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The use of functional neuroimaging to test hypoth-
ses regarding age-related changes in the neural sub-
trates of cognitive processes relies on assumptions
egarding the coupling of neural activity to neuroimag-
ng signal. Differences in neuroimaging signal re-
ponse between young and elderly subjects can be
apped directly to differences in neural response only

f such coupling does not change with age. Here we
xamined spatial and temporal characteristics of the
OLD fMRI hemodynamic response in primary senso-
imotor cortex in young and elderly subjects during
he performance of a simple reaction time task. We
ound that 75% of elderly subjects (n 5 20) exhibited a
etectable voxel-wise relationship with the behavioral
aradigm in this region as compared to 100% young
ubjects (n 5 32). The median number of suprathresh-
ld voxels in the young subjects was greater than four
imes that of the elderly subjects. Young subjects had a
lightly greater signal:noise per voxel than the elderly
ubjects that was attributed to a greater level of noise
er voxel in the elderly subjects. The evidence did not
upport the idea that the greater head motion ob-
erved in the elderly was the cause of this greater
oxel-wise noise. There were no significant differences
etween groups in either the shape of the hemody-
amic response or in its the within-group variability,
lthough the former evidenced a near significant trend.
he overall finding that some aspects of the hemody-
amic coupling between neural activity and BOLD

MRI signal change with age cautions against simple
nterpretations of the results of imaging studies that
ompare young and elderly subjects. r 1999 Academic Press

Key Words: functional MRI; aging; BOLD; hemody-
amic response

INTRODUCTION

The application of blood oxygenation level dependent
BOLD), functional magnetic resonance imaging (fMRI)
elies upon the observation that a change in neural
ctivity produces a change in local deoxyhemoglobin

oncentration and hence local magnetic inhomogeneity. t
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his change in local magnetic inhomogeneity can be
etected through its effect on the T2*-weighted mag-
etic resonance imaging (MRI) signal (Ogawa et al.,
992; Kwong et al., 1992). Therefore, local changes in
eural activity cause local changes in this aspect of the
RI signal, allowing the latter to be used as an indirect
arker for the former.
A number of functional imaging studies have sought

o identify age-related changes in the neural substrates
f cognitive processes. Those studies that in a quantita-
ive manner directly compare changes in fMRI signal
ntensity across age groups rely upon the assumption of
ge-equivalent coupling of neural activity to fMRI
ignal in time and space. There are motivations to test
his general assumption. First, histological studies of
erebral microvasculature have demonstrated consider-
ble age-related variability in the organization of inter-
erebral arterioles, capillaries, and venules. Fang
1976), for instance, observed age-related increases in
he winding, coiling, and number of ‘‘blind-ends’’ in the
erebral vascular microlattice, most notably in the
rteriole-venous-capillary bed. Because the BOLD fMRI
ignal has been shown to have a significant contribu-
ion from the capillary bed (Menon et al., 1995) these
ge-related differences in vasculature could conceiv-
bly produce age-related differences in BOLD fMRI
ignal responsiveness.
Differences in experimentally induced fMRI signal

hange between young and elderly subjects are indica-
ive in general of differences in neural activity only if
he coupling between neural activity and fMRI signal
oes not change with age. The age-equivalence of this
oupling can be assessed in part by measuring the
emporal and spatial characteristics of the fMRI hemo-
ynamic response in young and elderly subjects to
quivalent neural input. Differences in the hemody-
amic response between age groups in either time or
pace would indicate a failure of the age-equivalence
ssumption. In performing such a test, one must as-
ume an identical spatiotemporal pattern of neural
ctivity. Therefore, we made the provisional assump-

ion of identical neural activity in healthy young and
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7THE EFFECTS OF AGING ON BOLD fMRI
lderly subjects in sensorimotor cortex associated with
fixed-paced, simple reaction time task. This assump-

ion is supported by the observation of similar move-
ent-related electrical potentials in samples from these

wo populations under similar conditions (Cunnington
t al., 1995).

METHODS

ubjects

We studied 32 ‘‘young’’ subjects (20 men, 12 women;
ean age 5 22.9, range 18–32) and 20 ‘‘elderly’’ sub-

ects (8 men, 12 women; mean age 5 71.3, range 61–
2). All subjects were right handed. Data from the
ounger subjects have been previously reported (Agu-
rre et al., 1998). Younger subjects were recruited from
he undergraduate and medical campuses of the Univer-
ity of Pennsylvania. Healthy elderly subjects were
ecruited from the community. Subjects were excluded
f they had any neurological or psychiatric illness or if
hey were taking any centrally acting medication. All
lderly subjects performed within normal limits (score
26) on the Mini-Mental Status Exam (Folstein et al.,
975). All subjects gave informed consent.

RI Technique

Imaging was carried out on a 1.5T SIGNA scanner
GE Medical Systems) equipped with a fast gradient
ystem for echo-planar imaging. A standard radiofre-
uency (RF) head coil was used with foam padding to
omfortably restrict head motion. High resolution sagit-
al and axial T1-weighted images were obtained in
very subject. A gradient echo, echoplanar sequence
TR 5 2000 ms, TE 5 50 ms) was used to acquire data
ensitive to the BOLD signal (Kwong et al., 1992;
gawa et al., 1992). Resolution was 3.75 3 3.75 mm in
lane, and 5 mm between planes, with no skip in
etween planes (18 axial slices were acquired). Twenty
econds of gradient and RF pulses preceded the actual
ata acquisition to allow tissue to reach steady-state
agnetization.

ehavioral Paradigm

During this task, a white fixation cross was con-
tantly illuminated in the center of a black background.
very 16 s the cross would change briefly (500 ms) to a
hite circle, which would cue the subjects to make a
ilateral button press, and reaction times were re-
orded. Therefore, the nature of the visually-cued move-
ent was predictable both in time and space. A total of

0 such button press events were presented during a

20-s scan (160 images at TR 5 2 s). w
ata Analysis

Off-line data processing was performed on SUN
ltra workstations using programs written in Interac-

ive Data Language (Research Systems, Boulder, CO).
fter image reconstruction and before motion correc-

ion, the data were sinc interpolated in time to correct
or the fMRI acquisition sequence. This step is of
articular importance for our experiment because hemo-
ynamic responses were to be compared across slices
hat were obtained at different points in the acquisition
equence (and therefore at different points in time). If
eft uncorrected, this would have introduced variability
nd bias (an advance) into the hemodynamic responses.
he data were then motion corrected using two meth-
ds sequentially. First, a six-parameter (three transla-
ional and three rotational), rigid-body, least squares
ealignment routine [part of SPM96b package (Friston
t al., 1996)] was applied. Second, a slice-wise motion
ompensation method was used that removed spatially
oherent signal changes via the application of a partial
orrelation method to each slice in time (described in
arahn et al., 1997).
There were three major aims of this experiment: (1)

o detect (in a manner not biased by previous informa-
ion about hemodynamic responses from young sub-
ects) BOLD fMRI signal change in the region surround-
ng and including the central sulcus temporally
ssociated with the button-press paradigm in young
nd elderly subjects; (2) to compare magnitudes of
oxel-wise BOLD fMRI task-related signal, noise, and
ignal:noise ratios between young and elderly groups
s well as the spatial extent of the task-related signal
hange; (3) to compare the waveforms (which include
oth shape and magnitude information) of the BOLD
MRI hemodynamic responses between young and el-
erly subjects.
(1) Detection. Data were analyzed by first defining
central sulcus search region from each subject’s T1

xial images. The central sulcus was identified by one
f the authors (BR) as the first medial-lateral sulcus
osterior to, and not in contact with, the posterior
xtent of the superior frontal sulcus on the superior-
ost slices (Talairach and Tournoux, 1988). The central

ulcus search region included both the sulcus and the
urrounding gray matter, yielding a mean total (left
nd right combined) search volume of 364 voxels (range
39–461, SD 5 58) per subject in the young group and
85 voxels (range 232–568, SD 5 93) in the elderly
roup. The rule used to guide region definition was that
he sulcus and the surrounding gray matter of one
oxel thickness were to be included. Due to changes in
ulcal cerebrospinal fluid volume with age (e.g., Pfeffer-
aum et al., 1994) this rule could possibly lead to
ystematic differences in the size of the search region
etween young and elderly subjects. However, there

as not a significant difference in search region size



b
P
t
p
r

r
o
(
b
a
h
r
t
i
t
w
e
c
p
e
a
t
c
N
e
n
V
s
d
A

e
s
T
d
t
m
n

e
m
t
d
n
a
c
M
0
t
f
o

B
a
j

s
a
v
s
s
b
d
e

p
w
c
n
s
u
a
a
e
a
(
d
s
o
d
m
w
s
w

a
a
b
t
t
o
p
1
y

P

w
s
v
T
u
o
s
P
c
t

8 D’ESPOSITO ET AL.
etween young and elderly subject groups (t(50) 5 1.02,
5 0.31). In addition, a greater volume of truly active

issue in the search regions of elderly subjects would be
redicted (under the null hypothesis) to lead to opposite
esults from those which were observed.
A 1/f model (Zarahn et al., 1997) of temporal autocor-

elation specific for each subject was used in the context
f the general linear model modified for serial errors
Worsley and Friston, 1995). The time series were
andpass filtered (removing information at #0.05 Hz
nd $0.24375 Hz). The low range of filtered frequencies
as high noise (Zarahn et al., 1997), while the high
ange (which would not be predicted to contain any
ask-related information) contains technical artifacts
n our data. A partial F test (which took into account
emporal filtering/autocorrelation; Worsley et al., 1997)
as performed in the central sulcus search region in
ach young and elderly subject to test for focal signal
hange temporally associated with the button-press
aradigm. The reduced model contained only trial-
ffect covariates (i.e., trial means), while the full model
lso included a six-element Fourier basis set spanning
he 16-s (i.e., 8 TR) trial duration (comprising sines and
osines at 0.0625, 0.125, and 0.1875 Hz; excluding the
yquist frequency and trial mean). a was controlled in

ach subject at 0.05 by Bonferroni correction for the
umber of voxels in the search region of each subject.
oxels surpassing the appropriate F threshold in each
ubject are referred to as suprathreshold voxels. More
etails regarding this analysis method are available in
guirre et al. (1998).
The use of a basis set has as an advantage in that it

liminates of most a priori constraints on the expected
hape of the hemodynamic response (Friston et al., 1998).
herefore, the young and elderly might have completely
ifferent shapes of hemodynamic response and yet activa-
ions in both groups would be detected equally well by this
ethod (if the total task-induced variance relative to
oise in each type of response was the same).
(2) Signal:noise characterization. In each young and

lderly subject, the time series (normalized by their
eans) of the voxels which were suprathreshold were

abulated for estimates of noise variance (i.e., the
enominator of the F statistic), signal variance (i.e., the
umerator minus the denominator of the F statistic),
nd their ratio (i.e., signal:noise). These values were
ompared between young and elderly subjects using the
ann–Whitney test for two-sample location at a 5

.05. The reason a nonparametric test was chosen is
hat the distributions of these data appeared to deviate
rom normal (as would be expected in any case as sums
f squared normal deviates are not themselves normal).
(3) Comparison of the shapes and magnitudes of the
OLD fMRI hemodynamic responses between young
nd elderly subjects. In each young and elderly sub-
ect, the time-series (normalized by their means) of a t
ingle, randomly chosen, suprathreshold voxel was
veraged across trials. The reason that only a single
oxel was chosen from each subject is that there were
ubjects with only one suprathreshold voxel. The as-
umption of homogeneity of variance (in the analysis to
e directly described) would be expected to be violated if
ifferent subjects contributed different numbers of vox-
ls.
These trial-averaged time series were used to com-

are the variability of the hemodynamic responses
ithin age group to those between age groups. Specifi-

ally, the coefficients of a subset of the Fourier compo-
ents of the trial-averaged responses (specifically, the
ame components as those comprising the basis set
sed for detection) were subjected to a multivariate
nalysis of variance. The multivariate nature of this
nalysis is due to the treatment of the coefficient of
ach Fourier component as a separate dependent vari-
ble. This analysis yielded a single F statistic with
number of Fourier components 5 6) degrees of free-
om in the numerator and (number of young
ubjects 1 number of elderly subjects 2 2) p (number
f Fourier components) degrees of freedom in the
enominator. This analysis is sensitive to both (signed)
agnitude differences in the Fourier components as
ell as phase differences. Therefore, any differences in

caling and/or shape in the hemodynamic responses
ould tend to be detected by this analysis.
(4) Comparison of head motion. One source of vari-

nce in fMRI time-series is bulk head motion (Friston et
l., 1996). If significant differences in noise were found
etween the young and elderly groups, we wished to
est the hypothesis that one source of this difference is a
endency for greater head motion during scanning for
ne group as compared to the other. A measure of the
ath length of the center of the head was calculated for
3 randomly selected elderly and 15 randomly selected
oung subjects:

ath Length

5 o
i50

158

ÎXi11 2 Xi)2 1 (Yi11 2 Yi)2 1 (Zi11 2 Zi)2 ,

here i indexes the 160 images obtained for each
ubject and X, Y, and Z are the translation parameter
alues returned by the motion correction algorithm.
wo tests were performed upon these values. First, an
npaired Mann–Whitney test was used to test if the set
f path length values obtained for the young and elderly
ubjects were significantly different. Second, separate
earson product moment correlation coefficients were
alculated for the young and elderly groups to examine
he relationship between the movement measure and

he noise variance for each subject.
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9THE EFFECTS OF AGING ON BOLD fMRI
RESULTS

ehavioral Performance

Accuracy rates for younger (100%) and elderly sub-
ects (98.9%) were similar (four elderly subjects did not
espond in time in 1 of the 20 trial events). Elderly
ubjects’ mean reaction time (414.8 ms, SD 5 60.6) was
ignificantly slower than that of younger subjects (368.1
s, SD 5 68.2; t(48) 5 2.3, P , 0.03; the behavioral

ata from two young subjects and two elderly subject
ere lost due to a computer error). The mean reaction

ime of the five elderly subjects who showed no supra-
hreshold activation (M 5 451.1, SD 5 48.6) had a trend
oward being slower than that of the elderly subjects
ho showed suprathreshold activation (M 5 400.8,
D 5 57.2; P 5 0.06) (see below). Accuracy rate for the
onresponders (98%; three of these subjects timed out
n one trial) was not significantly less than that of
esponders (99%; two of these subjects timed out on 1
rial).

etection

32/32 (100%) of the young subjects had suprathresh-
ld voxels detected in their respective central sulcus
earch regions, while 15/20 (75%) of the elderly subjects
videnced such suprathreshold voxels. All subsequent
nalyses only involved those subjects that had at least
ne suprathreshold voxel. In this subset of the subjects,
here was a significantly greater number of suprathresh-
ld voxels in the central sulcus search regions of the
oung compared to that of the elderly subjects (median
f the young 5 30.5 voxels; median of the elderly 5 6.0
oxels; U 5 60.5; P , 0.0001). This difference in spatial
xtent of activation could not be explained by the
olume of the search regions as these were slightly
arger in the elderly group (385 vs 364 voxels).

ignal:Noise Characterization

The voxel-averaged noise magnitude was signifi-
antly greater in the elderly subjects than in the young
U 5 125; P 5 0.009), but signal magnitude was not
U 5 194; P 5 0.29). As expected from these results,
he signal:noise was significantly greater in the young
han in the elderly group (median of the young 5 7.6;
edian of the elderly 5 5.9; U 5 107; P 5 0.002). Ex-

mination of the averaged power spectra from the
uprathreshold voxels showed that the increased noise
n the elderly over the young subjects was greater in the
/f component than in the white noise component
Fig. 1).

Because bulk head motion can introduce variance
nto fMRI data even after motion correction (Friston et
l., 1996), one possible cause of the greater noise in the
lderly group is a tendency for greater head motion

uring scanning for the elderly as compared to the w
oung. A summary motion measure (path length) that
eflects the translational movement of the head during
canning was calculated for a randomly selected subset
f the elderly and young subjects. Path length was
ound to be significantly greater in the elderly popula-
ion as compared to the young (median young 5 0.041
m; median elderly 5 0.074 mm; P 5 0.0008 by Mann–
hitney U test). However, no noticeable relationship

FIG. 1. (A) The average power spectrum for the young (n 5 32)
nd elderly (n 5 20) samples are shown. For each group, the spec-
rum is an average across subjects of the within-subject average
pectra (which themselves are averages of the power spectra across
ll suprathreshold voxels; see Materials and Methods). It can be seen
hat power at the fundamental frequency of the behavioral paradigm
marked by arrow) is nearly identical in the two groups. (B) The ratio
f the average elderly group power spectrum to the average young
roup power spectrum is shown. It can be seen that the greatest
isparity between noise in the young and elderly groups is at the
owest frequencies, although the noise tends to be greater in the
lderly group throughout the spectrum.
as found between the noise magnitude and the motion
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10 D’ESPOSITO ET AL.
easure either within the young or elderly groups
elderly (n 5 11), Pearson’s r 5 0.32, P 5 0.26; young
n 5 16), Pearson’s r 5 20.17, P 5 0.53]. This suggests
hat greater noise and greater motion are both the
ffect of age, but that one does not cause the other
because if motion were a proximal cause for noise, then
e would expect it to still have some relationship with
oise after covarying for age).

omparison of the Shapes and Magnitudes of the
BOLD fMRI Hemodynamic Responses
between Young and Elderly Subjects

Single voxels were randomly selected from the set of
uprathreshold voxels in each young and elderly sub-
ect that evinced any such voxels. The trial-averaged
ime series corresponding to these voxels were tested
or age differences in shape and magnitude. This test
as implemented using a multivariate analysis of
ariance, which, for all selected Fourier coefficient (see
ethods), compared the variability within each age

roup to the variability between age groups (with
ariability pooled across Fourier coefficients).Acompari-
on of the within-group variability in the hemodynamic
esponses between the young and elderly groups re-
ealed no significant difference (F(84,186) 5 1.18,
5 0.17). Since there apparently was not a large1

ifference in the within-group variances, we proceeded
ith the between groups test which yielded a trend

owards a difference between young and elderly groups
n the shape and scaling of the hemodynamic response
F(6,270) 5 2.06, P 5 0.06). The individual and across-
ubject average hemodynamic responses (with each
ubject contributing the time series of one randomly
elected voxel) for the elderly and the young groups are
resented in Fig. 2.

DISCUSSION

In this study, random samples drawn from a young
opulation (ages 18–32) and an elderly population
ages 65–82) were subjected to identical behavioral
aradigms while being scanned with BOLD fMRI. The
ehavioral paradigm was a simple reaction time task
hat involved a visually cued, bilateral button press
very 16 s. Therefore, the spatial characteristics (i.e.,
here the stimulus was to appear and what kind of
ovement would be required) and the temporal charac-

eristics (i.e., when the visual cues for movement
ppeared) were predictable. In this study, we have

1 A ‘‘large’’ difference in variance is one that would invalidate the
alse positive rate to an unacceptable extent. We would have not
erformed the analysis if there was greater than or equal to a 50%
ifference in within-group variance between the young and elderly
roups. We note that unequal sample sizes, as used here, makes
tNOVA less robust to such violations (Kleinbaum et al., 1988).
ade the assumption that neural activity associated
ith a button press is not different between young and
lderly subjects. We believe that this is a reasonable
ssumption for two reasons. First, movement-related
lectrical potentials at a central scalp electrode in
oung and elderly subjects have been reported to be
imilar under conditions such as those present in our
aradigm (Cunnington et al., 1995). Second, there is
lso neuropathological evidence that primary motor
ortex does not exhibit significant neuronal loss in
ormal aging (Haug, 1997).
This study identified several important similarities

nd differences between age groups in BOLD fMRI
ignal within a search region confined to the central
ulcus and its surrounding parenchyma. First, 25%
5/20) of the sample of elderly subjects exhibited no
etectable voxel-wise relationship with the behavioral
aradigm in this region, compared to 0% of the sample
f young subjects. In those subjects that did exhibit
ome significant relationship with the task, the young
ubjects had a slightly greater signal:noise per voxel
han the elderly subjects. This difference in signal to
oise between groups was apparently due to a greater

evel of noise per voxel in the elderly. Although one
ossible source of greater noise in the elderly is greater
ead motion, we failed to detect any significant correla-
ion between head motion and noise magnitude after
ovarying for age group.
We also found a marked disparity in the number of

etected voxels between age groups, with the median
umber of suprathreshold voxels in the young subjects
eing greater than four times than that of the elderly
ubjects. Interestingly, the magnitude of voxel-wise
ask-related signal per se (taking into account noise)
as not detectably different between the age groups.

ethodological Implications of the Results with an
Assumption of Equal Neural Activity
in the Young and Elderly Groups

One way to interpret the results of this study is to
ssume that the spatiotemporal pattern and intensity
f neural activity in the vicinity of the central sulcus is
he same between the populations from which the
oung and elderly groups were sampled (as supported,
hough not proven, by references cited above). Given
his assumption, any difference between groups in the
patial and temporal fMRI results would be attribut-
ble to differences in hemodynamic coupling between
eural activity and BOLD fMRI signal change and/or
ther factors that can affect the BOLD fMRI signal
such as motion). There are a few possible explanations
or changes in coupling between neural activity and
OLD signal in normal aging. One hypothesis would be
hat age differences in the spatial properties of the
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11THE EFFECTS OF AGING ON BOLD fMRI
p

ascular bed (Fang, 1976) causes changes in the spatial
roperties of this coupling. Another hypothesis would
ink vascular pathology (known to increase with nor-

al aging, Bohl and Hori, 1997) with spatial extent. We
ote that our conclusions regarding age-related changes

n the hemodynamic coupling of neural activity to fMRI
ignal do not necessarily generalize to other blood flow
ased imaging methods such as PET. In fact, one study
omparing fMRI and PET suggests that the transform
etween blood flow to imaging signal between these
ethods may differ (Rees et al., 1997).
Regardless of these hypotheses, the assumption of

qual spatiotemporal patterns of neural activity in the
wo populations in conjunction with the result of less
patial extent in the elderly would lead to a rather clear
ethodological conclusion: comparisons between task-

elated fMRI activations in young and elderly groups
sing statistical parametric mapping (SPM; (Friston,
994/1995)) cannot be expected to yield null-hypothesis
esults when the null-hypothesis is true in terms of
eural activity. This is because differences in spatial
xtent of activation translate into differences in inten-
ity after spatial smoothing. To illustrate this point, we
erformed a group analysis on our data and observed
reater ‘‘activation’’ in primary sensorimotor cortex in
he young subjects as compared to the old subjects (Fig.
). If the results of Cunnington et al. (1995) are reliable,
nd evoked related potentials are a reliable measure of
patially averaged neural activity, then this is an
xample of a positive fMRI result in the presence of a
ull neural result.
In addition to the differences in spatial extent be-

ween groups (in those subjects that had a detectable
MRI response), the observation that there was a
ubstantial proportion of subjects in the elderly group
hat did not evince detectable responses bolsters the
onclusion of the above paragraph. That is, it is not
ikely that these subjects had no neural activity near
he central sulcus associated with the button presses.
ather (based on prior information), it seems more

ikely that there was a greatly weakened, or perhaps
onexistent, coupling between neural activity and fMRI
ignal in these subjects. The potential explanations for

FIG. 2. Shown are trial-averaged hemodynamic responses from
he (A) elderly (n 5 20) and (B) young (n 5 32) samples. These
emodynamic responses are from single voxels which were randomly
elected from amongst the suprathreshold set (contained in the
entral sulcus search region) in each subject (only one hemodynamic
esponse is shown from each subject). The hemodynamic responses
re expressed as a fraction of the mean signal from within that voxel.
he value at time 5 0 peristimulus was subtracted from the time
eries for display. The values of the hemodynamic responses at 2-s
ampling intervals (starting at time 0) are actual data, while the
ntermediate values were obtained from these data by sinc interpola-
ion. The across-subject averages of the data shown in (A) and (B) are

resented in (C).
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12 D’ESPOSITO ET AL.
his finding clearly need to be addressed in future
tudies. Furthermore, the possibility that these appar-
nt ‘‘nonresponders’’ are not really such, but rather just
nstances (due to random fluctuations), where the
ignal did not reach threshold in a few truly activated
ixels should be entertained. This possibility, however,
akes little difference to our methodological conclusion

egarding SPM.
With regard to the age-related differences found in

his study, the relatively small magnitude increase in
hite noise in the elderly over the young is difficult to
xplain physiologically, but could be due to aliasing of
igher frequency physiological effects. That is, it is
ossible that there are greater cardiac and respiratory
MRI effects in the elderly and that these effects were
bserved at other frequencies because of temporal
nder-sampling. It is unlikely that differences in scan-
er noise contributed to the white noise difference
etween groups as the young and elderly subjects were
canned in a fairly random fashion over the course of a
ear. The larger 1/f component of the noise in the
lderly could also be due to physiological effects, though
his is all purely speculative as the specific mecha-
ism(s) responsible for the 1/f noise in fMRI data are
ot understood. We observed greater head motion for the
lderly as compared to the young subjects, but results did
ot support the hypothesis that this head motion is respon-
ible for the increase in the 1/f component.

utlier Hemodynamic Responses in the Elderly Group

Though the analysis of variance revealed only a

FIG. 3. Random effects SPM5t6 of Young motor response vs Elderl
nalyzed using a modified GLM (Worsley and Friston, 1995). The cova
principal components analysis of hemodynamic responses from a

ovariates were generated using the second and third eigenvectors. A
ubject. These maps were then normalized to standard Talairach sp
m), and used to generate a new SPM5t6, which assessed the differe

reated the task effect in each subject as a random effect, was threshol
or multiple comparisons (Worsley, 1994)).
rend toward a difference in the shape of the hemody- e
amic response with age (in voxels that evinced a
ignificant relationship with the task), there were
everal apparent outliers (at least from the perspective
f a Gaussian distribution) in the elderly group (see
ig. 2). These subjects would seem to indicate that the
ormality assumption of the analysis was violated. It
ight be hypothesized that these subjects are also

utliers in some other unmeasured variable which is
ausally related to the hemodynamic response (e.g.,
ascular pathology). Nevertheless, the failure to detect
difference between young and elderly samples still

ends credence to the conclusion that no highly consis-
ent age difference exists in the shape of BOLD fMRI
emodynamic responses.

revious Neuroimaging Studies of Normal Aging

One previous study has examined age-related changes
n fMRI signal response using a blocked stimulation
esign (Ross et al., 1997). In this study, subjects pas-
ively viewed periodically emitted diode-generated light.
ver a 256-s period, light appeared and disappeared
eriodically in 60-s cycles. Examining significantly
ctivated pixels in Brodmann areas 17 and 18, they
bserved significant attenuation in response amplitude
as indexed by percent signal change). They observed
o change, however, in the spatial extent of the activa-
ion (as indexed by the number of pixels exceeding
hreshold). These findings differ from ours, but the
eason behind such differences is not clear.
Another study measured the time lag of the BOLD

MRI signal in precentral gyrus between the start and

otor response. The data from 11 elderly and 11 young subjects were
te of interest was constructed with the first eigenvector obtained from
arate group of subjects (Aguirre et al., 1998). Additional nuisance

SPM5t6, evaluating this covariate of interest, was generated for each
, smoothed with a three-dimensional Gaussian kernel (FWHM 5 7
in task effects between young and elderly groups. This map, which
at a t 5 5.2, corresponding to an a 5 0.05 (20 df, two-tailed, corrected
y m
ria
sep
n

ace
nce
ded
nd of a hand grasping task (which lasted 10 s), and
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13THE EFFECTS OF AGING ON BOLD fMRI
orrelated signal changes across 40 subjects ranging in
ge from 20 to 76 years old (Taoka et al., 1998). As
ndexes of the kinetics of fMRI signal change, the
uthors measured the time for the signal to reach half
f the maximum ratio (T-incr) and the time for the signal
o reach the initial level after ceasing the task (T-dec).
he average T-incr and T-decr was quite variable across
ecades of age. However, subjects older than 50 years
ad a larger mean T-incr (3.67 s vs 2.45 s) but no
ifference between younger and older subjects was
ound in mean T-dec (6.95 s vs 6.34 s). There was also a
ositive age correlation for T-inc but not for T-dec. The
uthors postulated that if the temporal lag in BOLD
MRI signal is due to delayed vascular changes to local
rain activation, then the increase in T-incr with aging
ay be due to diminishment of local vascular reactivity

n normal aging. They also propose that arteriolar
hange such as narrowing due to endothelial prolifera-
ion, fibrinoid necrosis, and atherosclerosis and stiffen-
ng, could be the cause of T-incr prolongation. The lack
f difference in T-decr, they propose may due to passive
echanisms in decreasing cerebral blood flow after

rain activation that are not affected in normal aging.
The findings by Taoka et al. (1998) using a boxcar

esign are intriguing. Unfortunately, we cannot ad-
ress this issue with our data. The reason is twofold.
irst, both the rising and falling phases of a linear
ystem’s response to a boxcar (when the duration of the
oxcar is greater than the duration of the impulse
esponse function) depends on the whole impulse re-
ponse function, not just its rising phase or falling
hase. Therefore, the rising and falling phases of a
esponse to a relatively long duration boxcar are not
quivalent to the rising and falling phase of an impulse
esponse function (i.e., in this context the fMRI hemody-
amic response). Second, and perhaps more fundamen-
ally, the finding of differences between the rising and
alling phases would suggest a nonlinearity in the fMRI
ystem. In the current study, however, we could not
etect such nonlinearities as our data correspond only
o the rising phase of the study of Taoka et al. (1998).

The nature of the inference when comparing two
ifferent groups via neuroimaging is currently, at least,
tenuous enterprise with many contingencies and un-
nowns. In one scenario, a comparison of activation of
oung and elderly subjects during a cognitive task may
how less activation by elderly (as compared to young
ubjects) in some brain regions, but greater activation
n other regions (see PET studies by Grady, 1996). In
his scenario, it is unlikely that regional variations in
he hemodynamic coupling of neural activity to imag-
ng signal would account for such age-related differ-
nces in patterns of activation. In another scenario, a
omparison of young and elderly subjects may show
ess activation by elderly (as compared to young sub-

ects) in some brain regions, but no evidence of greater
ctivation in any other region (see PET study by
adden et al., 1996). In this case, it is possible that the

bserved age-related differences are not due to differ-
nces in intensity of neural activity, but rather to other
onneuronal contributions to the imaging signal, i.e.,
emodynamic coupling.
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