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Abstract Structural neuroimaging studies have demon-

strated that all regions of the cortex are not affected equally

by aging, with frontal regions appearing especially sus-

ceptible to atrophy. The ‘‘last in, first out’’ hypothesis

posits that aging is, in a sense, the inverse of development:

late-maturing regions of the brain are preferentially vul-

nerable to age-related loss of structural integrity. We tested

this hypothesis by analyzing age-related changes in regio-

nal cortical thickness via three methods: (1) an exploratory

linear regression of cortical thickness and age across the

entire cortical mantle (2) an analysis of age-related

differences in the thickness of zones of cortex defined by

functional/cytoarchitectural affiliation (including primary

sensory/motor, unimodal association, heteromodal associ-

ation, and paralimbic zones), and (3) an analysis of age-

related differences in the thickness of regions of cortex

defined by surface area expansion in the period between

birth and early adulthood. Subjects were grouped as young

(aged 18–29, n = 138), middle-aged (aged 30–59,

n = 80), young-old (aged 60–79, n = 60), and old–old

(aged 80?, n = 38). Thinning of the cortex between young

and middle-aged adults was greatest in heteromodal asso-

ciation cortex and regions of high postnatal surface area

expansion. In contrast, thinning in old–old age was greatest

in primary sensory/motor cortices and regions of low

postnatal surface area expansion. In sum, these results lead

us to propose a sequential ‘‘developmental-sensory’’ model

of aging, in which developmental factors influence cortical

vulnerability relatively early in the aging process, whereas

later—in more advanced stages of aging—factors specific

to primary sensory and motor cortices confer vulnerability.

This model offers explicitly testable hypotheses and sug-

gests the possibility that normal aging may potentially

allow for multiple opportunities for intervention to promote

the structural integrity of the cerebral cortex.

Keywords Magnetic resonance imaging � Morphometry �

Cortex � Aging

Introduction

To better understand why many domains of cognitive and

sensorimotor function decline in normal aging, investiga-

tors have measured a variety of elements of the structure

and function of a multitude of brain regions. In part

This is one of several papers published together in Brain Topography

on the ‘‘Special Issue: Brain Imaging across the Lifespan’’.

S. M. McGinnis � M. Brickhouse � B. Pascual � B. C. Dickerson

Frontotemporal Dementia Unit, Athinoula A. Martinos Center

for Biomedical Imaging, Massachusetts General Hospital,

Harvard Medical School, Boston, MA, USA

S. M. McGinnis � B. C. Dickerson

Departments of Neurology, Athinoula A. Martinos Center for

Biomedical Imaging, Massachusetts General Hospital, Harvard

Medical School, Boston, MA, USA

S. M. McGinnis � B. C. Dickerson

Massachusetts Alzheimer’s Disease Research Center, Athinoula

A. Martinos Center for Biomedical Imaging, Massachusetts

General Hospital, Harvard Medical School, Boston, MA, USA

S. M. McGinnis (&)

Division of Cognitive and Behavioral Neurology, Department of

Neurology, Brigham & Women’s Hospital, 221 Longwood

Avenue, Boston, MA 02115, USA

e-mail: smmcginnis@partners.org

M. Brickhouse � B. C. Dickerson

Departments of Psychiatry, Athinoula A. Martinos Center for

Biomedical Imaging, Massachusetts General Hospital, Harvard

Medical School, Boston, MA, USA

123

Brain Topogr (2011) 24:279–291

DOI 10.1007/s10548-011-0198-6



because of the recent development of new measurement

tools, increasing attention has been devoted to the inves-

tigation of age-related changes in the morphometry of the

human cerebral cortex in vivo. Cortical volume and/or

thickness have been measured using various techniques,

including manual tracings of regions of interest (Jernigan

et al. 1991; Sullivan et al. 1995; Raz et al. 1997; Jernigan

et al. 2001; Raz et al. 2004; Allen et al. 2005; Raz et al.

2005), automated or semi-automated parcellation schemes

(Resnick et al. 2000; Tisserand et al. 2002; Walhovd et al.;

2005), voxel-based analyses (Good et al. 2001; Taki et al.

2004; Grieve et al. 2005), and surface-based investigations

of grey matter density (Sowell et al. 2003) and cortical

thickness (Salat et al. 2004; Fjell et al. 2009). Despite the

wealth of studies, numerous questions regarding the effects

of aging on the gross structure of the cerebral cortex

remain. Two key questions include: (1) What cortical

regions of undergo the most prominent loss of structural

integrity in the process of aging, and (2) Is there an orga-

nizing principle behind the pattern of regions affected?

(Table 1).

With regard to the first question, although the effects of

aging are diffuse, some cortical regions do appear to con-

sistently lose volume and/or thickness to a greater extent

than other regions. Numerous studies have reported

prominent loss of volume and/or thickness in the prefrontal

cortex, particularly dorsolateral and dorsomedial prefrontal

cortex (Jernigan et al. 1991; Raz et al. 1997; Resnick et al.

2000; Jernigan et al. 2001; Tisserand et al. 2002; Resnick

et al. 2003; Raz et al. 2004; Salat et al. 2004; Allen et al.

2005; Grieve et al. 2005; Raz et al. 2005; Fjell et al. 2009),

with many also implicating lateral parietal and lateral

temporal association areas (Jernigan et al. 1991; Sullivan

et al. 1995; Raz et al. 1997; Resnick et al. 2000; Good et al.

2001; Resnick et al. 2003; Raz et al. 2004; Salat et al. 2004;

Allen et al. 2005; Grieve et al. 2005; Raz et al. 2005; Fjell

et al. 2009).

Results pertaining to primary sensory and motor regions

of the brain have been more inconsistent across studies.

Some but not all studies report volume loss or thinning in

somatosensory and motor regions (Good et al. 2001; Raz

et al. 2004; Salat et al. 2004; Grieve et al. 2005). Likewise

some studies have reported age-related loss of cortical

tissue in visual cortices (Resnick et al. 2003; Salat et al.

2004; Raz et al. 2005; Fjell et al. 2009); whereas others

have reported preservation of tissue in the same regions

(Raz et al. 2004; Grieve et al. 2005). Primary viscerosen-

sory regions of the caudal insular cortex also appear to

undergo relatively prominent thinning in normal aging

(Fjell et al. 2009).

Similar to primary sensory and motor cortices, results

concerning limbic and paralimbic brain regions have been

mixed. Multiple studies have reported volume loss in the

hippocampus (Jernigan et al. 2001; Raz et al. 2005; Wal-

hovd et al. 2005) and/or other medial temporal regions

(Resnick et al. 2003; Raz et al. 2004; Allen et al. 2005), in

contrast-to other studies that have reported relative pres-

ervation in the hippocampus (Sullivan et al. 1995; Good

et al. 2001; Grieve et al. 2005) or entorhinal cortex (Raz

et al. 2005). Studies reporting loss of volume or thinning in

the cingulate and insula (Good et al. 2001; Resnick et al.

2003) have been balanced by others reporting preservation

in the same regions (Jernigan et al. 1991; Raz et al. 2004;

Salat et al. 2004), with one study reporting loss of insular

volume and preservation of cingulate volume (Grieve et al.

2005). Multiple studies indicate that the orbitofrontal cor-

tex is particularly vulnerable to the effects of aging (Tiss-

erand et al. 2002; Resnick et al. 2003; Raz et al. 2004; Raz

et al. 2005), although several investigations have raised the

puzzling question of whether ventromedial prefrontal cor-

tex may undergo paradoxical cortical thickening with

normal aging (Salat et al. 2004; Fjell et al. 2009).

Given these mixed results, it has been challenging to

address the question of whether there are organizing prin-

ciples underlying the relatively greater selective vulnera-

bility of some regions as opposed to others. Some

investigators have approached this question at the level of

analysis of selective neuronal or molecular vulnerability

(Morrison and Hof 1997), while others have focused on

larger-scale topographic factors, our primary interest here.

Noting the consistent involvement of the prefrontal cortices

in studies of aging, Raz and Rodrigue ((Raz and Rodrigue

2006) have considered an anterior-to posterior gradient of

volumetric loss. Alternatively, the ‘‘last in, first out’’

hypothesis’’ of aging posits that such vulnerability may

arise because age-related structural changes occur prefer-

entially in regions of the brain that mature relatively late in

the life span (Raz 2000; Grieve et al. 2005; Davis et al.

2009; Fjell et al. 2009). This hypothesis has appeal due to

the consistency with which association areas appear to lose

structural integrity in the aging process, as these regions

also tend to mature later than primary sensory/motor

regions and paralimbic regions (Huttenlocher 1990;

Huttenlocher and Dabholkar 1997; Gogtay et al. 2004;

Casey et al. 2005). In challenge to the ‘‘last in, first out’’

hypothesis of aging, advocates of the ‘‘common cause’’

hypothesis have noted that degradation in sensory pro-

cessing accounts for a large amount of the variance of age-

related decline in cognitive performance, suggesting that

loss of structural integrity in components of the nervous

system that mediate sensory functioning should not be

underplayed (Lindenberger and Baltes 1994; Baltes and

Lindenberger 1997).

The purpose of the present analysis was to further

investigate the topographic patterns of age-related cortical

thinning with an emphasis on factors related to functional/

280 Brain Topogr (2011) 24:279–291

123



cytoarchitectural classification of cortex, as well as tra-

jectories of regional developmental expansion. In addition

to an exploratory analysis of age-related thinning across the

entire cortical mantle, we conducted two regionally-

focused analyses. The first was based upon the functional

zones proposed by Mesulam (Mesulam 2000) which built

upon the work of pioneering neuroanatomists (Broca 1878;

Filimonoff 1947; Bailey and von Bonin 1951; Yakovlev

1959; Pandya and Kuypers 1969; Jones and Powell 1970;

Sanides 1970; von Economo and Triarhou 2009): primary

sensory/motor, unimodal association cortex, heteromodal

association cortex, and paralimbic cortex. The second

made use of data from a recent study by Hill et al. (Hill

et al. 2010) that reported on regional differences in the

expansion of cortical surface area between birth and

young adulthood. This study identified a set of cortical

regions with a relatively greater postnatal expansion of

surface area, including the dorsolateral prefrontal cortex,

Table 1 Summary of selected structural MRI studies on aging

Paper Method Limbic and paralimbic Frontal, parietal, temporal association Primary sensory and

motor

Jernigan

et al. 1991

Manual seg., 8 regions,

n = 55

Anterior cingulate Widespread volume loss in frontal, temporal, parietal lobes

Sullivan

et al. 1995

Manual seg., n = 72 Hippocampus Reduction in extra-hippocampal temporal lobe gray matter volume

with age

Insausti

et al. 1998

Manual seg., n = 52 Temporal pole; entorhinal,

perirhinal cortex

Good et al.

2001

VBM, n = 465 Insula and cingulate;

hippocampus, entorhinal

cortex

Superior parietal cortex Central sulcus

Jernigan

et al. 2001

Manual seg., n = 78 Hippocampus Volume loss accelerated in frontal lobes relative to other regions

Tisserand

et al. 2002

Manual seg., semi-

automated algorithm,

VBM, n = 57

Anterior cingulate, OFC Entirety of frontal lobes, lateral and

orbitofrontal regions predominantly

Striate cortex

Resnick

et al. 2003

Semi-automated seg.,

4 year, longitudinal,

n = 92

Cingulate; insula; mesial

temporal cortex; OFC

Frontal, parietal lobes[ temporal lobe;

inferior frontal cortex; inferior parietal

cortex

Occipital cortex

Raz et al.

2004

Manual seg., n = 200 Hippocampus,

parahippocampal gyrus,

OFC; anterior cingulate

Lateral prefrontal, inferior temporal cortex,

fusiform; inferior parietal cortex

Precentral and

postcentral gyrus; 1�

visual cortex

Salat et al.

2004

Surface-wide analysis,

cortical thickness,

n = 106

Cingulate, insula, medial

temporal cortex

Prefrontal cortex, supramarginal gyrus Calcarine cortex, 1�

somatosensory and

motor cortices

Taki et al.

2004

VBM, n = 769 Diffuse effects, including prominent effects in superior temporal gyrus, precentral gyrus

Allen et al.

Allen et al.

2005

Manual seg., n = 87 Hippocampus,

parahippocampal gyrus,

temporal pole

Lobar effects frontal[ temporal[ parietal[ occipital

Grieve et al.

2005

VBM, n = 223 Insula; hippocampus,

cingulate

DLPFC, superior and inferior parietal

cortex; inferior and middle temporal gyri

Precentral, postcentral

gyrus; calcarine

cortex

Lemaitre

et al. 2005

VBM, n = 662 Hippocampus, OFC Angular gyrus, superior parietal cortex Primary cortices

Raz et al.

2005

Manual seg., 5 year

longitudinal, n = 127

Hippocampus, OFC;

entorhinal cortex

Prefrontal cortex, inferior temporal cortex,

fusiform, inferior parietal cortex

Visual cortex

Walhovd

et al. 2005

Automated seg., n = 73 Hippocampus Cortex (global)

Smith et al.

2007

VBM, n = 122 Frontal, parietal, temporal cortex

Fjell et al.

2009

Surface-wide analysis,

cortical thickness,

n = 883

SFG, MFG, IFG; MTG; precuneus; inferior

and superior parietal cortex;

temporoparietal junction

Superior temporal gyrus

Default font indicates regions of age-associated atrophy; italic font denotes regions of relatively preserved volume or thickness
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lateral parietal cortex, lateral temporal cortex, and primary

somatosensory and motor cortices. Regions of relatively

smaller postnatal expansion of surface area included the

visual cortex, auditory cortex, ventromedial temporal cor-

tex, parts of the rostral and orbital prefrontal cortex, and

insula.

Our aim was to test the ‘‘last in, first out’’ hypothesis of

aging by comparing age effects on cortical thickness in the

different cortical functional zones, and by comparing

regions of the brain with relatively low postnatal expansion

in surface area with those with relatively high expansion.

Results suggestive of the ‘‘last in, first out’’ hypothesis would

include the finding of relatively late-developing regions such

as the heteromodal association cortices exhibiting greater

thinning in the aging process than relatively early-develop-

ing regions such as paralimbic and primary sensory/motor

cortices. Similarly, another finding supportive of the ‘‘last in,

first out’’ hypothesis would be greater age-related thinning in

regions with a high degree of postnatal surface area expan-

sion than regions with a low degree of postnatal surface area

expansion. Alternatively, a high degree of thinning in pri-

mary sensory/motor regions and/or regions with a low

degree of postnatal expansion would bemore consistent with

the common cause hypothesis of aging.

Methods

Subjects

Analyses were conducted with images from a subset of

subjects from the OASIS dataset (Marcus et al. 2010). This

dataset, freely available to the scientific community,

comprises 416 right-handed individuals aged 18–96. We

restricted our analysis to the subset of subjects without

dementia (n = 316, 197 female). At time of enrollment,

subjects had no clinical history of mild cognitive impair-

ment, dementia, general neurological or psychiatric illness,

or general medical illness with potential impact upon

cognitive status. Older adults were evaluated using a

structured clinical assessment (including an assessment

enabling the use of the Clinical dementia rating (CDR)

scale (Morris et al. 1997)), and were included only if their

clinical status was that of Normal Cognition (CDR global

and sum-of-boxes scores = 0).

Image Acquisition

Three or four high-resolution structural T1-weighted mag-

netization-prepared rapid gradient echo (MPRAGE) images

were acquired on a 1.5T Siemens Vision scanner (Siemens

Medical Systems, Erlingan, Germany). MPRAGE parame-

ters were empirically optimized for gray-white contrast

(repetition time (TR) 9.7 ms, echo time (TE) 4 ms, flip angle

(FA) 10, inversion time (TI) 20 ms, delay time (TD) 200 ms,

256 9 256 (1 9 1 mm2) in-plane resolution, 128 sagittal

1.25 mm slices without gaps, time per acquisition 6.6 min).

Cortical Surface Analysis

FreeSurfer software was used to process and analyze the

imaging data (http://surfer.nmr.mgh.harvard.edu, version

4.5). The multiple T1 acquisitions for each subject were

motion corrected and averaged to create a single image

volume with high contrast-to-noise, and the resulting

averaged volume used to segment cerebral white matter

(Dale et al. 1999) and subcortical grey matter and ven-

tricular regions (Fischl et al. 2002). Topological defects in

the gray/white boundary were corrected (Fischl et al.

2001). Cortical thickness measurements were derived by

calculating the distance between the gray/white boundary

and the pial surface across the cortical mantle (Fischl and

Dale 2000). The accuracy of this method has been previ-

ously validated by direct comparisons with manual mea-

sures on postmortem brain (Rosas et al. 2002). Test–retest

reliability has been confirmed in participants scanned twice

on the same scanner and across scanner manufacturers,

field strengths, and sequence parameters (Han et al. 2006;

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 and surface

area measures were then mapped to the inflated surface of

each participant’s reconstructed brain (Fischl et al. 1999).

This procedure allows visualization of data across the entire

cortical surface (i.e., both the gyri and sulci) without inter-

ference from cortical folding. The datawere smoothed on the

surface using an iterative nearest-neighbor averaging pro-

cedure. 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 par-

ticipants into a common spherical coordinate system (Fischl

et al. 1999). The procedure provides accurate matching of

morphologically homologous cortical locations among par-

ticipants on the basis of each individual’s anatomy, while

minimizing geometric distortion.

Region of Interest Analyses

To test the primary hypotheses of this study, two region-

of-interest (ROI) analyses were conducted. For the pur-

poses of these analyses, subjects were classified into one of

282 Brain Topogr (2011) 24:279–291
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four age groups: young (18–29 years old, n = 138), mid-

dle-aged (30–59 years old, n = 80), young-old (y-old,

60–79 years old, n = 60), and old–old (o-old, 80 ? years

old, n = 38). Regions were derived from a template of

Brodmann areas (BAs) in the Population-Average, Land-

mark- and Surface-based (PALS) atlas of the human

cerebral cortex (Van Essen 2005). Mean thickness of the

cortex in each BA in both hemispheres was measured via

application of the PALS-BA template to our sample of

subjects. The PALS-BA template is part of the newest

public release (version 5.0) of FreeSurfer; for the purposes

of this analysis, it was mapped from a template of an

‘‘average’’ brain derived from 40 healthy subjects (the

fsaverage template) to each individual subject. The insula,

not classified in the Brodmann schema, was measured by

applying the insula label from the Desikan-Killiany atlas in

FreeSurfer (Desikan et al. 2006).

The first ROI analysis was based upon the classification

scheme for partitioning the cerebral cortex into functional

zones that Mesulam proposed (Mesulam 2000) based on a

large body of prior neuroanatomical work (Broca 1878;

Filimonoff 1947; Yakovlev 1959; Sanides 1970). In this

classification scheme, cortex is classified based upon

cytoarchitecture, its involvement in processing within or

across one or more domains of sensory or motor func-

tioning, and its connectivity with other regions of the brain.

Utilizing this classification scheme, Brodmann areas were

classified as primary sensory/motor (idiotypic) cortex,

unimodal association (homotypical unimodal) cortex, het-

eromodal association (homotypical heteromodal) cortex,

and paralimbic cortex (Table 2). The insula was included

in the paralimbic zone. Linear regression analysis was

conducted to examine the relationship between thickness in

each functional-cytoarchitectural zone and age (as a con-

tinuous independent variable). Additionally, repeated

measures analysis of variance (ANOVA) was performed to

assess thinning in functional zones in the different age

groups in a non-continuous manner. This allowed for the

examination of potential effects in discrete age ranges that

might not be as readily apparent in a linear regression

model.

For purposes of the second ROI analysis, the PALS-BA

template was overlaid upon the postnatal cortical expan-

sion maps derived by Hill et al. (Hill et al. 2010) (Fig. 1).

From this figure, BAs were qualitatively classified as high-

expanding, intermediate-expanding, or low-expanding

regions based upon both the fraction of the BA expanding

and the magnitude of expansion (Table 2). BAs determined

to be intermediate-expanding were excluded from further

analysis. Mean cortical thickness values were derived for

the set of BAs classified as low-expanding and those

classified as high-expanding. Linear regression was con-

ducted to investigate the relationship between age and

thickness of regions (low-expanding, high-expanding). As

in the analysis of functional zones described above, the

effect of aging on regional thickness of the age groups as

discrete entities was investigated via repeated measures

ANOVA. Figure 2 depicts the BA ROIs and the two types

of classification used in the present analyses of these ROIs.

Table 2 Classification of

Brodmann areas by postnatal

expansion of surface area

Zone Low-expansion Intermediate-expansion High-expansion

Cortical type

Primary sensory/motor – 1, 2, 3, 17, 41, 42, 43 4

Unimodal association 18, 19 5, 7, 20, 22, 37, 44 6

Heteromodal association 11, 36 8, 10, 31, 39, 40, 36, 47 9, 21, 32, 40, 45

Paralimbic Insula 23, 24, 25, 26, 27, 28, 29, 30, 35, 38 –

Fig. 1 Postnatal cortical surface expansion with Brodmann area

(BA) overlay. This figure, adapted from Fig. 1 in (Hill et al. 2010),

depicts relative and absolute areal expansion of the cerebral cortex

after birth through young adulthood on a standard mesh average

inflated surface. BAs are derived from a template in the Population-

Average, Landmark- and Surface-based atlas of the human cerebral

cortex (Van Essen 2005)
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In addition to these primary ROI-based analyses, three

exploratory whole-cortex analyses were conducted to

illustrate the large-scale patterns in the data. Linear

regression models were constructed utilizing age as the

independent variable and cortical thickness at each point

across the cortical mantle the dependent variable. These

regression analyses were run in the entire sample, and also

in the young/middle-aged subgroup and in the young-old/

old–old subgroup to illustrate the patterns identified in the

ROI analyses above. The resulting cortical surface statis-

tical maps were displayed at arbitrary statistical thresholds

to emphasize the differences between groups.

Results

Cortical Surface Analysis

Figure 3a displays regressionmaps for cortical thickness and

age in the entire sample of subjects. The lateral view reveals

widespread areas of thinning, with the most prominent

thinning occurring in the superior,middle and inferior frontal

gyri (including opercularis, orbitalis, and triangularis),

inferior frontal sulcus, anterior ramus of the lateral sulcus,

precentral gyrus and sulcus, central sulcus, subcentral gyrus,

supramarginal gyrus, angular gyrus, intraparietal sulcus,

superior temporal gyrus, middle occipital gyrus and sulcus,

transverse occipital sulcus, superior occipital gyrus, occipi-

tal pole, and caudal insula. The medial view reveals thinning

in the superior frontal gyrus, paracentral lobule and sulcus,

cuneus, lingual gyrus, and superior occipital gyrus. The

dorsal view reveals thinning in the superior frontal gyrus,

middle frontal gyrus, precentral gyrus, supramarginal gyrus,

angular gyrus, cuneus, middle occipital gyrus, superior

occipital gyrus, and occipital pole. The ventral view reveals

thinning in the orbital and triangular parts of the inferior

frontal gyrus, the lingual gyrus, and the inferior occipital

gyrus and sulcus. Regions relatively preserved in the above

images include the anterior prefrontal cortex, middle and

inferior temporal gyri, superior parietal lobule, precuneus,

rostral insula, and medial temporal cortex.

Figure 3b, c display regression maps for the subsets of

young and middle-aged subjects (Fig. 3b) and young-old

and old–old subjects (Fig. 3c). The regression map in

young and middle-aged subjects reveals correlation of

thickness with age in multiple frontal locations, as well as

some parietal regions, largely in areas of high postnatal

expansion. The regression map in young-old and old–old

subjects reveals a more distributed pattern with prominent

involvement of the lateral and medial occipital cortex,

including multiple areas of low postnatal expansion.

Region of Interest Analyses

The first ROI analysis examined effects of age on the

thickness of the four major cortical functional-cytoarchi-

tectural zones: primary sensory/motor cortex, unimodal

association cortex, heteromodal cortex, and paralimbic

cortex (Table 3, Fig. 4). In this ANOVA there was a main

effect of age group on thickness across all types of cortex

Fig. 2 Classification of Brodmann areas (BAs). BAs are visualized

on the fsaverage cortical surface template, a surface generated as

the topographic average of 40 subjects. BAs are classified into

a functional zones based on cytoarchitecture/functional affiliation,

and b as low-expansion, intermediate-expansion, or high-expansion

regions based upon the work of (Hill et al. 2010)
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Fig. 3 Areas of age-related cortical thinning. This figure depicts a

linear regression of cortical thickness and age across the entire

cortical mantle, showing areas of relatively more prominent thinning

in red-yellow. a depicts thinning across all age groups, b in the

subgroups of young and middle-aged subjects, and c in the subgroup

of young-old and old–old subjects. Areas of prominent thinning in the

entire sample include the inferior, middle and superior frontal gyri,

precentral gyrus, inferior parietal lobule, superior temporal gyrus, and

occipital cortex. Thinning in the sample of young and middle-aged

subjects was marked in multiple frontal and parietal regions of high

postnatal cortical surface expansion. Thinning in the sample of

young-old and old–old subjects was notable in a more distributed set

of regions, including but not limited to widespread portions of the

occipital cortex. This map corresponds more closely to regions of low

postnatal cortical surface expansion (see Fig. 2)
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(F(3.312) = 90.0, P\ 10-20, with decreases in thickness

between the young (mean thickness = 2.37 ± 0.007 mm),

middle-aged (mean thickness = 2.28 ± 0.009 mm), y-old

(mean thickness = 2.23 ± 0.01 mm), and o-old subjects

(mean thickness = 2.17 ± 0.013 mm). Likewise, there

was a main effect of cortical zone on cortical thickness

across age groups (F(3.936) = 1400.5, P\ 10-10), with

paralimbic cortex (2.39 ± 0.007 mm) thicker than hetero-

modal association cortex (2.36 ± 0.005 mm), heteromodal

association cortex thicker than unimodal association cortex

(2.22 ± 0.005 mm), and unimodal association cortex

thicker than primary sensory/motor cortex (2.07 ±

0.006 mm). This relationship held across all age groups,

with the exception of a comparable thickness between

heteromodal and paralimbic cortex in the o-old group

(P = 0.14). A functional zone by age group interaction

was present (F(9.936) = 5.61, P\ 10-4), reflecting rela-

tively greater thinning in the primary sensory/motor and

unimodal association zones from both middle-age to y-old

age and y-old age to o-old age than was observed in the

heteromodal association and paralimbic zones (Table 3). In

contrast, the effect size (Cohen’s d) was greatest for thin-

ning in the heteromodal association zone from the young

age group to the middle age group (Fig. 4). The relatively

greater thinning in primary and unimodal zones from

middle-age through o-old age was also reflected in some-

what stronger correlation coefficients across the entire age

span for these zones, the strongest occurring in the primary

sensory/motor cortices (r = 0.73, P\ 10-20), followed by

the unimodal cortices (r = 0.64, P\ 10-20) and hetero-

modal cortices (r = 0.62, P\ 10-20). The correlation was

relatively weaker, albeit still strong, in the paralimbic

(r = 0.50, P\ 10-20) zone.

In the analysis of thickness of low-expanding and high-

expanding cortical regions, there was a main effect of

cortical region on thickness (F(1,312) = 488.4, P\

0.0001), with the high-expanding regions having a greater

mean cortical thickness (2.39 ± 0.006 mm) than the low-

expanding regions (2.26 ± 0.006 mm). Again there was a

main effect of age group on mean cortical thickness across

regions (F(3.312) = 91.0, P\ 0.0001). An age group by

region interaction (F(3.312) = 5.37, P = 0.001) was dri-

ven by greater thinning in the high-expanding regions than

the low-expanding regions in the middle-aged group

compared to the young group (F(1.216) = 4.36, P\ 0.05)

and greater thinning in the low-expanding regions than the

high-expanding regions in the o-old age group compared to

the young group (F(1.174) = 6.63, P = 0.01). There was

no difference in thinning between the low-expanding

region and the high-expanding regions in the group of

y-old subjects compared to young subjects

(F(1.196) = 0.16, P = 0.69). Figure 5 displays effect sizes

for thickness in low-expanding cortex and high-expanding

cortex in the middle-aged, y-old, and o-old groups com-

pared to the young group. Linear regression again con-

firmed strong correlations between age and cortical

thickness in both low-expanding and high-expanding

regions, with a slightly stronger correlation between age

and thickness in the low-expanding regions (r = 0.69,

Table 3 Quantitative metrics of age-related thinning by region

Zone Mean thickness and SD (mm) Effect size (Cohen’s d)

Cortical type Young Middle-aged Y-old O-old MA versus Y Y-old versus Y O-old versus Y

Primary sensory/motor 2.20 0.08 2.10* 0.09 2.02* 0.10 1.95* 0.10 0.77 1.38 1.92

Unimodal association 2.32 0.08 2.24* 0.08 2.19* 0.09 2.14� 0.09 0.73 1.18 1.64

Heteromodal association 2.46 0.09 2.36* 0.08 2.33� 0.09 2.28� 0.09 0.91 1.18 1.64

Paralimbic 2.48 0.12 2.39* 0.11 2.37 0.13 2.30� 0.11 0.64 0.79 1.29

Low-expansion 2.38 0.10 2.30* 0.09 2.23* 0.10 2.14* 0.09 0.67 1.25 2.00

High-expansion 2.50 0.09 2.39* 0.09 2.35� 0.09 2.30 0.10 0.92 1.25 1.67

Y young (18–29 years), MA middle-aged (30–59 years), Y-old young-old (60–79 years), O-old old–old (80? years)

* P\ 0.001; � P\ 0.01; � P\ 0.05 for change in thickness relative to previous age group

Fig. 4 Thinning in functional zones between young, middle-aged,

young-old, and old–old age groups. This figure depicts effect sizes

(Cohen’s d) for age-related thinning in each age group relative to the

young adult age group. Slightly greater thinning was observed in

heteromodal association cortex in between young and middle age,

whereas thinning later in the process of aging was most prominent in

primary sensory/motor cortex
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P\ 10-20) than the high-expanding regions (r = 0.64,

P\ 10-20).

Discussion

Across the cortical surface, thinning was observed in many

of the regions consistently implicated in prior studies of

aging and cortical morphometry. A majority of studies

have reported loss of volume and/or thinning in frontal and

parietal association cortex (Jernigan et al. 1991; Good et al.

2001; Jernigan et al. 2001; Resnick et al. 2003; Raz et al.

2004; Salat et al. 2004; Taki et al. 2004; Allen et al. 2005;

Grieve et al. 2005; Lemaitre et al. 2005; Raz et al. 2005;

Walhovd et al. 2005; Fjell et al. 2009). Our analysis sim-

ilarly revealed prominent thinning in the superior, middle,

and inferior frontal gyri (dorsolateral and ventrolateral

prefrontal cortex), as well as the angular and supramarginal

gyri (inferior parietal lobule). Recent studies using resting

state and task-related functional connectivity MRI have

demonstrated that the dorsolateral prefrontal cortex and

inferior parietal lobule contain nodes in frontoparietal

networks important for attention, executive function, and

cognitive control (Corbetta and Shulman 2002; Koechlin

et al. 2003; Dosenbach et al. 2008; Vincent et al. 2008;

Spreng et al. 2010). Age-related thinning in cortical regions

subserving attention and executive function is in keeping

with the ‘‘frontal lobe’’ hypothesis of aging, borne out of

numerous psychological experiments demonstrating age-

related decrements in performance on tasks of complex

attention and executive functioning (Braver et al. 2001;

DiGirolamo et al. 2001; Andres et al. 2006; Kemps and

Newson 2006; West and Schwarb 2006).

One goal of our analysis was to determine whether this

age-related thinning in frontal and parietal association

areas reflects a pattern of greater thinning in heteromodal

association cortex compared to the other cortical zones.

Figure 3a reveals that prominent thinning was not con-

fined to heteromodal areas, but also occurred in primary

somatosensory, motor, auditory, and visual areas, as well as

the caudal insula, considered to be a primary viscerosen-

sory region (Craig 2002). Thinning was similarly present in

many unimodal association areas contiguous with primary

regions, including premotor regions in the frontal lobe,

auditory association areas in the superior temporal gyrus,

and visual association areas in the occipital lobe. These

results are consistent with prior studies reporting age-

related effects in primary sensory/motor and modality-

specific association areas of cortex (Good et al. 2001;

Tisserand et al. 2002; Raz et al. 2004; Salat et al. 2004;

Lemaitre et al. 2005; Raz et al. 2005; Fjell et al. 2009).

In comparison to the primary sensory/motor and asso-

ciation zones, cortical thickness in the paralimbic zone was

relatively spared in the course of aging. Previous studies

have reported morphometric sparing of paralimbic regions

including the anterior cingulate, insula, medial temporal

cortex, and orbitofrontal cortex (Jernigan et al. 1991; Good

et al. 2001; Raz et al. 2004; Salat et al. 2004; Grieve et al.

2005; Raz et al. 2005). Cytoarchitecturally, this zone rep-

resents a transition between relatively primitive three-lay-

ered archicortex of limbic regions and the more

differentiated six layered structure of association cortex

(Mesulam 2000). Phylogenetically, it represents a zone of

structural consistency and similarity across mammalian

species (MacLean 1990). As with other phylogenetically-

preserved regions, paralimbic cortex follows a relatively

simple developmental trajectory and is considered mature

relatively early in the life span (Shaw et al. 2008; Hill et al.

2010). Its preservation thus lends support to the ‘‘last in,

first out’’ hypothesis of aging (Grieve et al. 2005).

The analysis of cortical surface area expansion by Hill

et al. afforded a more direct way to examine effects of

aging in regions of the brain that continue expanding

during the first two decades of life compared with those

relatively mature (from that perspective) at birth. As with

the relationship between age and thickness in cortical

zones, the relationship between age and thickness in low-

expanding and high-expanding regions of cortex was

complex. Many areas with significant postnatal expansion

of surface area thinned considerably with aging, including

the superior, middle, and inferior frontal gyri, precentral

and postcentral gyri, inferior parietal lobule, and superior

temporal gyrus. Regions classified as postnatally low-

expanding areas that correspondingly did not thin promi-

nently with aging included the medial temporal cortex and

the rostral insula. In contrast, the occipital cortex was a

Fig. 5 Evidence for a sequential ‘‘developmental-sensory’’ hypoth-

esis of cortical aging. This figure depicts effect sizes (Cohen’s d) for

age-related thinning in postnatal low-expansion versus high-expan-

sion regions in middle-aged, young-old, and old–old adults compared

to young adults. In middle-age greater thinning occurs in high-

expansion regions, whereas, in old–old age greater thinning occurs in

low-expansion regions
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region of relatively low postnatal expansion in surface

area in which significant thinning occurred with aging, and

the middle temporal gyrus was a region of high postna-

tal expansion in surface area in which very little thing

occurred with aging.

The timing of age-related thinning in cortical zones and

expansion regions was notable and may help to disam-

biguate the implications of results with respect to the ‘‘last

in, first out’’ hypothesis of aging. As a group, regions of

high postnatal expansion in surface area thinned more

prominently in middle age than those with low postnatal

expansion in surface area (Figs. 3b and 5). As this stage

represents the earliest period of time in the process of

aging, these results support the notion that late developing

regions are indeed the first to undergo structural compro-

mise. Within the age range of 60–79, thinning appears

equivalent in low-expansion and high-expansion regions,

whereas individuals aged 80 or older demonstrated more

thinning in the regions of the brain with less postnatal

expansion in surface area (Figs. 3c and 5). The most sig-

nificant thinning in this ‘‘old–old’’ age range with respect

to cortical zones occurred in the primary and unimodal

zones, lending a possible anatomical correlate to the

observation that declines in cognition track with declines in

sensation in this age range (Lindenberger and Baltes 1994).

Of note, correlations between visual and auditory perfor-

mance and cognition reported by Lindenberger and Baltes

occurred in a group of individuals aged 70–103, consistent

with the ‘‘common cause’’ hypothesis as being applicable

later in the course of aging. As the OASIS dataset does not

contain information on visual, auditory, or somatosensory

acuity, any link between motor and/or sensory functioning

and cortical thickness based on our data is purely specu-

lative. Further research is required to study the relationship

between peripheral sensory/motor functions and thickness

of corresponding regions of cortex.

On the basis of our observations, a sequential ‘‘devel-

opmental-sensory’’ hypothesis of aging, incorporating ‘‘last

in, first out’’ early in the course of aging and ‘‘common

cause’’ late in the course appears plausible (Fig. 6). Such a

model could arise because processes that underlie struc-

tural changes in the cortex differ early versus late in the

process of aging or because different types of cortex have

varying susceptibility to any given combination of factors

in any given period of time. At this time it is unclear how

or why the level of differentiation of the cerebral cortex

would confer a varying degree of vulnerability to age-

related insults or injuries. Answers to these questions will

first require a more thorough understanding of the histo-

pathological changes that give rise to cortical thinning and

loss of volume in normal aging.

Leaving aside common age-related neuropatholo-

gies, these changes are poorly understood at present.

Postmortem studies have revealed a diversity of micro-

scopic structural changes in the course of aging, including

neuronal shrinkage (Terry et al. 1987), reduction in syn-

aptic density (Morrison and Hof 1997), reduced complexity

of dendritic spines (Scheibel et al. 1975; Jacobs et al.

1997), loss of presynaptic terminals (Masliah et al. 1993),

and altered microvasculature (Riddle et al. 2003). While

some studies have suggested loss of neurons (Brody 1955;

Coleman and Flood 1987), others have reported preserva-

tion of neuron number and density (Morrison and Hof

1997; Freeman et al. 2008), thus suggesting that reduced

neuronal complexity (or, loss of neuropil) may factor more

prominently in age-related cortical thinning. Cognitively

normal older individuals also harbor some degree of

accumulation of disease-related neuropathological abnor-

malities including amyloid plaques and neurofibrillary

tangles (Dayan 1970; Crystal et al. 1988; Price et al. 1991;

Morris et al. 1996; Bennett 2006; Price et al. 2009) and

cerebrovascular changes (Chaves et al. 2004; Warsch and

Wright 2010). The contribution of these changes to thin-

ning of the cortex in healthy older adults is unclear,

especially given the spatially distinct profiles of thinning in

aging (Salat et al. 2004; Fjell et al. 2009) and Alzheimer

disease (Dickerson et al. 2009). Thinning of the cortex may

also be secondary to changes in other locations of the brain,

including subcortical white matter, where studies have

revealed extensive loss of myelinated fibers in the aging

process (Pakkenberg and Gundersen 1997; Marner et al.

2003). Pertinent to the ‘‘last in, first out’’ hypothesis of

aging, investigators have reported age-related myelin pallor

restricted to cortico-cortical tracts with relatively long

postnatal cycles of myelination (Kemper 1994). This

finding was corroborated by a recent diffusion tensor

tractography study demonstrating that the sequence of

reduction in structural integrity of white matter tracts in

Fig. 6 Proposed schematic for a ‘‘developmental-sensory’’ hypoth-

esis of cortical aging. The model proposes that primary sensory/motor

and paralimbic regions reach mature levels of thickness before

unimodal and heteromodal association cortices. Early aging is marked

by thinning in heteromodal regions, whereas, late aging is marked by

thinning in primary sensory/motor regions
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aging inverts the sequence of myelination during devel-

opment (Davis et al. 2009).

Potential weaknesses of this study include those related

to the sample of subjects and the methods employed. The

cross-sectional nature of the sample introduces the pos-

sibility that sources of variability between subjects other

than age may influence results. Longitudinal datasets

would be extremely valuable for these sorts of investi-

gations. In addition, as with any sample of ‘‘healthy’’

older individuals not constrained by absence of biomarker

evidence of disease, there is a high likelihood that the

sample contains individuals with preclinical neurodegen-

erative or other as-yet silent underlying disease. As for

the methods, this type of cortical thickness analysis relies

upon automated segmentation of brain tissue into grey

matter and white matter and the localization of the grey-

white and pial boundaries, which could be influenced by

image contrast and MR tissue parameters, both of which

are known to exhibit regionally varying change with

aging (Salat et al. 2009). Systematic age-related effects on

these variables could influence measures of cortical

thickness, although the use of multiple scans for each

individual, motion correction, and smoothing procedures

were employed to minimize these potential effects

(Jernigan et al. 2001; Davatzikos and Bryan 2002; Salat

et al. 2004; Han et al. 2006; Fjell et al. 2009).

Conclusion

Consistent with previous studies, the present study revealed

that age-related thinning of the cerebral cortex is prominent

across a range of structurally and functionally heteroge-

neous regions including heteromodal regions such as the

prefrontal and inferior parietal cortices and modality-spe-

cific regions in the frontal, temporal, parietal and occipital

lobes. Early in the course of aging, thinning was greatest in

the heteromodal association zone and regions of high

postnatal surface area expansion. This trend was reversed

late in the course of aging, when rates of thinning in

modality-specific zones and regions of low postnatal sur-

face area expansion eclipsed rates of thinning in transmo-

dal zones and regions of high postnatal surface

area expansion. A sequential ‘‘developmental-sensory’’

hypothesis of aging could account for these findings, and

serve as context for further investigation into mechanisms

of cortical thinning active at different time points in the

course of aging.
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