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Abstract
Hemispheric asymmetry reduction in older adults (HAROLD) has been frequently reported in studies
of functional brain aging. It is commonly considered to be a plastic brain reorganization that provides
compensation for declining unilateral neural efficiency. However, plastic functional alterations may
also be associated with neural connectivity changes. Using activation and resting state functional
magnetic resonance imaging (fMRI) as well as diffusion tensor imaging (DTI), we examined whether
functional and structural connectivity related to prefrontal working memory function is
asymmetrically reduced in the two hemispheres of the aging brain; and if yes, whether these
asymmetric connectivity declines are correlated with asymmetry reduction in functional activation.
With regions of interests defined by verbal working memory activations, it is revealed that although
neural connectivity is generally reduced in the aging brain, prefrontal-parietal resting functional
connectivity is better preserved in the left hemisphere while prefrontal DTI fiber pathways are better
preserved in the right hemisphere. In addition, the laterality change of the functional activation is
negatively correlated with that of the resting connectivity and positively correlated with that of the
structural connectivity. These results reveal additional aspects of the neuronal alterations of aging
and suggest a link between asymmetric connectivity reduction and HAROLD.
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1. Introduction
Cognitive neuroimaging studies have shown consistently that prefrontal activation tends to be
less lateralized in old adults compared with young (Cabeza et al., 1997; Cabeza et al., 2002;
Cabeza et al., 2004; Dennis et al., 2007; Morcom et al., 2003; Reuter-Lorenz et al., 2000). This
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phenomenon is known as the HAROLD (hemispheric asymmetry reduction in older adults)
effect (Cabeza, 2002), which has also been documented with electroencephalography (Bellis
et al., 2000), near-infrared spectroscopy (Herrmann et al., 2006) and behavioral (Reuter-Lorenz
et al., 1999) studies.

Cabeza and colleagues interpreted the HAROLD effect as a compensatory neural mechanism
that can counteract age-related unilateral working efficiency decline (Cabeza et al., 2002).
Their data showed that in a memory task, low-performing old subjects exhibited similar
unilateral prefrontal activation as young adults, while high-performing old subjects engaged
prefrontal regions bilaterally. Together with additional support from studies that suggest
bilateral engagement facilitates language recovery from unilateral brain damage (Cao et al.,
1999; Thulborn et al., 1999), contralateral compensation is considered a likely interpretation
of neuroimaging evidence of HAROLD.

However, there are also reports of increased bilateral prefrontal engagement in old subjects
where the contralateral involvement is not universally beneficial. For example, Colcombe and
colleagues found significantly greater bilateral frontal recruitment in old (than young) adults
during an inhibition task but the additional contralateral activation predicted poor, rather than
good performance (Colcombe et al., 2005). Similarly, in a language study, Wierenga et al.
found in old adults a negative correlation between picture naming accuracy and fMRI response
in the non-dominant hemisphere (Wierenga et al., 2008). These data suggest that contralateral
compensation is consistent with some neuroimaging findings, but there are likely other factors
contributing to the HAROLD phenomenon.

The aforementioned aging studies all focused on associations between behavior and activation.
However, as brain functions are supported by coordinated activations across distributed neural
networks, it is highly possible that plastic functional reorganization in the aging brain is also
associated with neural connectivity changes. Behavioral compensation aside, the degree to
which a region activates may also be affected by how this region is connected to other
collaborating areas. Specifically in the context of HAROLD, one important yet unexplored
question is whether the observed activation asymmetry reduction is associated with an
asymmetric connectivity decline.

This question is valid because previous studies have demonstrated that functional (Greicius et
al., 2004; Rombouts et al., 2005; Sorg et al., 2007) and structural connectivity (Grieve et al.,
2007; Madden et al., 2007; Makris et al., 2007; Pefefferbaum et al., 2005; Salat et al., 2005)
were both non-uniformly (more pronounced in anterior regions than posterior) reduced in aging
brain. With fMRI and DTI data collected in multiple sclerosis patients, Bonzano and colleagues
also found that reduced structural connectivity could influence brain activation asymmetry
(Bonzano et al., 2009) indicating that changes in activation pattern may have a connectivity
basis. With regard to HAROLD, the activation asymmetry reduction may also be a consequence
of functional and/or structural connectivity changes. For example, for typically left dominant
activations, the increased right hemisphere activity in old subjects could be due to more reduced
neural connectivity in the left side such that some of the processing load needs to be shifted to
the relatively intact right homologue. To examine this possible activation-connectivity
association behind HAROLD, the present study attempted to answer two questions: (i) whether
functional and structural connectivity associated with prefrontal verbal working memory
function are asymmetrically reduced in older adults; and if yes, (ii) whether these asymmetric
connectivity reductions are correlated with prefrontal activation asymmetry reduction.

We collected verbal working memory and resting-state fMRI as well as DTI data from groups
of old and young subjects. With the task fMRI data, we defined regions of interest (ROI) in
bilateral prefrontal areas based on memory activation, and the prefrontal HAROLD effect was
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assessed through the activation map and laterality index. As the prefrontal and parietal regions
usually co-activate (functionally linked) in working memory tasks (D’Esposito et al., 1998)
and they both are known to be part of the “executive-control network” (Seeley et al., 2007),
resting fMRI was used to assess hemispheric decline of this frontal-parietal functional
connectivity (low frequency signal correlation). With DTI, because the precise fiber
connections between the prefrontal verbal working memory area and other brain regions are
difficult to ascertain, the DTI measurement of structural connectivity between prefrontal ROIs
and other specific brain regions may not be valid. Instead, a fiber tracking algorithm that can
calculate all possible fiber pathways passing through the bilateral prefrontal ROIs was used.
It provided pathway number/amount as the connectivity strength index for the assessment of
hemispheric reduction of structural connectivity. With the ROIs and connectivity indices
determined, we examined the hemisphere differences of these connectivity reductions and their
correlations with the prefrontal hemisphere activation changes in old subjects.

2. Results
2.1. Behavior performances

The accuracy and reaction time (RT) of subjects’ responses made at the end of each trial were
compared (via a 2×2 ANOVA) between groups (young vs. old) and experiment conditions
(memory vs. control trial) with the results shown in Table 1. The old subjects were generally
less accurate and slower than the young subjects and this group difference was greater in the
memory condition.

2.2. Activation state fMRI
The memory task activated all brain areas typically reported in verbal working memory studies,
including lateral and medial prefrontal cortices as well as superior and inferior parietal regions.
A comparison of prefrontal activations between the old and young groups is shown in Fig.1.
Consistent with the reports of hemispheric asymmetry reduction, more prefrontal activation in
the right hemisphere was seen in the old subjects.

Based on the mean activation of all the participants, bilateral prefrontal and parietal ROIs were
defined and are shown in Fig.2A. Clearly indicated by the ROI volumes, the evoked brain
activations were left dominant in the prefrontal cortex. The impulse response functions (IRF)
of bilateral prefrontal ROIs are compared between conditions (memory vs. control trial) and
groups (old vs. young) in Fig.2B. In the left prefrontal ROI, memory induced IRF increase
(memory - control) was higher in the young group; but in the right prefrontal ROI, this IRF
increase was higher in the old group. With the memory activation level extracted from the
bilateral prefrontal ROIs, the 2 (young vs. old) × 2 (left vs. right) ANOVA showed a significant
(F1, 29=4.7, p=0.39, partial Eta2=0.14) AGE × HEMISPHERE interaction1 (Fig.2C, pink and
blue bar plots). By scaling the old subject’s activation level with the mean value of young
group, this activation asymmetry change is clearly revealed by the green and yellow bar plots
in Fig.2C. Compared to the young subjects, the old subjects exhibited decreased (scaled
activation < 1) prefrontal activation in the left hemisphere but increased (scaled activation >
1) prefrontal activation in the right hemisphere. The scaled activation was also significantly
(paired t-test, t16=3.5, p=0.003) different between the two hemispheres. For a left dominant
function, decreased left and increased right activation in the older subjects replicated the
HAROLD effect.

For the old subjects, we also examined the behavior-activation correlation using the prefrontal
ROI activation data and RTs of the memory trials. Instead of percent accuracy, RT data could

1AGE main effect, F1, 29=0.002, p=0.97, partial Eta2<0.001; HEMISPHERE main effect, F1, 29=58, p<0.001, partial Eta2=0.67
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avoid “ceiling effect” in this correlation analysis for those subjects who achieved 100%
accuracy in the task. The correlation between prefrontal activation laterality indices and the
RTs was not significant (r=0.32, p=0.22), but suggested that subjects with a shorter RT had a
more rightward shift to their prefrontal activation. By splitting the group into low (mean
accuracy: 80%) and high (mean accuracy: 94%) performing halves, a lower laterality index
(more activation in the right hemisphere) was found in the high performing subjects. However,
this laterality index group difference (-0.059high-performing vs. -0.014low-performing) was not
significant either (group t-test t15=1.5, p=0.15).

2.3. Resting-state fMRI
Significant correlations of low frequency fMRI signal with prefrontal ROIs were observed in
the ipsilateral parietal, medial prefrontal, as well as the contralateral prefrontal regions (see
Fig.3). The parietal regions identified by this connectivity analysis largely overlap with those
activated in the working memory task. These results show a close functional association
between the prefrontal and parietal regions, not only during “task”, but also during “rest”.

With the prefrontal-parietal correlation z-scores as the input, the 2 (young vs. old) × 2 (left vs.
right) ANOVA showed a significant AGE effect (F1, 29=11, p=0.002, partial Eta2=0.28) and
an AGE by HEMISPHERE interaction2 (F1, 29=4.2, p=0.051, partial Eta2=0.13). For the old
subjects, the functional connectivity between prefrontal and parietal ROIs is decreased in both
hemispheres. In addition, this decrease was asymmetric, with the connectivity better preserved
in the left hemisphere than in the right. Similar to the activation data, the old subjects’
correlation z-scores were scaled by the mean value of the young group and their hemispheric
connectivity changes are compared (paired t-test, t16=2.6, p=0.02) in Fig.3. To examine the
association of hemisphere connectivity and activation changes in the old subjects, laterality
indices calculated from the scaled connectivity z-scores and activation values were submitted
to a cross-correlation analysis and a significantly (r=-0.62, p=0.008) negative correlation was
observed (Fig.3).

2.4. DTI
The tract tracing approach identified possible fiber connection in all directions for the bilateral
prefrontal ROIs (Fig.4). Similar to the resting data, asymmetric pathway reductions were
observed in the old subjects’ DTI data (AGE effect, F1, 24=1.8, p=0.19, partial Eta2=0.072;
AGE × HEMISPHERE interaction3, F1, 24=3.1, p=0.091, partial Eta2=0.12). With old subjects’
pathway numbers scaled by young group means, their left hemisphere pathways are
significantly (paired t-test, t15=2.5, p=0.026) more reduced than the right (Fig.4). For the DTI
data, this scaled value hemisphere comparison is more pertinent than the unscaled value
ANOVA, because the activation based prefrontal ROI had a larger volume (thus more fibers
passing through) in the left hemisphere than in the right. For example, if the young subjects
have a pathway number of 100 and 30 respectively in the left and right prefrontal ROIs, and
both of these numbers are 20% reduced by aging, which makes them 80 and 24 for the old
group, one may get a significant Age × Hemisphere interaction in this situation as the aging
reduction is 20 in the left but only 6 in the right hemisphere. However, it is obvious that this
hemisphere difference may simply reflect the ROI volume difference. In contrast, the scaled
data comparison indicates that the structural connectivity is disproportionally more reduced in
one hemisphere than the other, which can not be explained by the ROI volume difference.

On the scatter plot of DTI and activation laterality index, there are two outliers whose DTI
indices are distinctly distant from those of the others. Namely, their structural connectivity was

2HEMISPHERE main effect, F1, 29=1.7, p=0.21, partial Eta2=0.055
3HEMISPHERE main effect, F1, 24=125, p<0.001, partial Eta2=0.84
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better preserved in the left than in the right hemisphere (laterality index > 0). If only including
old subjects with better right preservation (laterality index < 0, exclude the two outliers), the
DTI laterality index calculated from the scaled pathway numbers was significantly (r=0.55,
p=0.05) correlated with that of the activation data (Fig.4).

3. Discussion
In this study, with activation and resting-state fMRI as well as DTI data collected from the
same group of subjects, both functional and structural connectivity associated with prefrontal
working memory function were found to exhibit asymmetric reduction in the old subjects. In
addition, these asymmetric declines in connectivity were correlated with the activation
asymmetry reduction, suggesting a possible connectivity basis for the HAROLD effect.

Dorsolateral prefrontal and parietal regions typically co-activate in supporting many cognitive
functions (Bor and Owen, 2006; Curtis and D’Esposito, 2003; Li et al., 2004; Marshuetz et al.,
2000; Menon et al., 2001). Consistent with the view that brain regions with similar functionality
tend to be correlated in their spontaneous fMRI activity (Fox and Raichle, 2007), recent
findings from Seeley and colleagues also have shown that these two regions are intrinsically
connected as the “executive-control” network (Seeley et al., 2007). Given this close functional
association, aging-related alterations of prefrontal activity (asymmetry reduction) may reflect
changes in the prefrontal-parietal collaboration. Our resting-state fMRI data demonstrate
significant functional connection between the prefrontal area and the ipsilateral parietal area.
Although both declined in the old subjects, this functional connectivity was found to be better
preserved in the left hemisphere than the right. For the HAROLD effect, the rightward shifted
prefrontal activation could indicate that the right prefrontal cortex needs to exert more effort
as the assistance from the right parietal area is more reduced. This possibility has support from
the present observation that the more right side connectivity reduces relative to the left, the
more prefrontal activation shifts from the left to the right.

In addition to the HAROLD effect, different functional aging alterations taking place in the
two hemispheres were also interpreted by the right hemi-aging model (Dolcos et al., 2002).
Supported by behavioral studies, the model posits that the right hemisphere declines more than
the left in the aging brain. For example, given the well-accepted view that verbal and spatial
functions are respectively left and right dominant, Goldstein and Shelley observed more
impaired spatial capability in the old subjects as compared to verbal skills (Goldstein and
Shelly, 1981). In addition to those behavioral data, the present resting-state data, which showed
more functional connectivity reduction in the right, provided neuroimaging support to this right
hemi-aging view. As Dolcos and colleagues stated, the right hemi-aging and HAROLD model
are not incompatible. Evidences of both views are found in the present study. However,
different models may only reflect different aspects of the neurobiology of aging as they each
were concluded from different pieces of experimental evidence.

White matter pathways are shown to be asymmetrically distributed even in healthy young
individuals (Barrick et al., 2007), suggesting the possibility that the decline of structural
connectivity in aging could also be asymmetric in the two hemispheres. Our DTI data support
this hypothesis in the prefrontal fiber pathways associated with verbal working memory (and
probably other cognitive functions). In fact, similar results can also be found in a previous
aging study (Pefefferbaum et al., 2005). Also based on DTI, Pefefferbaum and colleagues
reported that the proportions of coronal slices yielding significant fractional anisotropy (FA)
group differences were 74% for the left hemisphere and 71% for the right. In addition, their
group comparison for different brain regions showed a better FA preservation in the right
middle-frontal gyrus than the left. Similar to functional connectivity, asymmetrically declining
prefrontal structural connectivity could also contribute to HAROD. Namely, the prefrontal
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activation may shift towards the right side, as the structural connectivity is relatively intact
there. This hypothesis has support from the present DTI-activation correlation. For those old
subjects with a better preservation of fiber pathways in the right side, their prefrontal activations
were more shifted to the right hemisphere. A similar activation-connectivity association has
been reported recently by a joint fMRI-DTI study on multiple sclerosis patients (Bonzano et
al., 2009). There, when left superior longitudinal fasciculus (SLF) is relatively intact, patients
show left dominant brain activation, similar to the healthy controls; however, right hemisphere
activation was greater if the left SLF was severely damaged.

The tractography pathways computed in the present study represent neither actual nerve fibers,
nor bundles of these fibers. Rather, they are only representations of possible white matter
routes. As the structural connectivity index used here, the pathway number only reflects one
measure of the structural connection strength. There are also other DTI indexes that could be
used, such as the FA or pathway length. We also examined the FA data and arrived at similar
conclusions regarding structural connectivity changes (more reduced in the left prefrontal
region). However, because (i) the local FA only reflects connectivity characteristics within the
ROI but not how the ROI connects to other brain regions, and (ii) the FA value may not
accurately reflect the local connectivity strength when nerve fibers cross (especially in cortical
gray matter dominant regions), only the tractography results are reported here.

Our data indicates that the functional connectivity is more reduced in the right and structural
connectivity is more reduced in the left. These observations are somewhat paradoxical;
however, based on these data alone, a conclusion could not be made regarding the
correspondence between the two types of connectivity changes because of the following
considerations. First, our measurement of functional connectivity was restricted between the
prefrontal and parietal regions whereas the structural connections were modeled in all
directions (see Fig.4). Second, the spontaneous signal correlation may not necessarily have a
direct corresponding with anatomical connections (Fox and Raichle, 2007;Koch et al., 2002).
The relationship between functional and structural connectivity, especially the correspondence
between their changes during aging, remains to be further investigated.

The HAROLD effect was previously postulated to be associated with behavioral compensation
(Cabeza, 2002) based on the observation that low-performing old subjects exhibited unilateral
prefrontal activation whereas that of high-performing subjects was bilateral (Cabeza et al.,
2002). In the present data, old subjects showed a moderate correlation between RT and
activation laterality with shorter RT associated with more rightward shifted prefrontal
activation. This result was in agreement with the prediction of behavioral compensation.
Following Cabeza and colleagues, we also separated the old subjects into high (more accurate)
and low (less accurate) performing groups and found high-performing subjects on average had
a more rightward biased prefrontal activation. However, the behavior-activation correlations
did not reach statistical significance in the present data. With more significant connectivity-
activation correlations, our data suggest that at least in the present experiment circumstance,
the behavioral compensation theory could not fully explain the HAROLD phenomenon. The
activation asymmetry reduction may also indicate that the neural connections supporting these
activations are changed. The HAROLD model was originally proposed based on activation
and behavioral data, yet it may not be limited to activation and behavior. Like Cabeza stated,
HAROLD may reflect regional and network mechanisms (Cabeza, 2002). Functional and
structural connectivities decline asymmetrically in the aging brain, and our study extends the
HAROLD model by providing evidence supporting the network mechanisms.

As the first attempt to consider connectivity-activation association in HAROLD framework,
some limitations of the present study need to be noted. First, the relatively small sample size
limits the power of the statistical test performed. It is particularly so for the DTI data as fewer
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subjects were used. Second, bivariate correlation does not examine the predictive contribution
of multiple factors (e.g. behavioral performance, functional and structural connectivity) on
activation asymmetry reduction. Conclusions regarding potential predictors should rely on
more sophisticated data analysis, such as hierarchical regression, which needs a much larger
sample size as well. Third, generalization of the observations is limited as only female subjects
were examined in the present study. As sex-specific hormone may considerably influence
biological aging of the brain (Veiga et al., 2004), activation and connectivity changes could be
different between the genders, and this possible gender difference is still open for future
investigation.

4. Methods
4.1. Participants

Fourteen young (age 22±2.6, years of education 13±1.9) and seventeen old (age 73±5.9, years
of education 16±3.5) neurologically healthy, right-handed, native English speaking women
participated in the present study. We only collected female data at present as gender is a
potential confounding factor in group comparison with stimuli that have semantic meanings
(Konrad et al., 2008; Laiacona et al., 1998). Potential volunteers were excluded if they had a
history of major psychiatric disturbance, substance abuse, or neurological injury/insult,
including loss of consciousness greater than five minutes, stroke, and neurodegenerative
illness. Cognitive screening of all subjects was conducted with the Wechsler Memory Scale –
Third Edition (WMS-III), Logical Memory Subtest (Wechsler, 1997) and the Brief
Visuospatial Memory Test – Revised (Benedict, 1997). These measures are described
elsewhere (Lezak et al., 2004) and all participants scored within the normal range. All subjects
gave informed consent in accordance with the guidelines established by the Emory University
Institutional Review Board and the Atlanta Veterans Affairs Medical Center Research and
Development Committee. For the activation and resting-state scans, imaging data from every
subject were successfully collected. The DTI data in 3 young and 2 old subjects were unusable
due to technical reasons.

4.2. Verbal working memory paradigm
Subjects were instructed to indicate (with a two-button response box) whether there was a
semantic relationship between two words (e.g., answer YES for word pair beach-sand and NO
for mud-doctor). In the memory condition, these two words were separately presented at the
beginning and end of a trial with a time lag in-between. This required the participants to keep
the first word in working memory in order to make a correct response upon seeing the second
word. In the control condition, the two words were presented simultaneously at the end of each
trial, thus eliminating the memory demand.

Fig.5 shows a schematic diagram of the task paradigm. Each trial in the present study comprised
5 slides presented with slides 1-4 each lasting 2 s and slide 5 lasting 4 s. In the memory trials,
the two words were respectively shown in the 1st and 5th slides and subjects made a semantic
relation judgment upon seeing the 5th slide. In the control trials, subjects made a judgment also
on the 5th slide with both words on display. Because no word needs to be memorized at the
display of 1st slide in the control condition, only a series of letter Xs were presented for visual
perception matching between memory and control trials. Slides 2-4 in both conditions were
distracters used to minimize rehearsal; there were word pairs on each of them requiring subjects
to make semantic relation judgments as well. The memory and control trials were randomly
distributed in all task scans with a 10 s blank screen inter-trial interval for hemodynamic
response recovery. Each subject completed 35 memory and 35 control trials.
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4.3. Imaging data acquisition
Imaging data were collected with a Siemens 3T Trio scanner (Siemens Medical Solutions,
Malvern, PA). To minimize task interference, resting-state data were collected first, during
which subjects were instructed to simply gaze at a central fixation cross. Five activation fMRI
scans were performed subsequently with the subjects performing the aforementioned task.
Imaging acquisition parameters are identical for resting and task fMRI scans (T2* weighted
EPI sequence, 308 volume measurements, 16 axial slices, slice thickness: 5 mm, slice gap: 0
mm, FOV: 220 mm, matrix: 64×64, bandwidth: 2240 Hz/pixel, TE: 30 ms, TR: 1 s, flip angle:
60°). High-resolution T1 weighted 3D anatomical (192 sagittal slices, TR/TE: 2600/3.02 ms,
flip angle: 8°, 3D FOV: 256×224×192 mm3) and DTI (diffusion-weighted, single-shot, spin-
echo echo-planar imaging sequence, 12 directions, b: 0, 1000 s/mm2, TR/TE/FOV: 6500 ms/
90 ms/220 mm, bandwidth: 1562 Hz/pixel, flip angle: 90°, Matrix: 128×128, 34 axial 3.5 mm
slices with 0 mm gap, 6 averages) data were acquired after the functional scans. The DTI
sequence used a dual spin-echo technique combined with bipolar gradients (Alexander et al.,
1997), which minimizes the geometric distortion induced by eddy currents.

4.4. Imaging data analysis
AFNI (http://afni.nimh.nih.gov) was used in all the resting, activation, and DTI data analyses.
In addition, DTI-Query (http://graphics.stanford.edu/projects/dti/dti-query) was used for tract
path computing and visualization. For all the activation, resting and DTI data variables used
in multi-factorial ANOVA analysis, a one-sample Kolmogorov-Smirnov test was performed
to check whether the data were significantly different from normal distribution. The results
showed no significant difference for all variable tested (all p>0.2)4, therefore, that the sample
distribution reflects an underlying normal distribution was reasonably assumed.

4.4.1. Task fMRI data analysis—The memory fMRI data were analyzed with the general
linear model. After the preprocessing steps, which included slice timing correction, multiple
scan concatenation, rigid body volume registration, percent signal change normalization, and
5 mm FWHM Gaussian smoothing, each subject’s signal time courses were submitted to a
“deconvolution” analysis. Fed with the onset (the 1st slide) timing of memory and control trials
as well as the acquired fMRI signal, the analysis estimated the impulse response function (IRF)
of these two conditions. The working memory network was subsequently identified by
contrasting the integration of these two impulse response functions through a general linear
test. After transforming (by means of anatomical markers and scaling) the resulting contrast
maps spatially into the Talairach space (Talairach and Tournoux, 1998) and statistically into
z-score maps, group average of brain activations across all old and young individuals was
generated. For multiple-comparison correction, a voxel-wise threshold of p<0.05 plus 1653
mm3 cluster threshold (determined by a Monte Carlo simulation for corrected p<0.01) were
applied. On this mean activation map, 4 activated clusters located in the bilateral prefrontal
(left/right, coordinate L41.4/R40.6 mm, A15.1/A18.5 mm, S30.1/S33.7 mm, volume
15053/4620 mm3) and parietal (left/right, coordinate L36.5/R37.0 mm, P59.4/P58.6 mm,
S39.9/S40.3 mm, volume 27994/22125 mm3) regions were defined as the ROIs. To ascertain
the HAROLD effect, the increase of memory associated IRF integration (memory-control) was
calculated for left and right prefrontal ROIs, respectively, in each subject. These IRF increase
values were subsequently compared between groups and hemispheres via a 2 (young vs. old)
× 2 (left vs. right) ANOVA.

We also normalized the IRF increase values of each old subject with the mean of the young
subjects so that we could examine the activation in the old subjects relative to that of the young

4Kolmogorov-Smirnov test p values of the Young-Left / Old-Left / Young-Right / Old-Right variable: Activation-Data, 0.94 / 0.22 /
0.64 / 0.21; Resting-Data, 0.87 / 0.65 / 0.67 / 0.98; DTI-Data, 0.99 / 0.89 / 0.79 / 0.83
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group. With these normalized activations, laterality indices were calculated with the following
expression

where

4.4.2 Resting-state data analysis—The resting-state fMRI data analysis was performed
with processing steps similar to those used by Fox and colleagues (Fox et al., 2005), which
successfully identified the intrinsic resting functional networks. The preprocessing steps
included slice timing correction, rigid body registration, temporal band-pass filtering (0.009
Hz < f < 0.08 Hz) and 5 mm FWHM Gaussian smoothing. Meanwhile, high resolution
anatomical images for each individual were segmented into white matter (WM), gray matter
(GM) and cerebral spinal fluid (CSF). After these preparations, cross-correlation of a reference
waveform with each brain voxel time series was calculated. We used two reference waveforms
that were average low-frequency time courses respectively extracted from the left and right
prefrontal ROIs. Because resting-state functional connectivity measurements are based on
distant gray matter region correlations (Damoiseaux et al., 2006; Lowe et al., 1998; Nir et al.,
2006), spurious contributions from the WM, CSF and whole brain signals, as well as the 6
parameters (X-Y-Z shifts and yaw-pitch-roll rotations) of rigid body head motion were
removed in the cross-correlation analysis through multiple linear regression. In order to
combine/compare correlation results within/between groups, correlation coefficient maps for
each individual subject were converted to z-scores and then transformed into the Talairach
space. These z-score maps were averaged across all the subjects and a threshold of p<0.01/
voxel plus 705 mm3 cluster (yielding p<0.01/overall) was applied. To determine the degree of
frontal-parietal functional connectivity, correlation z-scores in bilateral parietal ROIs were
extracted from each subject. Similar to the activation data analysis, these z-scores were
compared between groups and hemispheres by an AGE × HEMISPHERE ANOVA. The data
of the old subjects were also scaled by the corresponding young group means. With the scaled
ROI connectivity measures calculated for the left and right hemispheres, a corresponding
laterality index was calculated and correlated with that of the activation data.

4.4.3 DTI data analysis—The DTI data were preprocessed by rigid body image registration
(to the b0 image) for each subject and the 6 principle direction tensors were then calculated.
In each individual’s native space, tractography paths were computed with the “TEND” (Tensor
deflection) approach, which uses the tensor at each point to multiply the incoming path vector,
resulting a new vector that is deflected toward the principal direction of diffusion (Lazar et al.,
2003). This fiber tracking algorithm was run in the whole brain (path step size: 2 mm, space
between seeds: 4 mm, FA/angle termination threshold: 0.15/45°, min/max path length: 5 mm/
300 mm) and derived all possible routes throughout the white matter. After the pathway
computation, bilateral prefrontal ROIs, projected from the Talairach space back to each
individual’s native space, were used to “prune” the results so that only pathways going through
these two regions were retained. In addition, an average (through the path) fractional anisotropy
(FA) threshold of 0.2 was applied for the final result rendering. Because DTI-Query only
accepts cubical ROIs, the prefrontal ROIs used for pathway selection were not identical to
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those defined based on the functional activation. Instead, we kept the centroid coordinates and
volumes the same but proportionally adjusted the length, width and height of the cube according
to the 3 dimensions of the activation ROIs. For each subject, the left and right prefrontal
pathway numbers were respectively obtained and submitted to the AGE × HEMISPHERE
ANOVA. The data for the old subjects were scaled with the young group means and compared
between the two hemispheres as well. Finally, the old group’s laterality index was calculated
and correlated with that of the activation data.
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Fig.1.
Prefrontal activation comparison between the young (outlined in pink) and old (outlined in
blue) subjects. Activations were averaged within group and overlaid (p<0.01/voxel plus 377
mm3 cluster, multiple comparison corrected p<0.05) on the anatomical images of one subject
from the same group. By putting the mouse cursor on an activated voxel in the right prefrontal
cortex of the old group, corresponding activation maps can be compared in the axial, sagittal
and coronal view. The color coding represents the IRF integration increase in the memory trials
as compared to the controls. The labels L/R/A/P in the images respectively indicate left/right/
anterior/posterior.
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Fig.2.
ROIs and prefrontal signal level comparison. The 4 functionally defined ROIs (labeled in same
color) are shown in the top frame (A) with the mean anatomical images of all the participants
as the underlay. In the bottom left frame (B), the IRFs of left and right prefrontal ROIs are
compared between experimental conditions (control vs. memory trial) and groups (old vs.
young). The memory associated IRF integration increases (corresponding to the thick line
covered areas in the IRF plots) are compared between groups and hemispheres in the bottom
right frame (C). Compared to the young group (pink bars), old subjects (blue bars) showed a
decreased/increased prefrontal activation in the left/right side. This group × hemisphere
interaction can also be seen in the left (L, green bar) vs. right (R, yellow bar) comparison of
the normalized old group activations with significant hemisphere difference depicted by the
asterisk.
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Fig.3.
The results of resting connectivity data analysis. The two axial slices (position marked on a
coronal image at the upper-right corner) show brain areas with resting signal significantly
correlated, respectively, with the left and right prefrontal seeding areas (color coding here
represents correlation coefficients; anatomical underlay is the mean of all participants). The
white contour areas in these two images indicate the functionally defined ROIs showed in Fig.
2. The bar graph shows significant (marked by the asterisk) hemispheric difference of scaled
(to young level) prefrontal-parietal connectivity in the old group. The laterality index of resting
connectivity and activation is negatively correlated as depicted in the dot-line plot.
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Fig.4.
The results of DTI data analysis. Representative (from one young and one old subject) fiber
pathways passing through the left (green) and right (yellow) prefrontal ROIs (the dark red
cubes) are shown with an axial FA image as the underlay. With group mean pathway numbers
depicted (227:179 for the left and 58:56 for the right hemisphere), hemisphere difference on
structural connectivity reduction is evident. This left vs. right comparison is also shown in the
bar graph. The laterality index of DTI data is correlated with that of activation data in the dot-
line plot. Except two outliers (orange dots) that have better pathway preservation on the left
side, DTI and fMRI laterality indices are positively correlated in the old subjects.
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Fig. 5.
Schematic diagram of the task paradigm. There were 5 consecutively presented slides in each
trial. Example stimuli for both the memory (yellow) and control (green) trials are show with
the timing information depicted.
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