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Recruitment of unique neural systems to support visual memory

in normal aging

A.R. Mcintosh*T, A.B. Sekulert, C. Penpecif, M.N. Rajah*', C.L. Grady*T,

R. Sekulert and P.J. Bennett'

The performance of many cognitive tasks changes in
normal aging [1-3]. Recent behavioral work has
identified some tasks that seem to be performed in an
age-invariant manner [4]. To understand the brain
mechanisms responsible for this, we combined
psychophysical measurements of visual short-term
memory with positron emission tomography (PET) in
young and old individuals. Participants judged the
differences between two visual stimuli, and the memory
load was manipulated by interposing a delay between
the two stimuli. Both age groups performed the task
equally well, but the neural systems supporting
performance differed between young and old individuals.
Although there was some overlap in the brain regions
supporting performance (for example, occipital, temporal
and inferior prefrontal cortices, and caudate), the
functional interconnections between these common
regions were much weaker in old participants. This
suggests that the regions were not operating effectively
as a network in old individuals. Old participants recruited
unique areas, however, including medial temporal and
dorsolateral prefrontal cortices. These unique areas were
strongly interactive and their activity was related to
performance only in old participants. Therefore, these
areas may have acted to compensate for reduced
interactions between the other brain areas.

Addresses: *Rotman Research Institute of Baycrest Centre, Toronto,
Ontario M6A 2E1, Canada. fDepartment of Psychology, University of
Toronto, Toronto, Ontario, Canada. *Volen Center for Complex
Systems, Brandeis University, Waltham, Massachusetts, USA.

Correspondence: A.R. MclIntosh
E-mail: mcintosh@psych.utoronto.ca

Received: 23 August 1999
Revised: 24 September 1999
Accepted: 24 September 1999

Published: 25 October 1999
Current Biology 1999, 9:1275-1278

0960-9822/99/$ — see front matter
© 1999 Elsevier Science Ltd. All rights reserved.

Results and discussion

Participants in our experiments saw pairs of vertical sinu-
soidal gratings presented successively in time with two dif-
ferent interstimulus intervals (ISIs; Figure 1a). After
viewing each pair of gratings, participants pressed one of
two keys to indicate which grating had the higher spatial
frequency. Grating stimuli resist symbolic coding, thus

they are free from complicating factors such as extra-labora-
tory associations or participants’ differing verbal skills [5].
Psychophysical testing was performed in two sessions, sep-
arated by about 24 hours. The first day’s results identified
stimuli that each participant would see on day two, when
PE'T measurements were made concurrently with the psy-
chophysical testing. On day one, the spatial frequency dif-
ference (Af) varied from trial to trial; discrimination
thresholds were estimated for each individual. On the
second day of testing, the spatial frequency differences
were restricted to four values lying near and bracketing the
participant’s threshold for a given ISI. Restricting stimuli to
the vicinity of a participant’s threshold equalised task diffi-
culty — as indicated by response accuracy — across partici-
pants and conditions, eliminating difficulty as a source of
possible differences in brain—behavior relationships.

Figure 1b shows the mean discrimination thresholds
determined during the second day of testing. Older partic-
ipants’ thresholds did not differ from those of their
younger counterparts for either ISI. An analysis of the
variance of participants’ thresholds identified only one sig-
nificant effect. For both groups, thresholds increased with
IST (p <0.01). These results suggested that information
about the first stimulus’ spatial frequency was lost during
the longer ISI, but that the rate of loss was similar in
young and old participants. There was also no indication
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Stimuli and behavioral results. (a) Comparison of two sine wave
gratings differing in spatial frequency by 20% (Af = 0.2). Stimuli are
not drawn to scale. In each experimental trial, each grating was
presented successively for 500 msec, with a blank (grey) interval in
between of 500 or 4,000 msec. After the second stimulus, an asterisk
appeared on the screen, signaling the onset of a 1,500 msec response
window. During this time, the participant pressed one of two keys on a
numerical keyboard to indicate whether the stimulus with higher spatial
frequency (thinner bars) was presented in interval 1 or interval 2.

(b) Mean discrimination thresholds (Af/f) plotted as a function of ISI
and age group. Filled symbols show results for young observers; open
symbols for old observers. Bars indicate + 1 standard error.
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Table 1

Peak areas for the ISI patterns.

Voxel Ratio X Y z Area Y-500 Y—-4,000 0-500 0O-4,000
1 2.78 56 -38 -8 A21-GTM 0.53 -0.76 0.29 —0.58
2 2.39 -20 14 -12 A38-GTM 0.94 -0.71 -0.47 -0.05
3 251 14 12 -8 Cpu 0.79 -0.75 —-0.63 -0.70
4 2.67 —26 30 0 A45-GFl 0.81 —0.68 0.16 -0.26
5 2.75 24 42 0 A10 GFM 0.78 -0.64 0.47 -0.63
6 2.78 -12 28 8 Cpu 0.82 -0.51 0.60 -0.75
7 2.76 -32 -14 32 A3,2,1 GPO 0.67 -0.90 0.36 -0.08
8 241 —48 -64 -16 A19/37 GF —0.66 0.73 -0.21 0.43
9 291 —6 -86 16 Al7 —0.64 0.85 -0.49 0.93
10 2.54 4 -86 0 A18 GL —0.63 0.76 -0.72 0.51
11 252 —4 —86 —4 Al18 GL —0.83 0.57 -0.48 0.59
12 2.30 26 -96 4 A18 GO -0.41 0.69 -0.31 0.55
13 234 -28 —86 12 Al18 GO —0.52 0.74 -0.26 0.71
14 232 —44 -58 16 A37-GTM -0.40 0.58 -0.32 0.78
15 2.36 34 —26 16 A40 LPI —0.65 0.53 0.10 0.48

The ratio is the parameter estimate from the PLS analysis divided
by its standard error. Voxel number corresponds to those in Figure 2.
Area labels are from the atlas designations [21]. The final four

of a group or ISI difference in task strategy, as indicated
by post-experiment debriefing.

One-minute PET scans of regional cerebral blood flow
were taken while participants performed the task on the
second day. Within any single scan, the delay between
grating stimuli was constant. The image analysis focused
on whether the groups’ equivalent thresholds were sup-
ported by the same neural systems [6,7]. To answer this
question a multivariate partial least squares (PLS) analysis
was used to identify image-wide patterns of correlation
between brain activity and behavior that were either
common to or differentiated [SIs and groups [8]. These
patterns consist of a singular image within which the voxels
are weightedin proportion to the strength and direction
(positive or negative) of their brain—behavior correlation.
Three reliable patterns were identified through PLS
analysis: the first identified brain—behavior relationships
that were common across ISIs and groups (Common
pattern; p = 0.10); the second identified brain—behavior
relationships that differentiated ISI only (ISI pattern;
» =0.004); and the third pattern identified brain-behavior
relationships that distinguished groups (Group pattern;
»=0.03). In the Common pattern, dominant-negative
weights (related to lower thresholds) were located in
ventral occipital cortices and ventral posterior thalamus;
peak positive weights (correlated with higher thresholds)
were located in left anterior prefrontal and bilateral inferior
parietal cortices. This pattern of brain activity might iden-
tify an age-invariant system related to discrimination per se.

The singular image for the ISI pattern (Table 1) identi-
fied negative weights in the medial occipital cortices and
positive weights bilaterally in ventral striatum and inferior

columns show the correlation of the voxel value with threshold in
each group. Y, young; O, old; 500 and 4,000 refer to the short and
long ISIs, respectively.

prefrontal cortex, and right inferior temporal cortex. For
both groups, the pattern of brain activity correlated
inversely with threshold across the two ISIs (Figure 2a).
T'hus, for the short ISI, greater activity in occipital and
less activity in striatum, inferior prefrontal and inferotem-
poral was related to a lower threshold. The pattern was
completely reversed for the long ISI.

The Group pattern (Table 2) identified brain—behavior
correlations that differed between groups, and regions that
were differentially related to the short and long ISIs. The
corresponding singular image has negative weights in left
anterior and medial temporal cortices and more dorsally in
occipital cortex. Positive weights were less extensive, and
included posterior thalamus and dorsomedial prefrontal
cortices. For old participants, the pattern of brain activa-
tion correlated negatively with threshold at the short ISI
and positively at the long ISI. Thus, at the short ISI,
greater activity in temporal and dorsal occipital cortices
was related to a lower threshold, whereas greater activity
in posterior thalamus and dorsomedial prefrontal cortices
was related to a higher threshold (Table 2). This pattern
was completely reversed at the long ISI. Moreover, in
young participants, this difference between ISIs was
reversed and attenuated. Peak voxels, shown in Table 2,
showed differential correlations with behavior in the two
delay tasks in old participants, whereas in young partici-
pants, the voxels either correlated with behavior in only
the short delay condition or in neither task.

Our results suggest that the basic functional network sup-
porting performance was similar for the two groups (for
example, the ISI effect), but that additional regions were
recruited in the old participants (for example, the Group
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Differential regional interrelations between young and old participants. voxel numbers in Table 1 for (a) and Table 2 for (b). The matrix is
Correlations among peak voxels from (a) ISI pattern and (b) Group symmetric about the main diagonal, which corresponds to the
pattern. Correlation values are color-coded red (positive) or blue correlation (+1.0) of each voxel with itself.

(negative). Values on the vertical and horizontal axes correspond to the

effect). If this network hypothesis is correct, the interrela-  the Group pattern. Unlike Figure 2a, there is no obvious
tions, or functional connections [9], between peak voxels  clustering of voxel correlations for young participants. In
for the ISI pattern should be similar for young and old par-  contrast, old participants show strong correlations among
ticipants, whereas interrelations between voxels from the  voxels at both ISIs. By comparing correlation maps across
Group pattern should be stronger for old participants. age groups in Figure 2b, one can see that correlations were

Interregional correlations of activity serve as an indication  far stronger in old participants’ brains than in the brains of
of functional connectivity [10-12]. Figure 2a shows their young counterparts (p = 0.05). One intriguing expla-
pseudo-colored representations of the correlation matrices nation of these results is that the Group pattern might rep-
of the voxels singled out by the ISI Pattern. For young  resent the additional areas recruited into the network for
participants, strong correlations between voxels are  old participants to compensate for the lack of coherence
obvious in both ISIs. In old participants, correlations  between areas identified in the ISI pattern. The strong
among the same brain regions are markedly reduced relationship between the Group pattern voxels and perfor-
(» =0.05). Figure 2b shows pseudo-colored representa-  mance in the old participants reinforces this interpreta-
tions of the correlation matrices for voxels identified from  tion. For young participants, such recruitment would not

Table 2

Peak areas for the Group patterns.

Voxel Ratio X Y z Area Y-500 Y—4,000 0O-500 0-4,000
1 3.06 4 -10 -16 MBR -0.73 -0.20 041 -0.54

2 3.66 18 46 -8 A10-GFI -0.25 0.32 0.76 -0.61

3 3.08 -4 -36 4 THAL —-0.40 0.02 0.76 —-0.39

4 335 -42 -14 16 A42/22 GTS -0.81 0.26 0.42 -0.46

5 3.02 -28 20 28 A9-GFM -0.16 -0.18 0.92 -0.19

6 3.08 28 -4 40 A6—GPRC -0.03 0.26 0.84 -0.78

7 3.22 -26 -12 —24 A36 GF/GH 0.22 0.22 —-0.64 0.71

8 3.70 -30 14 -24 A38-GTM 0.39 -0.33 -0.71 0.79

9 3.83 26 -32 -20 A20-GF/GH 0.08 0.18 -0.85 0.62

10 341 -16 20 -12 Al11/32 GC 0.81 -0.54 —-0.88 0.03

11 3.23 -50 —62 16 A39-GTS 0.47 0.38 -0.53 0.80

12 3.59 22 -58 24 A31-CU 0.77 -0.23 -051 0.62

13 3.26 36 -20 28 A3,21 GPO 0.35 -0.41 -0.82 0.39
The ratio is the parameter estimate from the PLS analysis divided columns show the correlation of the voxel value with threshold in
by its standard error. Voxel number corresponds to those in Figure 2. each group. Y, young; O, old; 500 and 4,000 refer to the short and

Area labels are from the atlas designations [21]. The final four long ISls, respectively.
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be necessary because areas from the ISI pattern formed a
coherent functional network.

Our results lead to two important conclusions. First, even
though participants in both age groups performed at equiv-
alent levels, this equivalence emerged from the use of dif-
ferent brain regions. These findings, along with other
recent studies [13-15], challenge the pervasive assumption
that similar performance levels across groups indicates that
the groups used the same neural system [16]. The neural
networks supporting short-term visual memory differed as
a function of age. Some differences between groups could
reflect age-related modification of functional connectivity
between regions [17]. Second, preserved performance with
age may reflect a functional, task-related reorganization in
the participants’ brains [6], even for tasks as basic as spatial
frequency discrimination. This reorganization takes two
different, but possibly related forms: age-related changes
in the brain regions that support visual memory, and age-
related changes in the strength of functional coupling
between participating regions [13]. Because old observers’
performance was related to activity of and interactions
between these unique areas (Figure 2b), recruitment of
these area may have compensated for reduced interactions
among other areas. Prefrontal and medial temporal cortices
figured prominently in the collection of regions showing
strong interactions in the old participants. Interestingly, in
memory tasks in which old participants show a perfor-
mance deficit, there is a lack of activation of prefrontal and
medial temporal areas that are engaged in young partici-
pants [18]. Continued exploration of this age-related neural
reorganization should identify the conditions that promote
or inhibit reorganization, and elucidate whether the reorga-
nization that preserves performance in one task does so at a
cost to other behavioral and cognitive operations [19,20].

Supplementary material

Supplementary material including a figure showing the relationship of
brain activity and behavior together with additional methodological
details is available at http://current-biology.com/supmat/supmatin.htm.
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Relationship of brain activity and behavior. (a) ISI and (b) Group
patterns from PLS image analysis. (c,d) Scatterplots show the
relationship between individual participant’s threshold (Af/f) and the
brain scores derived from the singular image. Voxels most strongly
related to the pattern in the scatterplots are shaded either red (positive
weight) or blue (negative weight) on an axial structural MRI. The MRl is

in standard atlas space [S11]. Slices start at —28 mm below the
AC—PC line at the top left slice and move in increments of 4 mm to
+28 mm at the bottom right. Left is to the left and the top is anterior in
the image. In (c,d) the correlation coefficient (r) between threshold and
scores is displayed within each plot. Dominant voxels contributing to
the brain scores are listed in Tables 1 and 2.
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Supplementary materials and methods

Participants

Ten young (mean age = 23; range = 20-30), and nine older partici-
pants (mean age = 65; range = 60—79) were recruited from the Univer-
sity of Toronto Vision Laboratory subject pool. All gave informed
consent in accordance with the Institutional Review Boards of the Uni-
versity of Toronto and Baycrest Centre. Subjects were in good health
and scored in the normal range for their cohort on the Mini-mental
status exam and Mill Hill vocabulary test.

Psychophysical task

Two gratings with spatial frequencies of f and f + Af were presented
sequentially in each trial [S1]. Grating contrast was modulated by a cir-
cular envelope that had a diameter of 5.25°: contrast was 20% within
the envelope and zero elsewhere. The circular grating patches were
presented on the horizontal meridian 5.25° to the left or right of a
central fixation point. The side on which the higher frequency grating
appeared was randomized across trials; we also randomized which
grating appeared first, right or left. The base frequency, f, varied ran-
domly across trials across a +0.25log unit range centered on
1.9 cycles per degree. This low spatial frequency range minimized con-
trast sensitivity differences related to age [S2]. The large randomization
in f across trials was greater than frequency discrimination thresholds,
ensuring that participants based their judgments on a comparison of
the two gratings, rather than comparing each grating to a standard fre-
quency built up over trials [S1,S3]. Discrimination thresholds were esti-
mated by fitting Weibull functions to each participant’s data for each
ISI and determining the Af that produced correct responses in 80% of
the trials. On the second day of testing, values of f varied from 5%
below discrimination threshold to 5% above, in 2.5% increments.
Accurate responses were obtained in 79.2% of trials across all sub-
jects on the second day, confirming that discrimination thresholds were
similar on both days of testing.

Image analysis

Details of our PET protocol and postprocessing of images have been
published elsewhere [S4]. The PLS analysis has also been explained
elsewhere [S5,S6] and we provide only the essential details here. The
covariances of psychophysical threshold with the PET images were
computed within each of the two ISls, across participants and between
groups. Singular value decomposition of these covariance maps pro-
duces latent variables containing scan profiles and singular images. The
scan profiles index changes in the covariances of behavior with the
regions identified in the singular image across scans and between
groups. The significance of the scan profiles within and between groups
was assessed using permutation tests, where group membership was
randomly assigned on each permutation [S7,S8] and scan profiles from
the permuted data set evaluated against a set of contrasts coding for
group effects, ISI effects and the group by ISl interaction [S6]. The sta-
bility of voxel weights within a singular image was assessed with boot-
strap estimation of standard errors [S9,S10], where peak voxels with
singular image weights greater than twice the estimated standard error
are considered reliable. Brain scores were created from the dot product
of the singular image and each participant's image. Scatterplots of
behavior by brain scores within each scan visualize those points in the
experiment when brain—behavior correlations are similar and when they
differ. Group differences in the voxel correlation matrices displayed in
Figure 3 were also assessed using permutation tests.
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