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Abstract

The effect of age was investigated in and compared across 16 automatically segmented brain measures: cortical gray matter, cerebral white
matter, hippocampus, amygdala, thalamus, the accumbens area, caudate, putamen, pallidum, brainstem, cerebellar cortex, cerebellar whit
matter, the lateral ventricle, the inferior lateral ventricle, and the 3rd and 4th ventricle. Significant age effects were found for all volumes
except pallidum and the 4th ventricle. Heterogeneous age responses were seen in that age relationships for cortex, amygdala, thalamus, thi
accumbens area, and caudate were linear, while cerebral white matter, hippocampus, brainstem, cerebellar white, and gray matter, as well a
volume of the lateral, inferior lateral, and 3rd ventricles showed curvilinear relationships with age. In general, the findings point to global and
large effects of age across brain volumes.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction obtained by manually tracing their boundaries in MR images.
This requires high technical and neuroanatomical skills, and

Several studies have examined the effects of age on dif-is quite time consuming. Thus, morphometric reports are usu-
ferent brain volumes, among them total gray or cortical ally limited to one or a few such structures. Knowledge of the
gray mattef3,5,12,16,17,22,23,25,28,29,35,3Ghite mat- relative age decline of different brain volumes is, therefore,

ter [5,12,14,23,28,36]hippocampud17,21,22,35] amyg- limited by the use of different samples, scanning protocols
dala[17,21] thalamuq36,36], pons[20,24,26,36] caudate and volumetric techniques.

nucleud17,19,27] putamer27], globus pallidu$27], cere- The present study utilizes automatic labeling of all of the
bellum [8,17,24,26,32] and ventricular spacd®7,21,28] above mentioned brain structures in an adult lifespan sample.

While semi-automated techniques for the quantification of The results of manual labeling using the validated techniques
global gray and white matter are often used (f.d.2]), exact of the Center for Morphometric Analysj4,11,18,32]are
measurements of specific subcortical structures are typicallyused to automatically extract the information required for
automating the segmentation proced@ijeThe effects of age
* Corresponding author. Tel.: +47 22 84 51 30; fax: +47 228450 01. IS investigated in, and compared across, cortical gray matter,
E-mail addresskristine@walhovd.com (K.B. Walhovd). cerebral white matter, hippocampus, amygdala, thalamus, the
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accumbens area, caudate, putamen, pallidum, the brainstemyolume [3,12,16,23,36] while others have found that total
cerebellar cortex, cerebellar white matter, the lateral ventri- white matter volum¢l4,17]is reduced with age. There have
cle, the inferior lateral ventricle, and the 3rd and 4th ventricle. also been findings of white matter decline in parts of the
The nature of each measure’s relationship with age is investi-brain [12,25,30] As for gray matter structures, samples of
gated with respect to linear, quadratic, and cubic components.varying ages may be a reason for the discrepant findings,
In the following, some previous findings on the presently and studies including the oldest participants tend to report an
studied structures’ relationship with age are briefly discussed. age-related decline. One such recent stiiyfound white
Many studies have given valuable information on these top- matter decrease only from 70 years of age onwards. This is
ics. However, the present study is targeted at comparison ofin accordance with another stufly7], in which it was also
several structures within the same pool of participants, more found that despite its later onset, white matter loss was more
than the study of different structures in isolation. Thus, the rapid, and ultimately exceeded that of gray matter. As for
discussion below is designed to provide a brief background gray matter, results indicate somewhat less age-related loss
only and is not intended to be exhaustive with respect to pre-in deep subcortical regions than in the cerebral Iqi&€$,
vious relevant literature. and several studies have reported no age reduction of the
pons[20,24,26,36]
1.1. Age changes in cortical gray matter and subcortical
structures 1.3. Cerebellar volume and age

There is consensus that gray matter is reduced with  Cerebellar volume also seems to decline with age (e.g.
age[3,5,12,16,17,22,23,25,28,29,35,36hd this reduction  [17,24,26,34]though discrepant findings have been reported
seems to start at a very early point in Ijfe]. On average, also herg8]. When cerebellar gray and white matter have
there appears to be somewhat greater gray volume loss in théoeen measured separately, age effects have been observed
cortex than in subcortical structurfis7], and studies of the  only for gray matter in one studi34], but age reductions in
latter vary in the extent of age differences found. In one of the both, comparable to the decline found in cerebral gray and
few studies comparing age effects on a number of different white matter, have recently been reporf&d).
structures, Jernigan et §l7] found no relationship between
age and the volumes of amygdala and thalamus, modestl.4. Changes in ventricular volume with age
age-related volume loss in the caudate nucleus and nucleus
accumbens, and evidence for markedly greater hippocampal Age-related volume loss is typically seen in the form of
reduction, with accelerated loss relative to the cerebral cor-increased CSF spaces, and expansion of ventricular spaces
tex. No age decline was found in the lenticular nucleus. In has been found in healthy elderly pers¢hg,21,28] In a
another study comparing age decline in the caudate, putamenstudy comparing age effects on cortical and subcortical gray
and pallidum, a decrease of equal magnitude was found forand white matter as well as CSF compartmghit$, the great-
the caudate and putamen cross-sectionally as well as longitu-est age effect was seen in the form of increased cortical sulcal,
dinally, while age decline in the pallidum was only found by cerebral ventricular, and cerebellar CSF. No significant dif-
longitudinal measuremefft7]. Absence of age declineinthe  ference was observed in rate of change across the different
thalamug16], as well as significant age decline in the cau- compartments.
date nucleus (e.d16,19) and hippocampus (e.§R1,22)
have been observed in other samples too. However, there is
also conflicting evidence regarding age effects on subcortical2. Methods
structures. For instance, contrary to the above, thalamic age
decline has been report§?hs,26,37] one large-scale study 2.1. Sample
[21] found that the amygdala is significantly reduced with
age, and one study with a somewhat younger male sample Volunteers were recruited by advertisements placed on
[35] found no hippocampal age decline. Further, in a very campus and in local newspapers. Participants were required
large-scale studjl 2], preservation relative to other gray mat- to be right-handed, feel well and healthy, have normal or
ter areas was found in the amygdala and hippocampus. Differ-corrected to normal vision, not use a hearing aid, and not
ences such asthese may at least partly be attributed to varyinguffer from diseases or conditions known to affect central
sample characteristics — in particular, whether the full age nervous system functioning (e.g. hypothyroidism, multiple
range is sampled, including persons above 70 years and oldersclerosis, Parkinson’s disease, stroke, head injury). Those

satisfying these criteria were further screened for health
1.2. Cerebral white matter and age problems and cognitive problems by a structured interview,
Beck depression inventory (BD[}], the mini-mental state

Reports on the relationship between age and white mat-examination (MMSE)[10], and the Wechsler abbreviated
ter volume seem less consistent than those on gray matterintelligence scale (WASI}39]. Participants scoring above
Some studies have reported no age changes in white matte.4 on the BDI, below 26 on the MMSE, or more than one
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Table 1
Sample characteristica € 73)
Young (h=25) Middle agedri=23) Old h=25)
Mean S.D. Range Mean S.D. Range Mean S.D. Range
Age 273 5.2 20-41 560 7.0 43-66 743 48 67-88
Edu 158 21 13-18 13 27 9-20 141 32 7-19
IQ 1140 7.2 102-128 118 9.2 93-129 11D 134 85-134
MMSE 291 .8 28-30 2 .8 28-30 283 12 26-30
BDI 2.7 31 0-9 33 30 0-11 64 32 1-14

Beck depression inventory (BDI) was included at a later stage, and is reported for only a part of the sar6ple(Edu: years of formal education).

standard deviation below the population mean on the IQ Briefly, the segmentation is carried out as follows. First, an
test, were excluded from the study. This led to the exclusion optimal linear transform is computed that maximizes the like-
of three participants. The remaining sample consisted of 73lihood of the input image, given an atlas constructed from
persons (40F) aged 20-88 years. For a subsample of 54 manually labeled images. Next, a nonlinear transform is ini-
persons, age correlations for three of the measures (corticaltialized with the linear one, and the image is allowed to further
cerebral white matter, and hippocampal volume) have beendeform to better match the atlas. Finally, a Bayesian segmen-
reported in a separate papg8] in relation to normal tation procedure is carried out, and the maximum a posteriori
memory capability. Characteristics of the sample divided in (MAP) estimate of the labeling is computed. The segmenta-
three age groups (young, middle-aged, and old) are showntion uses three pieces of information to disambiguate labels:
in Table 1 One-way ANOVA showed that there was no (1) the prior probability of a given tissue class occurring at a
significant difference in IQ across groups<.613), butthere  specific atlas location, (2) the likelihood of the image given
were significant §<.05) group differences in education, that tissue class, and (3) the probability of the local spatial
MMSE, and BDI. Age differences on these measures are configuration of labels given the tissue class. This latter term
to be expected in the normal population (e€[g,13]. In represents alarge number of constraints on the space of allow-
hindsight, however, another measure than the BDI should able segmentations, and prohibits label configurations that
ideally have been chosen. The BDI includes responses tonever occurinthetraining set(e.g. hippocampusis never ante-
somatic complaints, and the increased prevalence of suchrior to amygdala). The technique has previously been shown

complaints with age probably results in higher sc§ggs to be comparable in accuracy to manual labeling. The seg-
mentations were visually inspected for accuracy. None were
2.2. MRI scanning discarded. A sample of the segmentation is showrign 1

Intracranial volume (ICV) was calculated based on proton

A Siemens Symphony Quantum 1.5 T MR scanner with a density (PD) weighted low-flip angle FLASH scans obtained
conventional head coil was used. The pulse sequences useduring the same scanning session as the scans used for auto-
for morphometric analysis were: two 3D magnetization pre- matic labeling. A deformable template procedure, similar to
pared gradient echo (MP-RAGE), T1-weighted sequencesthe “Shrink Wrapping” procedure described by Dale and col-
in succession (TR/TE/TI/FA=2730ms/4ms/1000ms/7 leagued6,7], was used to obtain an estimate of the smooth
matrix = 192x 256, FOV =256 mm), with a scan time of surface surrounding the intracranial space (containing cere-
8.5min per volume. Each volume consisted of 128 sagit- brum and cerebellum, CSF, meninges, and brainstem to a
tal slices with slice thickness =1.33 mm, and in-plane pixel level inmediately below the pons).
size of 1 mmx 1 mm. The image files in DICOM format were
transferred to a Linux workstation for morphometric analysis. 2.4. Statistical analyses

2.3. MRI volumetric analyses For each neuroanatomical volume, the summed values of
the left and right hemisphere were regressed on ICV, and
The automated procedures for volumetric measures ofthe standardized residuals were used in the analyses reported
the different brain structures are described by Fischl et al. here. This method was deemed appropriate since the topic
[9]. This procedure automatically assigns a neuroanatomicalof investigation was age differences regardless of gender,
label to each voxel in an MRI volume based on probabilistic and there was no relationship between ICV and age in the
information automatically estimated from a manually labeled present sampler € —.01, n.s.), but a significant difference
training set. The training set included both healthy personsinin the mean ICV of women and meM((mm?) = 14995,
the age range 18-87 years and a group of Alzheimer’s diseasés.D. = 9837 andM (mm?®) =21762, S.D.=125011, respec-
patients in the age range 60-87 years, and the classificatiortively, p=.000). Regression analyses were performed with
technique employs a registration procedure that is robust toall measures separately as the criteria variables and age as
anatomical variability, including the ventricular enlargement the predictor variable. The analyses were repeated with age
typically associated with neurological diseases and aging. as an additional predictor variable in order to assess possible
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Cortical white matter
Cerebral white matter
Lateral ventricle
4thyentricle

Cerebellar gray matter
Cerebellar white matter

Brainstem

Thalamus

3 ventricle
Pallidum
Putamen
Amygdala
Hippocampus

Inferior lateral ventricle
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Fig. 1. A sample of the automated labeling of the brain of a young male
participant. From top to bottom, slice 105, 135, and 160 in the coronal view

are shown, respectively. The different structures have unique color codes.Y

The arrows here are all pointed at the structures of the left hemisphere.

quadratic components, and again with%ge a third predic-

tor variable, to assess possible cubic components. For purposgmygdala

of comparison with the study of Jernigan et[4l7], Spear-

man’s correlations were also calculated for all brain measuresAccumbens area
and age. Further, the volume percentages of the ICV wereCaudate

calculated for measures of cortical gray matter, white matter

subcortical structures, pons, and ventricular volumes. Note gzinstem

that this is different from percentage of the supratentorial
cranial vault (STCV), which was used by Jernigan efia].

The linear estimates of volume changes from age 20 to 90 Lateral ventricles

were then calculated.

3. Results

3.1. Relationships between age and brain measures

The number of voxels in each raw volume measured is

shown inTable 2 The regression equatioris,andp values
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Table 2
Number of voxels (mrf) in each raw volume measured

Mean S.D.
Cortical gray matter 462,043 60,831
Cerebral WM 387,080 55,660
Hippocampus 7,345 924
Amygdala 3,534 480
Thalamus 13,375 1,631
Accumbens area 1,322 236
Caudate 7,957 1125
Putamen 10,985 1,068
Pallidum 4,192 470
Brainstem 20,776 2,346
Cerebellar cortex 103,610 14,729
Cerebellar WM 26,327 4,000
Lateral ventricles 27,162 16,388
Inferior lateral ventricles 1,301 716
3rd ventricle 1,377 675
4th ventricle 2,233 567
ICV 1,582,681 137,447

for all the structures predicted by age, as well ai¥hehange
when agé was included as a multiple regressor are shown
in Table 3 When introducing ageas a third regressor, addi-
tional unique variancep(<.05) was explained in only one
structure, the putamen, for whid® increased from .283 to
.333. The regression plots for all gray, subcortical, and white
matter volumes are shown kig. 2, and plots for ventricular
measures are shown Fig. 3. As seen, there were signifi-
cant effects of age on most brain measures. Age decline was
found in all white matter structures, and in all gray matter and
subcortical structures, with the exception of pallidum, which
only showed a marginally significant negative relationship

Table 3
Regression equations with each volume as a function of age (linear compo-
nent, betg) when entered as a single regre§sor

Beta F p R Rew/agé
Cortical gray —.779 109286 .000 .606 .616
Cerebral WM -.508 24674 000 .258 .404
Hippocampus —.398 13377 .000 .159 .315
—.469 20015 .000 .220 .256
Thalamus —.780 110399 .000 .609 .619
—.652 52539 .000 .425 428
—.692 65300 .000 .479 .498
Putamen —.473 20511 .000 .224 .283
' Pallidum -.229 3926 .051 .052 .064
-.353 10136 .002 .125 .242
Cerebellar cortex —.605 40908 .000 .366 .401
Cerebellar WM -.557 31855 .000 .310 .437
.695 66379 .000 .483 .555
Inferior lateral ventricle  .567 33727 .000 .322 552
3rd ventricle 741 86365 .000 .549 .603
4th ventricle .210 3268 .075 .044 .065

TheR? when ag8 (quadratic component) was entered as a multiple regressor
is shown (bold characters indicate .05 for agé. All quadratic relationships
significantap < .05 were also significant at the Bonferroni-corregiedlue
of p<.003, with the exception of putamep=.019) and cerebellar cortex
(p=.047)).

a All linear relationships significant at< .05 were also significant when
Bonferroni-corrected for multiple comparisonss .003.
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Fig. 2. Regression plots showing the relationships between age and the volume of cortical gray matter, cerebral white matter, hippocamputhaaygdala
accumbens, caudate, putamen, pallidum, brainstem, cerebellar cortex and cerebellar white matter. With the exception of pallidum, allshipsedation
significant p<.05). Only where ageor agé made a unique contribution to the amount of explained variance, is a quadratic or cubic regression function shown.

with age. The volumes of the lateral, inferior lateral, and 3rd pace. As seen frorRig. 3, these ventricular volumes appear
ventricles were positively related to age, but the relationship initially to be stable, but later accelerate. However, volume
between the 4th ventricle and age did not reach significance.of the 4th ventricle was not significantly related to age.
Significant quadratic components were found for all white

matter structures: cerebral and cerebellar white matter, and3.2. Outlier analyses

the brainstem. The relationship between age and hippocam-

pus, putamen, and cerebellar cortex, were also best described Upon inspection of the regression plots, some outliers
by a adding a curvilinear component. As seen friéig. 2, were evidentinthe material. Thus, outliers in the data set were
with the exception of putamen, these volumes appear to ini- identified by use of studentized deleted residuals. The deleted
tially remain stable or increase with age, but then start to residual is the residual value for the respective case, had it not
decline inthe 40 s. Based on the regression equation, the volbeen included in the regression analysis. If the deleted resid-
ume of the putamen appears to initially increase until the 30 s, ual differs greatly from the respective standardized residual
when it declines, whereupon a new increase is seen in the latesalue, then this case is possibly an outlier because its exclu-
60 s. Expansion of the volume of the 3rd ventricle and the sion changed the regression equation. All analyses were rerun
lateral and inferior lateral ventricles followed a curvilinear excluding, regression-by-regression, cases with studentized
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Fig. 3. Regression plots showing the relationship between age and the volume of the lateral, inferior lateral, 3rd and 4th ventricles. Withdhetttwept
4th ventricle, all the relationships are significap&(.05). Only where agemade a unique contibution to the amount of explained variance, is a curvilinear
regression function shown.

deleted residuals exceedingR.0. The results without the in explained variance of nearly 10% was seen for both hip-
outliers and the number of participants excluded per analysispocampus and the 3rd ventricle. For the analyses including
are shown ifTable 4 For the linear regressiong? increased ag€ as a multiple regressor, an increase in explained vari-

in 13 of 16 cases when outliers were excluded, it decreasedance was observed in 12 of 16 cases, decrease in three cases,
in two cases, and remained stable for pallidum. In general, and the amount for the 4th ventricle remained stable. Again,
the changes were not dramatic. However, a marked increaséhe changes were generally not marked, but an increase

Table 4

Regressions with each volume as a function of age, as shofabie 3 but with outliers excluded (studentized deleted residuals 22.0)

Y nexcluded age (+adp Beta F p R Rew/agé
Cortical gray 34 —.816 135332 .000 .666 671
Cerebral WM 3(4) —.585 35367 .000 .342 465
Hippocampus 3(4) —.506 23350 .000 .256 .374
Amygdala 5(5) —.461 18580 .000 212 247
Thalamus 3(4) —.825 147315 .000 .681 .690
Accumbens area 3(3) —.677 59270 .000 .458 .460
Caudate 4(4) —.740 82528 .000 .548 .552
Putamen 5(5) —.423 15060 .000 79 224
Pallidum 33 —.227 3814 .055 .052 .076
Brainstem 5(2) —.396 12623 .001 157 .284
Cerebellar cortex 4(3) —.671 55814 .000 .451 .459
Cerebellar WM 5(4) —.586 35118 .000 .344 436
Lateral ventricles 4 (6) .704 65854 .000 496 .612
Inferior lateral ventricles 33 .633 46128 .000 .392 .654
3rd ventricle 5(4) .803 120169 .000 .645 702
4th ventricle 2(3) 232 3914 .052 .054 .065

a Bold characters indicae< .05 for agé.
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in explained variance of nearly 10% was observed for the Table 5 . .
3rd ventricle. The quadratic component of the relationship SPearman's rho correlations between brain measures afld age

between age and putamen became marginally insignificantCortical gray —.78 (=53
(p=.051). However, the quadratic components for amygdala Cerebral WM —-56 (-63
and CSF became significant only upon exclusion of the out- ?:Eggg:gp“s :fé E::gg))
liers. The analyses including agas a third regressor did N0t Thajamus _79 (-.13)
yield any additional significant cubic relationships when per- Accumbens area —.68 (-.33
formed without the outliers, but the cubic component of the Putamen -.41 (.00)
age—putamen relationship remained significart 01), and ~ Pallidum —18

RZincreased from .333 t0 .352. In order to determine whether gf;::‘::m :';g 39
there was something unusual about the deleted cases, th@grebeliar cortex _ 62 .56
number of outliers accounted for by each excluded partici- cerebellar WM —.58 (.49
pant in the linear regressions was calculated. It was found Lateral ventricles a7

that having at least one outlier observation was the rule, Inferior lateral ventricles 61

rather than the exception, since 48 of the 73 participants were>r2 venice -80

excluded in one or more of the 16 outlier analyses. Five of - - -
these 48 accounted for 2 outlier observations, 4 accour,l,[edWhere applicable, results from J_ernlgan ef2jlare reported in parentheses

. (data were reported for the lenticular nucleus, rather than for the putamen
for 3, 3 accounted for 4, and 1 accounted for 5 outlier obser- 4ng paliidum separately).
vations. The scans of the 13 persons that accounted for mul- 2 Bold characters indicage< .05.
tiple outliers were re-inspected, but erroneous segmentations
were not apparent. The characteristics of participants with
multiple outlier observations were then compared to those date, cortex, cerebellar cortex, thalamus, and cerebellar white
of the remaining participants. Independent samples T-testsmatter.
showed that the groups did not diffgr¥ .05) with respect to
1Q (outliers:M=113.3, S.D.=8.9 versus othdv=113.6,
S.D.=10.5), MMS (outliersM=29.1, S.D.=.9 versus oth- 4. Discussion
ers:M=28.8,S.D.=1.0), age (outliefst=48.9, S.D.=22.1
versus otherdl =53.2, S.D. =20.3) or sex. Thus, there was The present results indicate significant age differences in
no obvious reason why these participants were outliers, andall neuroanatomical volumes, with the exception of pallidum,
no obvious reason to exclude them from analyses. However,which followed the same trend, but showed marginally non-
the results for analyses performed also without the outliers significant differences. Age differences were also observedin
are presented here in order to minimize the possibility that the lateral, inferior lateral, and 3rd ventricle. A similar trend
rare data points exert undue influence, and to enable evaluawas observed for the 4th ventricle, but this was marginally

4th ventricle .22

tion of the robustness of the observed fits. insignificant. In sum, the data for these 16 brain measures

suggest almost globally smaller neuroanatomical volumes
3.3. Spearman’s correlations and estimates of and larger CSF compartments in older, relative to younger
percentage change from age 20 to 90 persons. We cannot with certainty conclude that this is due to

a reduction of brain tissues and expansion of CSF compart-

Spearman’s correlations of all brain measures with age arements with age. It is well known that cohort effects exist for
presented iMable 5 Where applicable, Spearman’s correla- mental abilitieg31], and one may reason that these can be
tions from another studfl7] comparing age differences in  partly based in structural brain differences. For instance, the
several brain measures are also reported. That study was petknown secular acceleration of body height and weight comes
formed on a sample of comparable sine=(78) and gender  with an accompanying increase in brain weifti], which
distribution (41F), but somewhat older age range (30-99 may be confused with aging effects. Fortunately, there was
years) than the present. With the exception of hippocam- no relationship between ICV and age in the present sample,
pus and cerebral white matter, the relationships found in the so there is not reason to believe that the present data are much
present study are stronger. The most striking differences areinfluenced by this cohort effect. Longitudinal MR studies on
seen in much stronger age relationships for the thalamus, fol-normal age changes are naturally scarce, but some data exist
lowed by amygdala, the accumbens area, and caudate. Thand these do not completely concur with cross-sectional find-
only age effects of comparable size (an absolute differenceings. However, the magnitude of longitudinal change with age
in Spearman’s rho of less than .20) are seen for cerebralin the striatum has been found to be greater, not smaller, than
and cerebellar white matter, and cerebellar cortex/gray mat-predicted from cross-sectional studj2g], and 1 year longi-
ter. Linear estimates of percentage changes from age 20 tdudinal age changes have also been observed for ventricular
90 for gray, white, subcortical, and ventricular volumes are volume[28]. Thus, it seems reasonable to conclude that the
shown inTable 6 The estimated proportional age loss was presently observed age differences do, at least partly, repre-
ultimately greatest in the accumbens area, followed by cau-sent age-related changes, i.e. tissue volume loss. For reasons
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Table 6
Linear estimates of volume changes from age 20 to 90
Proportion of ICV %Change of ICV %Change of 20-year-old volume
x=20 years Xx=90 years

Cortex .331540 .246140 —8.54 —25.76
Cerebral WM .265296 .220202 —4.51 —17.00
Hippocampus .004957 .004282 -.07 —13.60
Amygdala .002403 .002028 —.04 —1559
Thalamus .009494 .007268 -.22 —2345
Accumbens .000975 .000676 —.03 —30.65
Caudate .005727 .004245 -.14 —25.88
Putamen .007393 .006468 —.09 —1254
Pallidum .002738 .002557 -.02 —6.62
Brainstem .013796 .012381 —.14 —10.30
Cerebellar cortex .073652 .056264 —-1.74 —2361
Cerebellar WM .018574 .014422 —.42 —-2235
Lateral ventricles .006394 .029270 +229 +35779
Inferior lateral ventricles .000411 .001298 +09 +21574
3rd ventricle .000387 .001422 +10 +26741
4th ventricle .001300 .001546 +02 +1890

of convenience we refer to the observed age differences ageflect this later age decrease to a greater degree, especially

age changes. for hippocampus and cerebral white matter. Based on the
present data, these structures, along with pons, cerebellar
4.1. Global volume loss white matter, and cerebellar cortex, seem to decline only

from around the 40s. It is less clear whether sample differ-

Of all the studied volumes, thalamus and cortical gray mat- €Nces across studies can explain the larger age effects on
ter were the most negatively associated with age, while the_other subcortlca_ll structures in the present study, as presented
volumes of the lateral and 3rd ventricle were about equally N Table 5 For instance, larger age effects were found for
strongly positively associated (all rhos>.75). More moder- @mygdala, thalamus, accumbens and caudate as well as cor-
ate, but robust relationships (rhos = .38—.70) were observed!€X- It is kqown that there is postgdolescent maturational age
for the caudate, the accumbens area, hippocampus, putamerieduction in cortical and subcortical volumi@s], and such
cerebellar cortex and cerebellar white matter, cerebral white 'éduction among the participants in their 20 s may have influ-
matter, brainstem, and the inferior lateral ventricles. Itis note- €nced the present findings. However, age effects on all of the
worthy that the present data generally suggest greater anciPove-mentioned volumes were found to be linear, so that
more global neuroanatomical age changes than previouslythere is no apparent break point between maturational reduc-
found. Absence of a relationship between thalamic volume Flons and furthgr age decreases. The inclusion .of participants
and age has previously been repor#6,17] while a rela- in the 20s may increase the perce_ntage reductlon_of volumes
tionship has been found in other studjas,37}, and this is seen upto 90 years, and may also increase thev_arlance sothat
among the strongest age relationships found in the presengffect sizes could become somewhat stronger in the present
study. Further, pontine volume has also been reported not toS@mple. However, in our opinion, when evident in the Spear-
decline with ag§20,24,26,36]and inconsistent and negative Man correlatlops Wlth age in a sample with a lower age I|.m|t
findings have been reported for the hippocampus and amyg-_Of 20 years, t_hls linear decregse_ should be nearly as evident
dala[12,21,35] Smaller, and insignificant age differences in 1N Samples with a lower age limit of 30 years. It, therefore,
the volume of the pallidum are, however, not surprising, and does not seem likely that the increased age variance in t_he
are in line with previous cross-sectional res{i,27} present stu.dy may account for all of the larger age effects in

The observed differences across studies may partly be due? Systematic way.
toage differences in the samples. Younger, but also older sam-
ples have previously been employed. The apparently different4.2. Heterogenic aging patterns across structures
and larger age effects for hippocampus and cerebral white
matter found by Jernigan et 4lL7] is likely influenced by It is evident that more or less global age reductions were
the inclusion of several participants in the 20s in the presentfound across the studied brain structures in the present
study, whereas Jernigan et aJ1§] sample included partici-  sample. However, as mentioned, some have rather pointed
pants from 30 years and up. It is evident from the regressionto the regional variability of neuroanatomical volume loss
plots that both hippocampus and cerebral white matter con-(e.g.[17]). The present data also emphasize heterogenic age
tinue to increase in volume into the 30s and 40s, followed by responses of various brain volumes, in that some structures,
a subsequent age decrease. Jernigan et al.'s results probablye. cortex, amygdala, thalamus, the accumbens area, and



K.B. Walhovd et al. / Neurobiology of Aging 26 (2005) 1261-1270 1269

caudate, show linear relationships, while other structures, i.e. The present sample is of well-above average 1Q, and this
cerebral white matter, hippocampus, brainstem, cerebellarsuggests that the strong age effects are most likely not due
white and gray matter, as well as volumes of the lateral, infe- to below-normal function or characteristics of the participant
rior lateral and 3rd ventricles, show curvilinear relationships pool. Itis also noteworthy that the observed effects are notdue
with age. The fact that age decline in these latter volumes to the presence of deviant participants in the sample, since
were best described by curvilinear functions, may limit their mostrelationships strengthened when outliers were excluded.
potential value as diagnostic markers. Since normal ageAs in other in vivo imaging studies, the quality of the scans
change in these volumes is normally steeper over some partsnay have influenced the results. However, two successive T1-
of the life span, it may be more difficult to delineate what an weighted sequences were used to ensure high scan quality. A
observed accelerated volume reduction means, and whethemain difference between this and most studies is that an auto-
it is a sign of normal aging or pathology. A steep reduction matic segmentation and labeling technique was employed.
in structures characterized by a linear age function, on the This may have influenced the results. However, the automatic
other hand, such as cortical or thalamic volume, would labeling procedure has been shown to be of comparable accu-
more likely be a sign of abnormality. Heterogenic aging is racy to manual labeling. Thus, we find it likely that besides
also seen in differential percentages of volume reduction age variations in the studied samples and applied segmen-
across the studied structures. As seefable 6 the greatest  tation and labeling techniques, the observed discrepancies
estimated proportional reduction between the ages of 20across studies may reflect the real and, by other means, well-
and 90 is seen for the accumbens area, caudate, cortexdocumented heterogeneity of agif&i]. This indicates that
thalamus, and cerebellum, and this is accompanied also byindividual differences comprise the norm, not the exception,
large proportional increases of the lateral, inferior lateral and that the normal range of cognitive capabilities widens
and 3rd ventricles. Smaller proportional volume changes acrossthe age range. Suchindividual variability may partly be
(i.e. less than 20%) are estimated for the remaining volumes,reflected in brain morphology. Given a magnitude of normal
including hippocampus and cerebral white matter. individual differences, different MR studies may incidentally
Differential age changes were seen across different neu-capture different versions of normal age changes. A wide
roanatomical volumes in the present data in the form of range of normal variation in any measure poses huge chal-
linear versus curvilinear relationships with age, as well as lenges for the use of that measure in clinical settings. That
somewhat different proportional age changes in the variousbeing said, it is perhaps more likely that studies not observ-

volumes. ing relationships are more prone to incidental variations than
studies that do observe strong and consistent relationships.

4.3. Limitations and reasons for discrepancies across For instance, the present regression plots of age and cortex,

studies thalamus, and caudate show very dense, strong and straight-

forward relationships. The fact that such relationships can be

As discussed above, the type and magnitude of ageidentified by the use of automated and cost-efficient labeling
changes found likely depend on the age range studied. Thegives hope that volumetric measurement of neuroanatomical
present study includes a broad age range, and should as sucétructures may be a fruitful approach in delineating normal
yield data representing nearly the entire adult lifespan. Fur- as well as abnormal age changes.
ther, the sample is fairly similar to that of Jernigan et al.
[17], comparing several of the same structures with differ-
ent results. However, that study did involve an older age Acknowledgements
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