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Neuroanatomical aging: Universal but not uniform
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. Patterns in brain aging

At least two premises must be met for MRI techniques to
e informative: (1) there must be a set of identifiable regu-

arities that can be identified by means of such techniques
nd (2) these regularities must be of some significance for
uman functioning. During the last 15 years some inconsis-

encies have been reported in brain aging research, but the
rst premise has partly been shown to hold true. Two rela-
ively large new morphometric studies, Allen et al., and ours,

alhovd et al. ([1,30], in this issue) show notable similarities
n their main results: both studies found pronounced linear
ge decreases of cortex and amygdala in early adulthood and
nwards, with relatively larger effect sizes for the former than

he latter, while volumetric reduction of cerebral white mat-
er followed a non-linear course and was not evident until
iddle age.
Of differences between Allen et al.’s and our results, it

ay be noted that Allen et al. identified several cubic func-
ions, e.g. for cerebral white matter and hippocampal volume,
here quadratic functions were found in our study. In addi-

The use of different tissue classification techniques could
contribute to discrepancies across studies. We used an
mated segmentation technique that is specifically design
classify across many structures[10], and the stronger effec
could partially be due to the specificity of this classifi
tion. However, as noted above, the overall pattern iden
is largely similar.

Regarding the generally larger effect sizes for age in
results, it should be noted that the mode of data pres
tion and analysis may also have contributed to this. A
et al. used raw volumes for their analyses, while we u
residuals after the effects of intracranial volume (ICV)
been regressed out. The latter approach likely leads to l
effect sizes, because non-age variance, which in stud
age effects may be conceptualized as noise in the ma
may then indirectly be controlled for. Besides gender, w
Allen et al. otherwise adjusted for, non-age factors that
been found to be associated with ICV or related meas
include, for instance, height[20] and cognitive ability (e.g
[18]). The cranial vault normally ceases to grow at aro
the age of 7 years and brain volume starts to decrease
ion, the effect sizes for age were generally more pronounced
n our data, especially for cortical volume. This variance may
artly be grounded in incidental sample differences, since
ormal individual differences only grow larger with age[25].

.

20s, but intracranial volume is assumed to remain constant.
As noted in our paper, cohort effects on ICV may exist, but
when they do not, as in our material, regressing out ICV will
likely leave one with neuroanatomical volume estimates that
can more fully be explained by the age variable alone. Note
t on-
t e

d.
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hat this is not equivalent to another common way of “c
rolling for” ICV, namely to proportionalize, i.e. divide th
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volume of interest by ICV. While such ratio measures may
seem intuitively appealing, they do not, as noted by Van Pet-
ten[29], remove the variance associated with ICV, but may at
worst cause noise in the data, as also noted by Sanfilipo et al.
[24]. Only by regressing all volumes of interest on ICV, will
one achieve a measure that is, by definition, perfectly uncor-
related with ICV. We believe that the use of such measures
may help uncover systematic brain–age relationships by the
control of non-age variance.

The neuroanatomical aging reports in this issue consti-
tute two of the most comprehensive volumetric segmentation
studies performed. However, Allen et al.’s study and ours
are largely complementary rather than overlapping in focus:
We report volume of the cerebellum, brainstem and multi-
ple subcortical structures, as well as total volume of cortex
and cerebral white matter. In contrast, Allen et al. exclude
cerebellum, pons and subcortical gray matter volumes of the
basal ganglia and thalamus and instead focus on gray and
white matter volumes of the major cerebral lobes and dif-
ferent sectors of the temporal lobe. As such, these studies
address partially different topics. Allen et al.’s report adds to
the body of evidence suggesting an anterior–posterior gra-
dient of volumetric reduction of gray matter in the cerebral
lobes. Our data, on the other hand, indicate that while volu-
metric reduction may be most pronounced in the cortex and
thalamus, additional subcortical structures are also dramati-
c
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the phylogenetically and ontogentically latest to mature, are
the first to undergo “dissolution”. However, in light of the
present studies as well as others pointing to limbic and subcor-
tical age effects (e.g.[14]), it seems important to remember
that “sparing” is in most cases just relative, and not absolute:
subcortical and limbic structures, including hippocampus and
amygdala, do show considerable age-related reduction in the
present studies, and even if these effects are smaller than those
observed for gross (and hence also likely more reliably mea-
sured) volumes of cortex and cerebral white matter, it seems
probable that such decline of specialized structures should
have functional significance. There may be less agreement
regarding whether cerebral white matter declines (see[11]
for a large-scale study illustrating this). The present studies,
as well as another current large-scale study[12], clearly show
non-linear relationships for white matter and age. Thus, as
also indicated by Jernigan and Gamst (in this issue), the use of
statistical procedures assuming linear relationships only (e.g.
correlations, linear regressions) may substantially weaken the
observed age functions. In studies including few or no partici-
pants in the youngest (e.g. 20–30 years) and oldest age range
(e.g. above 80 years), the true age relationships may even
be disguised by use of such procedures. The present reports
therefore serve as a strong indication to include a broad age
range and not to exclusively use statistical analyses based on
an assumption of linear or monotone relationships in aging
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Despite variation, every region of interest examine

llen et al.’s study showed statistically significant volum
ic age-related changes. This is to a large extent also the
n our study: despite heterogenic effects across structure
as associated with a significant decline in 11 of 12 s

ures, including the subcortical areas not studied by A
t al. These reductions were generally accompanied b

ncrease in ventricular compartments. Based on the curr
resented studies, in conjunction with other large-scale
tudies reporting widespread declines, it would be temp
o conclude that age effects are heterogenic, but ultim
niversal throughout the brain.

Recently, however, there has been much focus on e
ions to neuroanatomical aging. For instance, a current
27] of 128 healthy adults aged 20–85 years presented
ence of preservation of hippocampal volume throughou

ife span. The authors suggested neurogenesis as a
echanism in volumetric maintenance, but it is unclear

imilar mechanisms should not be at play also in other
les. As reviewed by Van Petten[29], estimates of age-relat
olume loss in this structure vary widely across studies
early all report negative correlations between age and
me. However, as shown in the present study as well as o

11,12], there seems to berelativelyless decline in hippocam
us relative to cortical areas. Thus, there has been a foc
relative sparing” of limbic structures compared to pres
bly later maturing cortical areas, especially frontal reg

ibid]. Such relative sparing and reduction would be in ac
ance with Jackson’s[13] hypothesis that brain areas be
l

tudies. Bartzokis[2] also recently advanced a theoret
odel incorporating protracted brain development drive
ligodendrocytes, which continue to differentiate into my
roducing cells late into the fifth decade of life. Such a m
redicts a curvilinear white matter volume–age relations
ongitudinal MRI-results on aging have recently beco
vailable, and hopefully, future long-term follow-ups w
elp determine if there are individual or structural except

o the often observed neuroanatomical age reductions.

. Neuroanatomical aging in a neuropsychological
erspective: how does it add up?

We agree with Allen et al.[1] in that data on volumetr
rain aging ultimately should help us understand normal
elated changes in cognition from a biological perspec
s noted above, this is a premise, which must be fulfilled
RI techniques to be truly informative in aging. Howev

n view of the age functions observed for structures s
s the hippocampus, which is assumed to support me
apacity, this seems to be a highly complex task. De f
harply curvilinear or cubic functions such as those obse
ere do far from characterize the major neuropsycholo
r cognitive functions in aging. Rather, normative stu
oint to relatively steady age reductions of memory c
ility from young adulthood onwards[7,8,28]. Thus, as als
ointed out by Grieve et al.[12], hippocampal age reductio
annot drive age-related memory decline. While hippoc
al volume obviously is important in long-term mem
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capability [3,16,26,31], such a specific and small structure
is of course not the sole support of mnemonic abilities[29],
and there is no reason why it should be in aging. Abilities
generally depend on distributed networks, so it seems natural
also to focus on larger structures in this regard. In a comment
to Bartzokis’ model on protracted myelination, Jernigan
and Fennema-Notestine[15] point out that the years of
life between the end of adolescence and extending through
middle age that have previously been viewed as years of “sta-
bility” in brain development, are probably more accurately
viewed as a period during which progressive and regressive
changes happen to be in relative balance. From a neuropsy-
chological perspective, this may have some validity, since
certain cognitive scores may drop somewhat more rapidly in
the latter half of the adult life span (e.g.[17]). However, age
decrements are seen already from the mid-20s onwards, and
scores are often reported to decline steadily (e.g.[6]). Thus,
in neuropsychological normative samples, as in our sample,
substantial performance decline is clearly evident prior to
the point at which white matter volume decline is reported to
begin (seeFig. 1). However, it is evident that the age relation-
ship of performance abilities observed here resembles the
average age function of the two major neuroanatomical vol-
umes (the sum of cortical volume and cerebral white matter
volume, divided by two). Oversimplified, one could specu-
late that when the increase in white matter volume no longer
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Human cognitive ability is necessarily determined by a
complex interplay of brain structures and their character-
istics. There has recently been much focus on the role of
subcortical structures and cortical–subcortical interactions in
cognition (e.g.[4,5,19,21,22]). The present data point to large
and heterogeneous age effects on both cortical and subcorti-
cal volumes. Semi-automated and automated techniques for
quantification of specific cortical areas and structures in neu-
roimaging studies have been and are being developed (e.g.
[9,23]). Such techniques will enable more comprehensive and
detailed whole-brain segmentations and in combination with
functional and behavioral measures they will likely lead to
further knowledge on the role of subcortical and cortical char-
acteristics in cognitive aging.

References

[1] Allen JS, Bruss J, Brown JK, Damasio H. Normal neuroanatomi-
cal variation due to age: the major lobes and a parcellation of the
temporal region. Neurobiol Aging 2005;26:1245–60.

[2] Bartzokis G. Age-related myelin breakdown: a developmental model
of cognitive decline and Alzheimer’s disease. Neurobiol Aging
2004;25:5–18.

[3] Buzsaki G. The hippocampal–neocortical dialogue. Cereb Cortex
1996;6:81–92.

[4] Casey BJ, Davidson MC, Hara Y, Thomas KM, Martinez A, Galvan
A, et al. Early development of subcortical regions involved in non-

of
istics

ord

ing

ing
000.
,
cor-

[ , et
mical

[ iston
age-
:21–

[ bic

[ lings

[ tout
f the

[ eded.

[ ries
rosci

[ lized
dult
an approximate compensation for the decrease in
atter in midlife, performance abilities start to decline m

harply.

ig. 1. Cross-sectional age functions observed for cortical volume (
erebral white matter volume (WM), and the average of thez-scores o
ortical volume and cerebral white matter volume as well as perform
bilities as measured by the Wechsler Abbreviated Scale of Intellig
WASI) [32], in our sample (n= 73). The volume and performance sco
re not age-corrected, but have been converted toz-scores based on the me
nd standard deviations of the sample in order to achieve the same
cross measures. It is evident that the age relationship of performanc
ties resembles the average age function of the two major neuroanatomical
olumes (cortical volume plus cerebral white matter volume divided by 2).

psy-
cued attention switching. Dev Sci 2004;7:534–42.
[5] Crosson B, Zawacki T, Brinson G, Lu L, Sadek JR. Model

subcortical functions in language: current status. J Neurolingu
1997;10:277–300.

[6] Deary IJ. Looking down on human intelligence. London: Oxf
University Press; 2000.

[7] Delis DC, Kramer JH, Kaplan E, Ober BA. California verbal learn
test. San Antonio, TX: The Psychological Corporation; 1987.

[8] Delis DC, Kramer JH, Kaplan E, Ober BA. California verbal learn
test. 2nd ed. San Antonio, TX: The Psychological Corporation; 2

[9] Fischl B, van der Kouwe A, Destrieux C, Halgren E, Ségonne F
Salat DH, et al. Automatically parcellating the human cerebral
tex. Cereb Cortex 2004;14:11–22.

10] Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove C
al. Whole brain segmentation: automated labeling of neuroanato
structures in the human brain. Neuron 2002;33:341–55.

11] Good CD, Johnsrude IS, Ashburner J, Henson RNA, Fr
KJ, Frackowiak RSJ. A voxel-based morphometric study of
ing in 465 normal adult human brains. NeuroImage 2001;14
36.

12] Grieve S, Clark CR, Williams LM, Gordon E. Preservation of lim
and paralimbic regions with aging. Hum Brain Mapp, in press.

13] Jackson JH. In: Taylor J, editor. Selected writings of John Hugh
Jackson, vol. II. London: Hodder and Stoughton; 1932.

14] Jernigan TL, Archibald SL, Fennema-Notestine C, Gamst AC, S
JC, Bonner J, et al. Effects of age on tissues and regions o
cerebrum and cerebellum. Neurobiol Aging 2001;22:581–94.

15] Jernigan TL, Fennema-Notestine C. White matter mapping is ne
Neurobiol Aging 2004;25:37–9.

16] Kali S, Dayan P. Off-line replay maintains declarative memo
in a model of hippocampal–neocortical interactions. Nat Neu
2004;7:286–94.

17] Kaufman A, Horn JT. Age changes on tests of fluid and crystal
ability for women and men on the Kaufman Adolescent and A
Intelligence Test (KAIT) at ages 17–94 years. Arch Clin Neuro
chol 1996;11:97–121.



1282 K.B. Walhovd et al. / Neurobiology of Aging 26 (2005) 1279–1282

[18] MacLullich AMJ, Ferguson KJ, Deary IJ, Seckl JR, Starr JM, Ward-
law JM. Intracranial capacity and brain volumes are associated with
cognition in healthy elderly men. Neurology 2002;59:169–74.

[19] Opris I, Bruce CJ. Neural circuitry of judgment and decision mech-
anisms. Brain Res Rev 2005;48:509–26.

[20] Peters M, J̈ancke L, Staiger JF, Schlaug G, Huang Y, Steinmetz H.
Unsolved problems in comparing brain sizes in homo sapiens. Brain
Cogn 1998;37:254–85.

[21] Pugh KG, Lipsitz LA. The microvascular frontal-subcortical syn-
drome of aging. Neurobiol Aging 2002;23:421–31.

[22] Radanovic M, Scaff M. Speech and language disturbances due to
subcortical lesions. Brain Lang 2003;84:337–52.

[23] Salat DH, Buckner RL, Snyder AZ, Greve DN, Desikan RSR, Busa
E, et al. Thinning of the cerebral cortex in aging. Cereb Cortex
2004;14:721–30.

[24] Sanfilipo MP, Benedict RHB, Zivadinov R, Bakshi R. Correction
for intracranial volume in analysis of whole brain atrophy in mul-
tiple sclerosis: the proportion vs. residual method. NeuroImage
2004;22:1732–43.

[25] Schaie K. The course of adult intellectual development. Am Psychol
1994;49:304–13.

[26] Scoville WB, Milner B. Loss of recent memory after bilateral
hippocampal lesions. J Neurol Neurosurg Psychiatry 1957;20:11–
21.

[27] Sullivan EV, Marsh L, Pfefferbaum A. Preservation of hippocampal
volume throughout adulthood in healthy men and women. Neurobiol
Aging 2005;26:1093–8.

[28] Trahan DE, Larrabee GJ. Continuous visual memory test. Odessa,
FL: Psychological Assessment Resources; 1988.

[29] Van Petten C. Relationship between hippocampal volume and mem-
ory ability in healthy individuals across the lifespan: review and
meta-analysis. Neuropsychologia 2004;42:1394–413.

[30] Walhovd KB, Fjell AM, Reinvang I, Lundervold A, Dale AM, Eil-
ertsen DE, Quinn BT, Salat D, Makris N, Fischl B. Effects of age on
volumes of cortex, white matter and subcortical structures. Neurobiol
Aging 2005;26:1261–70.

[31] Walhovd KB, Fjell AM, Reinvang I, Lundervold A, Fischl B, Quinn
BT, et al. Size does matter in the long run—hippocampal and cor-
tical volume predict recall across weeks. Neurology 2004;63:1193–
7.

[32] Wechsler D. Wechsler abbreviated scale of intelligence. San Antonio,
TX: The Psychological Corporation; 1999.


	Neuroanatomical aging: Universal but not uniform
	Patterns in brain aging
	Neuroanatomical aging in a neuropsychological perspective: how does it add up?
	References


