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Abstract
Neuroimaging studies of healthy aging often reveal differences in neural activation patterns
between young and elderly groups for episodic memory tasks, even though there are no
differences in behavioral performance. One explanation typically offered is that the elderly
compensate for their memory deficiencies through the recruitment of additional prefrontal regions.
The present study of healthy aging compared magnetoencephalographic (MEG) time-courses
localized to specific cortical regions in two groups of subjects (20–29 years and ≥65 years) during
a visual delayed-match-to-sample (DMS) task. MR morphometrics and neuropsychological test
results were also examined with the hope of providing insight into the nature of the age-related
differences. The behavioral results indicated no differences in performance between young and
elderly groups. Although there was a main effect of age on the latency of the initial peak in
primary/secondary visual cortex, these longer latencies were not correlated with the performance
of elderly on the DMS task. The lateral occipital gyrus (LOG) revealed qualitatively different
patterns of activity for the two age groups corroborated by neuropsychological test results.
Morphometric results for the young versus elderly groups revealed less white (WM) and gray
matter (GM) volumes in the frontal lobes of the elderly. When a group of middle-aged subjects
(33–43 years) was included in the morphometric analyses, the middle-aged subjects revealed
statistically greater WM volumes in frontal and parietal cortex suggesting immature WM tracts in
the young. Perhaps our elderly utilized a different strategy compared to the young due to the
different brain maturation levels of these groups.
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Introduction
The study of age-related changes in cognition is challenging since normal aging reflects a
delicate balance between basic biological–genetic factors and social–cultural factors
(Shimamura et al., 1995; Hedden and Gabrieli, 2004). Physiological viewpoints describe
aging as an inevitable loss of tissues and functional reserves (Bellamy, 1997). But these
views cannot explain how elder professors, for example, can perform equally well or better
than young on the recall of prose passages (Shimamura et al., 1995) or how task instruction
itself can abolish differences in memory performance between young and elderly (Rahhal et
al., 2001). The preservation of performance in some elderly is often attributed to the use of
strategies which compensate for memory decline (Cabeza et al., 2002; Grady et al., 2006).
Cabeza et al. (2002), for example, suggest that older adults who perform as well or better
than young adults reveal less asymmetric prefrontal cortex activity which may help
compensate for age-related neurocognitive decline. This view emphasizes that effective
strategies evolve to counteract the “series of deleterious changes” that occur during aging.
But, recent anatomical evidence shows that brain maturation (e.g., myelination) also
continues throughout adulthood. For example, postmortem studies reveal that myelination in
the hippocampus increases into the 5th and 6th decades of life (Benes et al., 1994).
Currently, there is no clear description of the underlying mechanisms of strategies which
seem to change as a function of aging. The present study attempts to characterize the
strategies used by young and elderly groups during a nonverbal working memory task by
correlating physiological measures with performance, neuropsychological, and anatomical
data and then relates these results to developmental trends in anatomy and cognition.

One critical issue for studies of development and aging is the extent to which the functional
neuroanatomy underlying task performance differs between various age groups. Poldrack
(2000) and Schlaggar et al. (2002) note that many functional neuroimaging studies do not
take into consideration the plastic nature of the nervous system that is altered on the basis of
development and experience throughout the life span. For instance, while total brain volume
does not change much during adulthood due to the fixed volume of the cranium, dynamic
processes associated with maturation and decline of white matter (WM), gray matter (GM),
myelination, and synaptogenesis continue throughout the life span. Each of these processes
has different rates of maturation and degeneration in different regions of the brain. The
gradual maturation of fiber tracts (e.g., increase in diameter and myelination of axons in the
fronto-temporal pathway) during late childhood and adolescence, for example, supports the
concurrent maturation of motor and speech functions (Paus et al., 1999). Similarly, WM
fractional anisotropy (FA), a measure of fiber direction, correlated significantly with reading
within a left temporo-parietal region, a region well-associated with the development of
fluent reading skill (Beaulieu et al., 2005). These studies suggest that more efficient neural
processing, due to more myelination, could be critical for learning and memory (Beaulieu et
al., 2005). In general, recent anatomical evidence emphasizes that the timecourse of human
brain development is a long process of specialization shaped by postnatal experience.
Bartzokis (2002) suggests that the temporal extent of brain development/maturation extends
into middle age when maximal WM volume and myelination are reached in frontal lobes
and association areas, regions necessary for higher cognitive functions. Therefore, it is
important that studies of aging take into consideration healthy maturational changes that
occur during adulthood as well as the degenerative changes.
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Since effective brain function requires integration of information from segregated brain
regions and thus depends on the structural properties of the connecting pathways, including
axon diameter and thickness of the insulating myelin sheet, the ability for localized regions
to work together as large-scale neural networks is likely to change during learning and
development as well (Poldrack, 2000; Ben Bashat et al., 2005). Therefore, differing rates of
maturation of brain regions and their connections affect the development of specific skills
and consequent strategies adopted. For example, Schlaggar et al. (2002) discuss their visual
word processing data by noting that left extrastriate regions become specialized in children
as they become literate while maturation of left frontal cortex, believed to be related to the
development of control processes, occurs later. In the absence of a mature left frontal region,
a child’s brain adopts a strategy for processing visual verbal stimuli that includes greater use
of left extrastriate cortex while adults utilize both regions. Although the left frontal lobe of
children may appear mature in a general sense (i.e., GM volume, it is accessible), the
experience of incorporating the processing resources of this region into a strategy for
performing visual verbal tasks may be lacking at this age. In essence, the functional
neuroanatomy underlying controlled lexical task performance is still developing during early
school years, and possibly continues to develop or change as a function of experience into
adulthood.

A second critical issue for studies examining age-related changes concerns differences in
performance measures (Poldrack, 2000). Most investigators agree that it is good to have
similar performance between age groups in order to be certain that differences seen in the
functional imaging data are attributable to age differences per se rather than other factors
such as increased effort. One remedy offered by Poldrack for performance confounds is to
constrain performance to remain roughly constant or equate difficulty between conditions.
One approach employs the simplest possible version of the task so both groups can perform
at a high level while engaged in the cognitive processes of interest. Indeed, most of the
neuroimaging studies of normal aging show differences in neural activation patterns
between young and elderly groups (e.g., under-activation, over-activation), when there are
no differences in behavioral performance (McIntosh et al., 1999; Grady et al., 2003;
Morcom et al., 2003), and the results are interpreted within a compensatory framework
(Grady and Craik, 2000; Cabeza et al., 2002; Reuter-Lorenz, 2002). But, as Nielson et al.
(2002) point out, what needs to be determined for any compensation view is whether there is
direct benefit to the additional activity (i.e., increase in amplitude or recruitment of
additional structures). Because a brain region is active during the performance of a task does
not demonstrate that the region is necessary for performance of the task (Poldrack, 2000).
Therefore, neuroimaging methods should be combined with other techniques in order to
shed light on whether a compensation-based strategy best explains the results and/or a
maturation-based strategy underlies the development of an effective cognitive strategy. The
finding that WM maturation continues until ~45 years, beyond the typical age of subjects
labeled as young (e.g., 20–29 years), implies that additional changes may have occurred
between the age groups being compared that are not due solely to brain deterioration (and
hence compensation).

Finally, the methods utilized to characterize age-related changes in anatomy and physiology
have inherent strengths and limitations. Most neuroimaging studies of aging have been
conducted using either fMRI or PET. Issues concerning the use of subtraction techniques
and associated concerns surrounding resting baselines (Poldrack, 2000); selection of regions
of interest (Aizenstein et al., 2004); and confounds associated with effects of aging on
neurovascular coupling have been raised previously (Rosen et al., 2002; D’Esposito et al.,
2003; Grady et al., 2003). The present study uses magnetoencephalography (MEG) with
anatomical MRI (including morphometry). There are two primary advantages in using MEG
methods for studies of aging. First, MEG methods are not dependent upon subtraction
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techniques to examine age-related changes. Within-subject analyses are conducted first to
localize the activity and derive the timecourse information, and then timecourse information
can be averaged together across subjects from similar cortical locations in order to make
group comparisons for each experimental condition. This permits within-group correlations
to be conducted between MEG and performance measures. Second, because MEG methods
can isolate events in time, it is easier to individually examine encoding, retention during the
delay interval, and recognition memory. In addition, MEG, unlike fMRI and PET methods
which integrate activity across seconds of time, can capture the nature of changing activity
patterns within specific cortical locations, across time. For example, Cabeza et al. (2004)
and Grady et al. (2006) found reduced occipital activity with age during visual attention and
memory tasks and concluded that reduced sensory processing might be a common cause of
age differences in cognition. MEG can separate out activity which is primarily sensory-
related versus activity in sensory or other regions that are modulated by attention or become
sustained due to working memory task demands (Aine et al., 2003). According to our MEG
studies, initial sensory-related activity in auditory and somatosensory cortices (~40 ms and
~20 ms, respectively) are enhanced in amplitude for the elderly, not decreased (Aine et al.,
2005; Kovacevic et al., 2005; Stephen et al., 2006).

The present study was designed to demonstrate age-related neural changes during an explicit
episodic nonverbal working memory task while keeping performance at equally high levels
for both age groups by using a simple delayed-match-to-sample (DMS) task. Correlational
analyses between behavioral performance measures (percent correct and reaction times) and
MEG measures will be conducted to determine whether age-related changes in neural
activity are related to performance on the task. If age-related MEG activity is related to task
performance, then MR-based morphometric and neuropsychological measures should be
helpful in understanding the age-related physiological differences obtained. For example,
correlating MEG measures from specific brain regions with neuropsychological and
morphometric results will allow us to determine if (1) strategy differences (e.g., a cluster of
neuropsychological test results correlate with the MEG measures for one group that is
different from a cluster of test results for another group) and/or (2) anatomical differences
(e.g., increased WM volumes evident for one group) best characterize the age-related neural
changes. If age-related anatomical differences exist that suggest positive maturational
changes still occur throughout the life span, then we will conclude that an account of aging
based solely on characterizing degenerative changes is inadequate. In anticipation of our
results, along with the knowledge that the anatomical literature does reveal continued brain
maturation through middle age, we examined the developmental literature to determine the
types of strategies that tend to evolve naturally as a consequence of development and
attempted to account for our presumed strategy differences via these normal maturational
processes.

Materials and methods
Twenty-four healthy normal volunteers from two age groups (20–29, ≥65 years) underwent
a screening evaluation including a quantitative neurological examination, the Mini Mental
State Exam (MMSE), the Physical Self-Maintenance Scale for activities of daily living, the
modified Hachinski Ischemic Scale (HIS), and the Geriatric Depression Scale (GDS), in
addition to a battery of neuropsychological tests. Subjects were further tested using the
Satz–Mogel version of the Wechsler Adult Intelligence Scale-Revised, Beck Depression
Inventory II, and the Aphasia Screening test. Testing of subjects took place across 2–3 days
in order to avoid fatigue.

All subjects received an MRI scan, read by a neuroradiologist, to assure that there were no
anatomical abnormalities. Potential subjects were excluded from consideration if they
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showed evidence of significant chronic neurological disease (e.g., Parkinson’s disease,
seizure disorder, head trauma complicated by persistent neurologic deficits, or structural
brain abnormalities) or severe medical illness (e.g., oxygen-dependent COPD, severe
congestive heart failure). Subjects were excluded if they met criteria for major depression or
any other major DSM-IV axis I disorder, including alcohol/substance abuse.

Prior to participation, all subjects were informed about the nature of the studies and signed
consent forms approved by the Human Research Review Committee at the University of
New Mexico, Health Sciences Center, and by the Research and Development Committee at
the New Mexico VA Health Care System. These studies have been conducted in accordance
with the ethical standards laid down in the 1964 Declaration of Helsinki.

Subject characteristics for our 13 young (5 males, 8 females) and 11 elderly (6 males, 5
females) are summarized in Table 1. Although we attempted to match our young and elderly
by education level (young = 15.0 years, elderly = 15.9 years), our elderly group performed
better (P < 0.001) on the Wechsler Adult Intelligence Scales. The elderly had significantly
higher scores for both the Verbal (P < 0.005) and Performance Scales (P < 0.008). Since the
DMS task used in the current neuroimaging study is a visual memory test, the Rey–
Osterrieth Figure was also administered. There were no significant differences in the raw
scores between age groups for immediate and delayed recall of the Rey Figure. Significant
differences were evident for the age-corrected percentile scores showing the elderly as
performing significantly better for immediate and delayed recall (F = 14.22, P < 0.001; F =
12.79, P < 0.002). This result suggests that the age correction may have been too great for
our group of healthy elderly. The COWA test, the total score on verbal fluency, did not
reveal age-related differences, but our elderly did perform significantly worse on the Digit
Symbol scale of the WAIS-R (P < 0.0003), consistent with other studies revealing general
slowing in the elderly.

Walsh Function stimuli (Richmond and Optican, 1987), composed of 8 × 8 matrices of black
and white squares, subtended a visual angle of <3° (see Fig. 1). Each member of Walsh
Function stimuli has an equal amount of black and white, allowing for equal luminance
across the stimulus set. Although the spatial frequency varies across the 64 stimulus set,
DMS choice pairs were chosen to be within a small and medium range of spatial frequencies
to create different levels of difficulty. A Sample stimulus was presented in the central visual
field for 1 s. A second stimulus (Match/Non-match) was presented 2.4 s after the offset of
the first stimulus for 1 s. Subjects were asked to press a mouse button with the right index
finger in response to the Match stimuli. The delay between trials was 2 s. The stimuli were
presented in three fifteen-minute blocks to provide rest breaks. In the active task, the
probability of a match was 0.33 and the probability of a Non-match was 0.67. Two-hundred
and fifty sample stimuli were presented. We only examined responses to the Non-match
stimuli (168 trials), stimuli to which no behavioral response was required. The unequal
probability of Match and Non-match stimuli provided a shorter overall duration of the study
while still providing sufficient number of trials for good signal-to-noise ratio (SNR). The
same stimuli were presented in a passive viewing task as a control condition. Subjects were
instructed to maintain fixation on cross-hairs on the screen while the visual patterns were
presented. The passive condition was always presented before the active task since it was
difficult to ignore the Walsh patterns after having been tested on the active task. Note that
there was a delay in the LCD projector of 30 ms between the arrival of the visual stimulus
information and presentation on the screen. This delay has been accounted for in the
waveform and timecourse data (that is, the trigger time has been shifted by 30 ms).

Neuromagnetic fields were recorded with a Neuromag 122-channel whole-head system at
the New Mexico VA Healthcare System in Albuquerque. Subjects were seated comfortably
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in a chair inside a magnetically shielded room (IMEDCO, Switzerland) while engaged in the
DMS task. The MEG responses were digitized at 300 Hz with a passband of 0.03–100 Hz.
Continuous data were acquired which was also averaged across 3-second epochs to Sample,
Match, and Non-match stimuli. Behavioral responses were not made to Sample or correct
Non-match conditions; therefore, premotor and motor responses did not contaminate the
data evoked by either of these conditions. EOG electrodes were attached below the right eye
and above the left eye in order to monitor blinks and vertical eye movements. Trials with
excessive shifts in eye position were eliminated from analysis.

Anatomical MRIs were acquired on a Picker Edge 1.5-T Scanner at the Neuroimaging
Center, VAMC, Albuquerque. A head coil was used with head position supported with foam
head supports. The head position in the scanner was oriented using laser sources. The MRI
and MEG coordinate systems were reconciled by identifying the same anatomical reference
features for both MEG measures and MRI scans using a software provided by Neuromag. A
3-D digitizer (Polhemus) registered the subject’s nasion and left and right preauricular
points for purposes of establishing a 3-D coordinate head frame, as well as additional points
along the surface of the face and head for registering the 3-D coordinate system with the
MRIs. The MEG sensors recorded the low amplitude current passed through small coils
glued to the scalp in order to establish the location of the head relative to the MEG sensors
embedded in the helmet.

Data preprocessing
All of the data were preprocessed using MEGAN (MEG ANalysis), an MEG data
visualization and analysis tool developed by E. Best in the Biophysics Group, Los Alamos
National Laboratory. Channels with flux jumps or large amplitude responses found in only
one channel (e.g., drift) were removed since a large response in a single channel, given the
close proximity of channels in the 122-channel array, is unlikely to originate from the brain.
A notch filter (58–62 Hz) was applied to the data to eliminate 60 Hz emanating from the
projector and other electrical equipment located outside the shielded room. We note that
studies which do not use similar high-pass-filter settings (e.g., 0.03) may not witness the
“slow-wave” activity.

Source localization and statistical methods
Sources were modeled as equivalent current dipoles using a multi-dipole, spatio-temporal
analysis approach. The time interval of 20–870 ms poststimulus was analyzed for all task
conditions. We developed and used the automated Multistart Downhill Simplex Method for
determining source locations, strengths, and magnitudes (Huang et al., 1998; Aine et al.,
2000). Nelder and Mead’s (1965) downhill simplex search was utilized along with the
Sarvas (1987) formula for forward calculations. There are two primary reasons for using
automated algorithms. First, the user does not need to provide the software with initial
starting parameters (guesses). Second, Multistart analyzes thousands of fits to the data, as
opposed to a single fit, enhancing the probability of obtaining adequate solutions. The
adequacy of the solution derived from a single least-squares fit is dependent upon how close
the starting parameters or guesses are to the actual locations; therefore, it is beneficial to
have many different starting locations. Other details of the analysis procedure discussed
below concern the model and number of sensors utilized in the least squares algorithm,
along with the cost function. Data from all or most sensor locations (excluding channels
with flux jumps or artifact) were used in the fully unconstrained spatio-temporal fits (for
example, candidate solutions were not fixed in location nor constrained by realistic head
geometries determined via MRI), using a rotating dipole model. In order to reduce the
number of parameters in each search, the estimation of time invariant parameters (locations)
was conducted first, using nonlinear least squares minimization, followed by linear
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estimation of the associated time varying parameters (source magnitudes) (Mosher et al.,
1992). The cost function we adopted in the minimization procedure (i.e., minimizing the
difference between the measured magnetic field distribution and the magnetic field
calculated for an assumed model) is the χ2 where the noise estimated for each sensor
location is taken into consideration. Specifically, we used the reduced chi-square value
which is χ2 divided by the number of degrees of freedom (Bevington, 1969; Supek and
Aine, 1993; Huang et al., 1998).

A singular value decomposition was performed on the data for the time interval of interest
(20–870 ms) to aid the investigator in determining the number of active sources likely to be
present in the data (Press et al., 1992). The value obtained from the SVD curve represents a
minimum number of independent source topographies since SVD cannot resolve the
existence of synchronous activity (that is, the only difference between the two timecourses is
a scaling factor) (De Munck, 1990; Berg and Scherg, 1994). Consequently, a number of
different source models (e.g., models with 5–8 dipoles), centered on the break in the SVD
curve (i.e., visual inspection of the separation between signal and noise values), were
evaluated. For example, if the SVD curve suggests 6 independent topographies for the time
interval of interest, we would instruct the algorithm to search for 5–7 sources of activity
from within the head volume. Ten thousand starting values for the dipole parameters (i.e.,
source location in x, y, and z coordinates, dipole moment, and orientation) were randomly
selected from a predefined head volume for each dipole fit attempted (e.g., for each 5-, 6-,
and 7-dipole models). A chi-squared minimization was performed for each of the 10,000
starting parameters. These methods have been tested previously using computer simulations
and in numerous empirical studies (Huang et al., 1998; Aine et al., 2000, 2005; Stephen et
al., 2003).

Multivariate and univariate ANOVAs and Pearson correlations were utilized for assessing
the statistical significance of the results. Details of the analysis procedures can be found in
Aine et al. (2003) and (2005). All amplitude measures, relative to the prestimulus baseline,
and latency measures were taken at the three identifiable peaks in the response profiles (e.g.,
~70 ms, ~130 ms, and ~360 ms of timecourses of the sources localized to medial occipital
cortex). The maximum peak latencies were successively longer across higher-order cortical
regions (e.g., maximum peak latencies were 88 ms, 185 ms, and 495 ms in dorsolateral
prefrontal cortex). The factors submitted to the ANOVA tests consisted of Task (Encoding,
Recognition Memory, control); Age (Young and Elderly); and Gender (Male and Female).
Sources were ordered by frequency of occurrence, and those that occurred less than 50% of
the time were eliminated as not providing enough data for analysis.

Anatomical MRI and morphometric procedures
Two T1-weighted sequences were acquired for examining anatomic detail: (1) RF-FAST
(Picker) 3-D sagittals (TR = 15 ms, TE = 4 ms, Flip Angle = 25, FOV = 25.6, Matrix Size =
256 × 128); and (2) T1 sagittals (TR = 450 ms, TE = 8 ms, Flip Angle = 90, FOV = 24,
Matrix Size = 256 × 128). We classified tissue (GM, WM, and CSF) within each lobe from
the MRI scans of our young and elderly subjects using BRAINS2 (Magnotta et al., 1999).
T1 images were realigned in a standard orientation which requires lining up the central
fissure. This sets the alignment in the coronal and axial planes. In addition, the anterior
commissure (AC) and posterior commissure (PC) were used for the horizontal orientation in
the sagittal plane. This alignment defines an affine transformation matrix consisting of
rotations and translations to reorient the brain. The image was re-sampled to this new
orientation and re-sliced to an isotropic resolution of 1.0 mm. Automated Talairach-region-
based structure identification for definition of major brain regions, including frontal,
temporal, parietal, occipital, subcortical, ventricles, and cerebellum, was conducted
(Andreasen et al., 1996). This method relies on a piecewise linear transformation of the
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Talairach grid onto the area of interest. The Talairach atlas is manually defined by selecting
landmarks for right-most extent of the brain, left-most extent of the brain, anterior-most
extent of the brain, posterior-most extent of the brain, superior-most extent of the brain,
inferior-most extent of the temporal lobe, and AC and PC locations. Because this protocol
only scanned subjects with a T1 sequence, we utilized a FMRIB Software Library (FSL)
bias field correction to remove image intensity inhomogeneities (http://www.fmrib.ox.ac.uk/
fsl). Next, on the bias field corrected images, we employed a discriminant analysis method
that uses an automated approach to the identification of training classes (Harris et al., 1999).
This method identifies the training classes automatically by selecting a large number of
samples of brain tissue with sufficiently low variance and randomly placed throughout the
brain (i.e., “plugs”). These plugs were then used in the discriminant analysis in order to
classify tissue throughout the brain into GM, WM, and CSF. An Artificial Neural Network
(ANN) trained to define whole brain was applied on the resulting tissue classified image
(Magnotta et al., 1999). The whole brain ANN was manually trimmed by a reliable human
for validity. Finally, Talairach-based lobar tissue classified volumes (GM, WM, and CSF)
were summarized within the boundary of the trimmed whole brain for both hemispheres
within each of the major regions automatically defined by the applied Talairach atlas.

Results
There was no significant effect of Age or Gender in the percentage of correct responses
[young females = 87.8% (SEM = 3.0), elderly females = 88.1% (SEM = 3.8), young males =
87.8% (SEM = 4.3), and elderly males = 85.5% (SEM = 5.1)]. The performance levels
indicate that this task was not easy for any group of subjects. Reaction times (RTs) revealed
a main effect of Gender (F = 4.74, P = 0.04). Females responded more slowly in this task
[young females = 742 ms (SEM = 41.5), elderly females = 753 ms (SEM = 73.1), young
males = 662 ms (SEM = 38.6), and elderly males = 627 ms (SEM = 38.1)]. Although the
Digit Symbol subtest was notably poorer for the elderly compared to the young, suggesting
slower responses, elderly males and females did not respond slower than the young (i.e., no
significant difference).

Representative MEG waveforms for one subject are shown in response to Sample stimuli for
the active versus passive tasks (see black and red tracings in Fig. 2, respectively). The
overlaid tracings at each of the 122 sensor locations reveal differences in amplitude between
active and passive tasks at some sensor locations, particularly over occipito-temporal and
parietal regions.

Timecourse information for six cortical regions was calculated and evaluated for Encoding,
Delayed Recognition, and Control conditions. Fig. 3 shows averaged timecourse
information, across age groups, for 6 cortical areas evaluated; three of these regions revealed
significant differences as a function of task instruction (see asterisks). Three identifiable
peaks in the response profiles, from which all amplitude and latency measures were taken,
are shown for the medial occipital response (MO) in the upper right panel (P1, P2, and P3).
We were able to localize activity to medial occipital regions in all subjects for all stimuli.
Note the gradual increase in latency for P2 from sensory cortical regions (MO) to
association regions (lateral occipital gyrus or LOG; medial parietal or MP; and
supramarginal gyrus or SMG) on up to prefrontal regions (dorsolateral prefrontal cortex or
DLPF and anterior cingulate or AC). The MRIs at the right reveal the different cortical
locations (MO, LOG, MP, SMG, DLPF, and AC) from which the timecourses were derived.
DLPF, SMG, and LOG regions are shown for 2 different subjects. In general, response
profiles localized to LOG and DLPF cortex were highly influenced by task instruction. Note
also that each condition activated the same 6 cortical areas as shown by the superposition of
colored symbols. Grady et al. (2006) discussed a similar finding using fMRI methods.
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Table 2 shows the amplitude and latency measures for each cortical region examined and for
each task. The amplitude of Peak 2 localized to LOG, for example, was approximately 3
times greater when subjects were engaged in the memory tasks, compared to the Control
condition. In contrast, AC was fairly constant throughout the different tasks (i.e., the
amplitude measures for each Peak did not differ significantly across stimulus conditions).
The initial latency values nicely show a gradual lengthening of peak latency from lower
visual levels through parietal and prefrontal cortex (e.g., Peak 1 latencies in response to
Sample stimuli during encoding reveal a linear increase from MO through AC regions).

Correlations between the neuropsychological measures and physiological measures were
computed in hope of shedding some light on the nature of the activity in these different
cortical areas. Correlations for the amplitude measures during Encoding and Delayed
Recognition are highlighted in Table 3. Area MO correlated most with visual perceptual
processes and Performance IQ. For example, the MEG activity around 129 ms during
Delayed Recognition correlated with visual memory related to recall of the Rey–Osterrieth
Complex Figure (i.e., immediate and delayed recall—P = 0.03 and P = 0.04, respectively).
During this same period of time, Performance IQ correlated with amplitude as well (P =
0.02). Correlations for the next level in the visual system, LOG, were quite inconsistent due
to complex interactions between age and gender (denoted by an asterisk); consequently, this
area was examined more carefully as discussed below. For Delayed Recognition, higher-
order areas (MP, SMG, and DLPF) were correlated primarily with measures of Verbal and
Full Scale IQ. Of special interest is that DLPF and SMG regions revealed the earliest
correlations with Verbal and Full Scale IQ (82–84 ms) followed by MP (97–400 ms),
whereas late activity in MO was correlated with Performance IQ (129 ms). Behavioral
performance measures such as percent correct were negatively correlated with DLPF
activity (i.e., lower amplitudes in DLPF correlate with higher percent correct on the task)
during encoding while RTs were correlated with AC latency measures for the Recognition
task (i.e., the shorter the peak latency around P2, the longer the RTs).

Multivariate age-related effects evoked by the Sample and Non-match stimuli (during the
Match task) are shown in Fig. 4. In general, the same progressive shift in latency can be seen
across brain areas. However, consistent with the Digit Symbol task of the WAIS-R, the
latency of the initial peak (P1) in MO and LOG was delayed relative to the young (see single
asterisk—main effect of age). This result reveals general slowing in the responses of the
elderly. In addition, the elderly revealed greater amplitudes than the young during some of
the tasks (F = 4.66, P < 0.01: see “+” in upper left panel of Fig. 4), with the most notable
differences in SMG, DLPFC, and AC during the Delayed Recognition Memory condition.
This result is consistent with other studies reporting a posterior-to-anterior shift (or ventral-
to-dorsal) in young relative to elderly (Grady et al., 2003; Meulenbroek et al., 2004) which
is interpreted as reflecting the additional recruitment of dorsolateral prefrontal regions to
facilitate memory (compensation). However, as pointed out previously, our elderly did not
perform worse than the young, similar to many other studies. MO and LOG regions,
however, did not reveal reduced amplitudes for elderly compared to the young as suggested
by Cabeza et al. (2004) and Grady et al. (2006).

To our surprise, the LOG region revealed highly significant age-related effects. First, the
elderly revealed greater initial amplitudes for Peak 2 (Peak 2 is denoted by a “+” shown on
the MO plot) during the Recognition task (see second row and column of Fig. 4: F = 4.66, P
< 0.01), similar to our auditory study (Aine et al., 2005). Second, the maximum peak latency
of the 3rd peak is quite late for the elderly, relative to the young (compare double red
asterisks vs. double blue asterisks). In general, the timecourses for this region appear
qualitatively different for the young and the elderly.
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When we examined the correlations between neuropsychological, behavioral, and
neuromagnetic activity in this region, again, qualitative differences in the patterns of
correlations were noted between the two age groups. Correlations for the young, according
to Table 4, cluster around visual memory (immediate and delayed recall on the Rey Figure)
and Performance IQ, particularly for early activity in LOG (P2). Correlations with Full Scale
IQ (during Recognition) were evident later in time (P3). Comparisons between MEG
measures and behavioral performance indicated that low amplitude early activity during
Encoding correlated with better accuracy for the young. In addition, lower amplitudes at P3
for the young correlated with shorter RTs. In contrast, during Encoding for elderly group,
high amplitude responses at P3 correlated positively with accuracy in the Recognition task.
We note a similar dissociation between patterns of activity for young versus elderly groups
presented by Rypma and D’Esposito (2000), although their results referred to activity in
DLPF and AC.

In our study, the types of neuropsychological tests that correlated with the MEG measures
for our elders were verbal in nature, suggesting that our elders may have been attaching
verbal labels to the stimuli rather than using a “posterior” visual strategy of retaining the
images in mind. Supporting this interpretation is the fact that elders reveal higher amplitude
responses in the frontal regions which correlate more with Verbal IQ measures (Table 3).
This probably explains why the latency of P3 in LOG was late for both Encoding and
Recognition tasks in the elderly, relative to the young (Fig. 4).

In an attempt to better understand the neural underpinnings of these qualitatively different
patterns of activity and neuropsychological test results, we classified tissue types from the
MRIs (GM, WM, and CSF) for our young and elderly. We also classified tissue on 9 adults
in an intermediate age range (31–43 years) in order to characterize the shape of the
functions. These 9 adults had MRIs from other MEG studies. First, our elderly had
significantly lower normalized GM and WM volumes in frontal regions than our young (P <
0.004 for GM and P < 0.0002 for WM). Second, GM volumes revealed a decline across age
groups, except for left temporal cortex where the elderly revealed greater GM volume
(young vs. elderly P < 0.02; elderly vs. middle-aged P < 0.007). But, we found an inverted
U-shaped function for frontal WM (see Fig. 5—young and elderly were at the two extremes,
P < 0.0001, with our 31–43 year old subjects showing maximal WM volume, P < 0.00005
for middle-aged vs. elderly and P < 0.02 for middle-aged vs. young), similar to the total WM
volume results shown recently by Sowell et al. (2003) and by the prefrontal WM changes
shown in a longitudinal study by Raz et al. (2005). This result, along with more
comprehensive results presented by Raz and Sowell, suggests that WM maturation continues
well into middle age.

Other interesting age-related differences were evident which converged with MEG and
neuropsychological results. For example, the MEG data showed large differences in Peak 3
latencies, with young subjects revealing shorter Peak 3 latencies (see LOG Fig. 3, double
asterisks). The morphometric results indicate that young subjects with shorter peak 3
latencies in MO cortex and LOG had higher GM volumes in the occipital lobe (r = −0.57, P
< 0.05; r = −0.77, P < 0.02). Elder adults with shorter Peak 1 latencies in MO cortex (see
lower left panel of Fig. 4) and Peak 3 latencies in the LOG had less WM volume in the
occipital lobe (r = 0.72, P < 0.02; r = 0.75, P < 0.05). As mentioned previously, the MEG
results also showed a main effect of age on Peak 1 latency in MO and LOG (i.e., slower
latencies for elderly, F = 4.35, P < 0.04, Fig. 4 single asterisk). It appears that greater WM
volume in occipital regions is associated with a delay in neural activity in this region for the
elderly during the DMS task. On the other hand, Fig. 6 (top) shows that greater WM
volumes in the temporal lobes of the elderly correlated with Verbal IQ (r = 0.76, P < 0.02)
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and years of education (bottom; r = 0.68, P < 0.05) while GM volume in this region
correlated with performance IQ (r = 0.73, P < 0.05).

Discussion
Our results indicate: (1) no differences in behavioral performance measures between the
young and elderly, but significant differences in the MEG and morphometric measures and
their correlations with neuropsychological test results and behavioral performance measures;
(2) although there was a main effect of age on the latency of the initial peak in primary/
secondary cortex and LOG (Fig. 4, see * for medial occipital, MO, responses), consistent
with an interpretation of age-related slowing, these longer latencies were not correlated with
the performance (accuracy and speed) of the elderly on the DMS task; (3) age-related effects
were noted in higher-order brain regions (e.g., LOG, SMG, DLPFC, and AC) showing
higher amplitudes in general for the elderly, particularly for the Recognition Memory task in
regions typically associated with linguistic processing (including sub-vocal processing); (4)
the patterns of correlations between MEG responses and neuropsychological tests (Table 4)
suggest that young and elderly were using two different strategies to perform this task (that
is, the young relied on posterior brain regions, while the elderly relied on DLPFC and SMG
regions, reminiscent of the phonological store; Henson et al., 2000); and (5) the
morphometric results revealed an inverted U-shaped function for WM volume in frontal
cortex (Fig. 5) similar to recent results presented by Raz et al. (2005). In the latter case, we
also note a similarity in inverted U-shaped functions for performance on an assortment of
verbal cognitive tasks (verbal memory, verbal ability, etc.) examined in the Seattle
Longitudinal Study (Schaie, 1994).

Two aspects of the developmental literature suggest that the qualitative differences seen in
the MEG data are most likely due to strategy differences learned as a function of brain
maturation. First, as children age, they switch from relying on visuospatial strategies to
using the phonological loop to recode visual inputs into phonological form via rehearsal
(Gathercole et al., 2004). Postle (2006) proposed that humans automatically recode
information about features of visually perceived stimuli into a verbal code and that this
verbal code is retained as part of the short-term memory representation of the stimulus. This
is similar to Paivio’s dualcoding theory where a visual stimulus activates linguistic and
visual codes in parallel (Paivio, 1986) and Wickens’ (1973) multiple encoding theory.
Baddeley et al. (2001) noted that when subjects are engaged in working memory tasks they
spontaneously cue themselves by silently repeating cues (inner speech). Inner speech, as
viewed by Luria (1959), is a way of regulating one’s own behavior (i.e., verbal control of
executive processes). Indeed, several investigators have noted upon debriefing of subjects
that verbal coding of stimuli is a natural strategy often employed during working memory
tasks (Nystrom et al., 2000; Walter et al., 2003). Rehearsal or inner speech becomes well-
automatized during adulthood and is conceptualized as a useful strategy to activate/retrieve
currently relevant task-set representations (Emerson and Miyake, 2003; Kray et al., 2004).
Tun et al. (1998) further suggest that older adults conserve their attentional resources by
using gist-based strategies (i.e., linguistic abstraction). When young subjects were
encouraged to use gist-based retrieval strategies, they were just as quick to make false
recognitions regarding the details of items as did the elders. Therefore, it is possible that
these significantly different anatomical and neural activation patterns may be due to the
continuation of maturational processes in the young group, in addition to senescent
processes in the elderly group. Physiological correlations with neuropsychological and
behavioral results, showing opposite correlations between the young and elderly, have been
reported previously (Grady et al., 2003). For example, Rypma and D’Esposito (2000)
showed that fast young subjects had less DLPF and AC activation during retrieval than slow
younger subjects, whereas older adults showed the opposite pattern. Therefore, differing
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patterns seen in the elderly need not only be viewed as reflecting deleterious effects of aging
but rather may be considered as a learned and effective strategy, associated with normal
maturational processes.

Second, although much emphasis has been placed on the linear decrease of GM volume with
age, there is a concurrent increase in WM volume with age that should be taken into
consideration as well. A review of the maturation/atrophy rates of GM volumes using
stereological and magnetic resonance methods uniformly shows a gradual linear decrease in
cortical GM volume with age beginning after the ages of 12 and 16 years, when GM volume
peaks in the frontal and temporal lobes, respectively (Giedd et al., 1999; Bartzokis et al.,
2001). This fact most likely led many to believe that brain function steadily declines after
adolescence. In contrast, much less attention has been paid to WM volumes and
myelination, which directly affects neural transmission speed. WM volumes progressively
increase from 19 years of age and are not maximal until ~45 years of age in temporal and
prefrontal regions, brain regions reportedly involved in higher cognitive functions (Bartzokis
et al., 2001; Sowell et al., 2003). After ~45 years of age, WM volume slowly declines.

Nagy et al. (2004) recently showed that maturation of relatively restricted regions of WM is
correlated with the development of specific cognitive functions. They found a double
dissociation between the development of working memory capacity which correlated with
FA in two left frontal lobe regions and parietal cortex and reading ability which correlated
with FA in the left temporal lobe. Deutsch et al. (2005) found that FA in a left temporo-
parietal region correlated significantly with behavioral measurements of reading, spelling,
and rapid naming performance. That is, lower FA values were associated with lower
performance scores. These results, along with results from Beaulieu et al. (2005) and Niogi
and McCandliss (2006), further support the hypothesis that the left temporo-parietal neural
pathway is necessary for the development of fluent reading and extend the findings of
Klingberg et al. (2000) in showing decreased diffusion anisotropy in a left temporo-parietal
region for adults with poor reading scores. Taken together, these studies suggest that the
gradual maturation of specific fiber tracts correlates with measures of specific cognitive
functions. Morphometry and DTI studies have repeatedly revealed left hemisphere
asymmetry in WM volumes and tracts in temporo-parietal regions, typically associated with
language functions, and in the arcuate fasciculus itself, a fiber bundle connecting Broca’s
and Wernicke’s areas (Nucifora et al., 2005).

Two points from our current study are relevant here. First, MEG measures from DLPF
cortex and SMG regions, associated with the phonological loop, correlated with a cluster of
verbal measures on the neuropsychological tests. Second, WM volumes in the temporal lobe
correlated with Verbal IQ scores for the elderly group only. We can conclude from these
results that verbal ability is intact in the elderly. Although WM volumes in the frontal lobes
were significantly lower for the elderly compared to the young group, our morphometric
data for the middle-aged group suggest that WM maturation in the young group was
incomplete since the young and elderly groups represented the two ends of the inverted U-
shaped function. This fact suggests that accounts of aging that focus on degenerative
processes only are incomplete since the dynamic interplay between degenerative and
maturational neural changes, along with the consequent effect these changes have on
strategies, has been ignored. Future studies need to examine both processes and include DTI
since it can provide a better measure of WM integrity for the young and elderly groups in
this case.

Olesen et al. (2003) combined data from DTI and fMRI from children (8–18 years) and
showed positive correlations between WM maturation (FA measures) and neural activity
(BOLD responses) in a number of regions important for spatial working memory and the
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development of working memory capacity (e.g., fronto-parietal neural system). They
hypothesized that neural activity in GM regions would correlate with FA values derived
from the WM tracts that connect the GM regions in a neural system. In their study, the
maturation of WM tracts (e.g., FA values in the fronto-parietal tract) correlated with an
increase in the BOLD response in the superior frontal sulcus and intraparietal sulcus (i.e.,
GM regions to which WM projects). This same logic for directly relating function to
structure could be applied to future MEG studies with the goal of characterizing
development of neural systems.

Given that dynamic processes associated with maturation and decline of WM, GM,
synaptogenesis, and neurogenesis continue throughout the life span, with different rates of
maturation occurring in different regions of the brain, leads one to question the adequacy of
comparisons between young and elderly groups for determining age-related effects. Clearly,
brain maturation continues beyond the ages of the young subjects (20–29 years) in our study
as corroborated by our morphometry results. Unfortunately, we do not have MEG data from
an intermediate age group (e.g., 35–45 years) nor do most other studies to definitively
determine whether the qualitatively different pattern seen in the elderly data during
encoding/recognition tasks reflects “compensatory” mechanisms as suggested in the
literature, or maturation, or some combination of the two. We suggest that results from our
young reflect a maturational trend where they initially rely on posterior regions and visual
strategies in general. Gagnon et al. (2003), for example, indicate that young individuals,
relative to the elderly, obtained higher scores on the recall of Rey and Taylor Complex
figures, tests of visual memory. Similarly, a posterior-to-anterior shift in neuroimaging data
in young relative to elderly has been reported in other studies of aging as well (Grady et al.,
2003; Meulenbroek et al., 2004). When we asked our young about the strategy they used,
young females in particular seem to focus on the details of the Walsh patterns (e.g., “I
looked for patterns within each figure and tried to match them”). We believe that our elderly
were more likely to use linguistic labels in order to perform this task since high amplitude
activity in DLPF and SMG, regions typically associated with the phonological loop,
correlated strongly with Verbal IQ measures (e.g., Vocabulary). In addition, WM volume in
the temporal lobes of our elderly correlated with Verbal IQ scores (Fig. 6), unlike our young
group, while GM volume of the elderly correlated with Performance IQ.

In summary, we propose that the qualitatively different pattern of brain activity witnessed in
the elderly in many studies may reflect the role of inner speech in regulating memory
processes in various memory tasks. Raz et al. (2005) also note that the U-shaped trajectory
of WM volume suggests different biological phenomena underlying these changes in young
and in elderly. These results are consistent with results and interpretations offered by Grady
et al. (2003) in showing similar behavioral performance but different networks of activity
mediating the DMS task. Our elderly subjects revealed enhanced activity in prefrontal cortex
and supramarginal gyrus, brain regions associated with linguistic processing (Grady et al.,
1998; Henson et al., 2000). But, our morphometric data suggest that the young have not
fully matured since our middle-aged subjects reveal higher WM volumes than either the
young or elderly, similar to results by Raz and colleagues. Therefore, the qualitatively
different anatomical and physiological brain patterns seen in the elderly need not be viewed
as reflecting a compensatory mechanism but may be viewed as a learned effective strategy,
associated with normal maturational processes. More direct tests of verbal and nonverbal
memory functions in young, middle-aged, and elderly, along with the acquisition of
neuropsychological, morphometric, and DTI data for these groups, will enable more
conclusive interpretations for age-related effects in episodic memory processes.
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Fig. 1.
Experimental design. Subjects were asked to press a button with the right thumb in response
to the Match stimuli. The same stimuli were presented in a passive viewing task as a control
condition.
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Fig. 2.
MEG waveforms. This polar plot, viewed from the top down, contrasts averaged waveforms
(250 individual responses) evoked by the “Sample” stimuli during the active DMS task
(black tracings) and for the passive or control task (red tracings). The frontal sensors are
located toward the top of plot, and the left hemisphere is depicted on the left side of the plot.
The scale at the upper left portion of the figure denotes the x and y scales of the individual
channel waveform plots. The time scale shown is from −100 to 1500 ms. The y axis is in fT.
The numbers printed to the left of the waveforms represent sensor numbers.
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Fig. 3.
MEG source timecourses. The 6 brain regions evaluated (MO, LOG, MP, SMG, DLPF, and
AC) are displayed in the MRIs at the right of the figure. Timecourses within each region
were averaged across young and elderly subjects for each of 3 task conditions. The left
column shows timecourses evoked by the Control stimuli (red tracings) superimposed on
averaged timecourses evoked by Sample stimuli (Encoding = blue tracings). The right
column shows timecourses evoked by the Control stimuli (red tracings) superimposed on
averaged timecourses evoked by Non-match stimuli (Delayed Recognition Memory = blue
tracings). Asterisks located by the region label on the y axis indicate brain regions that were
significantly affected by task instruction. For each subject, 250 individual neuromagnetic
responses were averaged together in response to Sample stimuli and 168 individual
responses were averaged together in response to Non-match stimuli. A range of significance
probabilities for the main effect of Task and Task × Region interactions are shown above.
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Fig. 4.
Age-related differences across tasks. Timecourses averaged across the young subjects (red
tracings) are shown superimposed on timecourses averaged across elderly subjects (blue
tracings) for Encoding (left column) and Recognition tasks (right column). Asterisks noted
in the upper left and right panels indicate points in time where significant age-related
differences were found across tasks and brain regions. The double asterisks noted for
location LOG indicate a significant latency difference for Peak 3 (compare red double
asterisks versus blue double asterisks). The “+” indicates a significant Peak 2 amplitude
difference between young and elderly, depending upon the task. The key below indicates the
significance of these age-related effects.
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Fig. 5.
GM and WM tissue classification of 5 brain regions. Tissue was classified for 11 young and
9 elderly involved in the visual DMS study (blue and yellow bars, respectively). We also
classified tissue from 9 additional subjects in a middle-age range (31–43 years) in order to
characterize the shape of the functions (red bars). In these graphs, left and right hemisphere
results were averaged together before correlations were conducted. The values shown in this
figure are normalized to the whole brain.
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Fig. 6.
Correlations between subject characteristics of the elderly and WM volumes. WM volumes
in the temporal lobes correlated with IQ (top) and years of education in the elderly group
only (bottom).
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Table 1

Subject characteristics

Age Edu VIQ PIQ FSIQ MMSE IR Rey DR Rey COWA Digit Symbol

24.3 (13) 15.0 (0.36) 99.6 (3.09) 103.4 (5.2) 101.1 (3.64) 28.3 (0.41) 21.3 (1.64) 20.6 (1.68) 47.4 (3.44) 11.6 (0.73)

71.85 (11) 15.9 (1.11) 115.8 (4.01) 121.0 (2.55) 120.1 (3.74) 28.5 (0.37) 20.1 (2.16) 18.6 (1.95) 48.3 (4.11) 6.8 (0.65)

P < 0.005 P < 0.008 P < 0.001 P < 0.0003

Means and standard error of means, in parentheses. Edu = years of education; VIQ = Verbal IQ, PIQ = Performance IQ; FSIQ = Full Scale IQ;
MSE = Mini Mental State Exam; IR Rey = immediate recall of the Rey– Osterrieth Figure raw scores; DR Rey = delayed recall of the Rey–
Osterrieth Figure raw scores; COWA = controlled oral word association (verbal fluency); Digit Symbol from the WAIS-R.
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Table 3

Pearson correlations between neuropsychological test results and MEG measures

Region Encoding (amplitude measures) Recognition Memory (amplitude measures)

MO 74–364 ms IR Raw Score Rey
r = 0.44 to r = 0.46, P = 0.04 to P = 0.03
DR %Correct Rey
r = 0.42 P = 0.05

129 ms Performance IQ
r = 0.48, P = 0.02
IR and DR %Correct Rey
r = 0.47 P = 0.03, r = 0.43 P = 0.04

LOG * *

MP 82–173 ms REY Copy Time
r = −0.71 to r = −0.91, P = 0.02 to P < 0.0001

97–400 ms Verbal and Full Scale IQ
r = 0.64 to r = 0.76, P = 0.05 to P = 0.01

SMG 78–412 ms Similarities
r = −0.54 to r = −0.74, P = 0.05 to P = 0.002

82–377 ms Verbal, Performance, and Full Scale IQ
r = 0.55 to r = 0.75, P = 0.05 to P = 0.003

DLPF 88 ms Percent Correct on Task
r = −0.77, P = 0.004

84–483 ms Verbal and Full Scale IQ
r = 0.63 to r = 0.84, P = 0.05 to P = 0.002

AC 89–489 ms Verbal IQ
r = −0.61 to r = −0.67, P = 0.04 to P = 0.03

[Latency measure at 197 ms—RTs on Task
r = −0.70, P = 0.02]

IR Raw Score Rey = immediate recall of the Rey– Osterrieth Complex Figure Test; Rey Copy Time = time taken to reproduce the Rey– Osterrieth
Figure; IR/DR %Correct Rey = percent correct on immediate and delayed recall of Rey–Osterrieth Complex Figure Test; Similarities = Similarities
Scale on WAIS-R; Verbal, Performance, and Full Scale IQ are from the WAIS-R.

*
These results were inconsistent due to age and gender effects (see below).
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Table 4

Correlations between neuropsychological test results and LOG response profiles

Young Encoding

P1 Amp × Correct on Task r = −0.64, P = 0.03—Elderly r = 0.63, P = 0.09
P2 Amp × Correct immediate recall (Rey) r = 0.71, P = 0.02—Elderly r = 0.45, P = 0.26
P2 Amp × Correct delayed recall (Rey) r = 0.79, P = 0.006—Elderly r = 0.39, P = 0.34
P2 Latency × delayed recall (Rey) Time r = −0.81, P = 0.005—Elderly r = 0.82, P = 0.01
P3 Amp × RTs r = 0.68, P = 0.01—elderly r = −0.48, P = 0.23
P3 Amp × Age r = 0.60, P = 0.04—elderly r = 0.74, P = 0.04

Elderly Encoding

P2 Latency × Vocabulary (WAIS-R) r = 0.88, P = 0.001—Young r = −0.19 P = 0.60
P3 Latency × Vocabulary (WAIS-R) r = 0.92, P = 0.001—Young r = −0.61, P = 0.06
P3 Latency × Verbal IQ r = 0.75, P = 0.03—Young r = −0.30, P = 0.41
P3 Latency × Full Scale IQ r = 0.75, P = 0.03—Young r = −0.13, P = 0.71
P3 Amp × %Correct on Task r = 0.69, P = 0.05—Young r = −0.20, P = 0.53
P3 Amp × Age r = 0.74, P = 0.04—Young r = 0.60, P = 0.04

Young Delayed Recognition Memory

P2 Amp × Performance IQ r = 0.75, P = 0.04—Elderly r = −0.29, P = 0.44
P2 Amp × Correct immediate recall (Rey) r = 0.86, P = 0.01—Elderly r = 0.03, P = 0.93
P2 Amp × Correct delayed recall (Rey) r = 0.77, P = 0.04—Elderly r = 0.12, P = 0.75
P3 Amp × Correct immediate recall (Rey) r = 0.96, P = 0.0005—Elderly r = 0.41, P = 0.27
P3 Amp × Correct delayed recall (Rey) r = 0.85, P = 0.01—Elderly r = 0.30, P = 0.43
P3 Amp × Full Scale IQ r = 0.80, P = 0.03—Elderly r = −0.62, P = 0.08
P3 Amp × RTs r = 0.70, P = 0.04—Elderly r = −0.51, P = 0.16
P3 Latency × Performance IQ r = −0.82, P = 0.02—Elderly r = −0.18, P = 0.64
P3 Latency × Full Scale IQ r = −0.77, P = 0.04—Elderly r = −0.10, P = 0.80

Elderly Delayed Recognition Memory

P1 Latency × Vocabulary (WAIS-R) r = 0.81, P = 0.008—Young r = 0.36, P = 0.42
P2 Latency × Vocabulary (WAIS-R) r = 0.73, P = 0.02—Young r = −0.01, P = 0.97
P2 Latency × Verbal IQ, r = 0.66, P = 0.05—Young r = −0.36, P = 0.42
P3 Amp × Verbal IQ r = −0.71, P = 0.03—Young r = 0.38, P = 0.39
P3 Amp × Age r = 0.82, P = 0.006—Young r = −0.38, P = 0.31

Qualitatively different patterns of correlations can be seen between Young and Elderly Age groups in LOG.
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