is one of the thinnest
regions of the entire cortical mantle in young adulthood, as described by
Constantin von Economo 80 years ago (von Economo, 2009). The prefrontal cortex also undergoes relatively prominent atrophy in normal
aging as has been discussed previously (Buckner, 2004; Raz and
Rodrigue, 2006), with multiple regions atrophying by about 10%,
most notably dorsomedial, superior, and inferior frontal gyri, with
less prominent effects on middle frontal gyrus and minimal atrophy in
ventromedial/orbitofrontal cortex, again consistent with recent ﬁndings

Fig. 6. Eta2 matrix of similarity of effects between four AD-signature maps and two aging-signature maps.
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(Fjell et al., 2009b) and lending support to prefrontal hypotheses of
age-related cognitive decline (Buckner, 2004; Raz and Rodrigue,
2006). But the present and previous analyses (Fjell et al., 2009b)
of age-related cortical atrophy also show that posterior regions
(including inferior parietal lobule, lateral occipital cortex, and caudal fusiform cortex) undergo a similar magnitude of atrophy, ﬁndings which run counter to some (Raz and Rodrigue, 2006) but not
all (Good et al., 2001) previous investigations. Thus, although relatively
large swaths of cortex undergo atrophy in the prefrontal cortex, there
are other areas, particularly within occipitoparietal and some sensorimotor cortices, in which the magnitude of age-related atrophy appears
to be at least as prominent as that in the prefrontal cortex, providing
some support for sensory-cognitive models of aging such as the common cause hypothesis (Lindenberger and Baltes, 1994).
Spatial overlap between aging and AD effects on the cerebral cortex
The ﬁndings of the present study indicate that, although aging and
AD are associated with atrophy that involves largely spatially distinct
regions of the cerebral cortex, there are areas of notable overlap, particularly within dorsolateral prefrontal and inferior parietal cortex.
The caudal middle frontal gyrus and dorsolateral superior frontal
gyrus are areas affected by both aging and AD, with 6 and 10% atrophy in normal aging and 15 and 18% atrophy in AD, both compared
to young adults. Angular and supramarginal gyri demonstrate similar
effects. The ratios calculated in Table 2 highlight the observation that
there are notable effects of normal aging on these regions, but that AD
is associated with an approximate doubling of the atrophy effects of
normal aging. We calculated an average measure from these aging-AD
overlap regions, and showed that these areas undergo atrophy that is
greater than average age-related cortical atrophy (8.8% for these regions
vs 6.2% average), but that AD is associated with about twice this effect
(19.3%). Thus, although AD exerts a prominent inﬂuence on the thickness of these regions of the cortex, aging alone is associated with substantial effects as well. Importantly, these cortical regions are involved
in, among other functions, executive/attentional processing, being critical nodes in the executive control (Vincent et al., 2008) or attentional
(Corbetta and Shulman, 2002) networks deﬁned using task-related
and resting-state functional MRI data. This may explain in part why alterations in complex attention or executive function can be seen in both
normal aging as well as AD.
Cerebral cortical changes speciﬁc to aging or AD
To understand the processes of normal aging and AD, it is valuable
to identify effects of each process that are speciﬁc to particular brain
regions or networks. With respect to normal aging, there are a number of cortical regions that undergo prominent atrophy but are relatively spared by AD. Table 2 highlights eight cortical regions where
there is 10–20% atrophy in normal older adults compared to younger
adults. For these regions, ratio measures of relative effects of AD vs.
aging range from 1.2 to 1.3, indicating that these areas are minimally
more affected in AD than in normal aging. These areas include primary
sensorimotor regions (calcarine, precentral, and caudal insula), visual
association areas (cuneus, lateral occipital, caudal fusiform), as well as
speciﬁc prefrontal regions in dorsomedial prefrontal cortex and inferior
frontal gyrus, which may relate to executive functions/processing speed/
generativity (Stuss and Alexander, 2007) and lexical/attentional/control
(Corbetta and Shulman, 2002; Gabrieli et al., 1998; Vincent et al., 2008)
changes in normal aging, respectively. As shown in Table 2, an average of
these “aging-speciﬁc” cortical regional thickness measures supports the
ﬁnding of relatively prominent atrophy in normal aging (13%)—double
the global effect of about 6%—with minimally greater atrophy in AD
(an additional 3%), giving a ratio of 1.2. This summary measure may be
useful as a marker of the degree to which a sample of older adults

expresses cortical changes consistent with normal brain aging, although
its generalizability and utility for this purpose deserve further study.
Areas of cortical atrophy speciﬁc to AD include ventromedial temporal regions within rostral medial temporal cortex, inferior temporal
gyrus, and temporal pole, as well as posterior cingulate/precuneus and
superior parietal lobule. These regions thin much more prominently in
AD than in aging, and a summary measure of these “AD-speciﬁc” regions
shows atrophy that is less than the average magnitude of cortical atrophy in normal older adults (5%) but more than triple this magnitude in
AD (18%), giving a ratio of 3.6. These regions are part of episodic memory, semantic memory, and executive and visuospatial attentional networks that are typically critically disturbed in the early clinical phases
of AD. The use of this summary measure may be of value as an imaging
biomarker speciﬁc to the process of AD as opposed to normal aging, and
deserves further investigation for this purpose.
Distinct relationships of speciﬁc regional atrophy to cognition
Although the present brain-behavior analysis was meant to investigate relationships between cortical atrophy and cognition at a
global summary level, the speciﬁcity of ﬁndings underscores the dissociation between the anatomic basis of age- vs. AD-related changes
in cognition. In normal older adults, cognitive test performance in a
variety of domains—particularly processing speed, executive function, and episodic memory—has declined substantially from that of
young adulthood (Buckner, 2004; Hedden and Gabrieli, 2004). Based
on the results reported here, one factor that relates to the variability in
global cognitive performance in normal older adults is the degree to
which cortical atrophy is present in aging-speciﬁc regions but not in
AD-speciﬁc or overlap regions. In contrast, inter-individual differences
in cognition in patients with AD, which reﬂect further impairment in
speciﬁc domains beyond that of normal aging, are best explained by
the degree to which AD-speciﬁc cortical regions have undergone atrophy. These ﬁndings provide further support for hypotheses that
age- and AD-related changes in cognition are distinct in their biological underpinnings.
Conclusions
In summary, the processes of aging and AD have both differential
and partially overlapping effects on speciﬁc regions of the cerebral
cortex. This dissociation is underscored by the subsample in the present study of cognitively normal older adults without appreciable
brain amyloid measured with PET scanning. Some frontoparietal regions are affected by both processes, most temporal lobe regions are
affected much more prominently by AD than aging, while sensorimotor and some prefrontal regions are affected speciﬁcally by aging and
minimally more by AD. Within cognitively normal older adults, atrophy
in aging-speciﬁc cortical regions relates to cognitive performance, while
in AD patients atrophy in AD-speciﬁc regions relates to cognitive performance. Simple summary measures of these regions may be useful as
biomarkers in future studies aiming to investigate the presence or
prominence of age- vs. AD-related cortical atrophy.
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