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Abstract
Context—Older adults responding to executive control function (ECF) tasks show greater brain
activation on functional MRI (fMRI). It is not clear whether greater fMRI activation indicates a
strategy to compensate for underlying brain structural abnormalities while maintaining higher
performance.

Objective—To identify the patterns of fMRI activation in relationship with ECF performance and
with brain structural abnormalities.

Design—Cross-sectional analysis. Main variables of interest: fMRI activation, accuracy while
performing an ECF task (Digit Symbol Substitution Test), volume of white matter hyperintensities
and of total brain atrophy.

Setting—Cohort of community-dwelling older adults.

Participants—Data were obtained on 25 older adults (20 women, 81 years mean age).
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Outcome Measure—Accuracy (number of correct response / total number of responses) while
performing the Digit Symbol Substitution Test.

Results—Greater accuracy was significantly associated with greater peak fMRI activation, from
ECF regions, including left middle frontal gyrus and right posterior parietal cortex. Greater WMH
was associated with lower activation within accuracy-related regions. The interaction of accuracy
by white matter hyperintensities volume was significant within the left posterior parietal region.
Specifically, the correlation of white matter hyperintensities volume with fMRI activation varied as
a function of accuracy and it was positive for greater accuracy. Associations with brain atrophy were
not significant.

Conclusions—Recruitment of additional areas and overall greater brain activation in older adults
is associated with higher performance. Posterior parietal activation may be particularly important to
maintain higher accuracy in the presence of underlying brain connectivity structural abnormalities.

INTRODUCTION
Functional neuroimaging studies of executive control function (ECF) have shown that older
adults have greater brain activation within the fronto-parietal regions and also activate
additional regions compared to younger adults (Calautti, Serrati et al. 2001; Mattay, Fera et al.
2002; Ward and Frackowiak 2003; Persson, Sylvester et al. 2004; Heuninckx, Wenderoth et
al. 2005; Rosano, Aizenstein et al. 2005). This increased activation in the aging brain is well
documented for various processes (Cabeza 2002; Reuter-Lorenz and Lustig 2005) including
motor control (Mattay, Fera et al. 2002; Ward and Frackowiak 2003) and working memory
(Cabeza, Daselaar et al. 2004). Despite previous substantial work, (McIntosh, Sekuler et al.
1999; Reuter-Lorenz, Jonides et al. 2000; Reuter-Lorenz 2001; Rypma 2001; Cabeza,
Anderson et al. 2002; Grady 2002; Cabeza, Daselaar et al. 2004; Reuter-Lorenz and Lustig
2005; Park and Reuter-Lorenz 2009) it is not clear whether increased brain activation in older
adults is a response to underlying age-related brain structural abnormalities and whether it is
important to maintain higher performance.

Previous neuroimaging studies indicate that greater brain activation occurs when there is an
imbalance between the difficulty of the task and the neural/ behavioral resources of the
individual. For example, young adults have greater brain activation in response to tasks of
greater difficulty. (Grady 1996; Rypma and D'Esposito 1999) Similarly, work done by us
(Rosano, Aizenstein et al. 2005) and others, (Langenecker, Nielson et al. 2004; Persson,
Sylvester et al. 2004) indicate that older adults performing ECF tasks sometimes have greater
brain activation compared to younger adults. The decline of neural resources with age can be
detected on brain structural MRI as white matter hyperintensities and greater atrophy. Such
brain structural abnormalities may be responsible for the patterns of neural activation observed
during performance of ECF tasks in older adults. In the presence of such impairments, the brain
may respond to the task either with greater activation within ECF-related fronto-parietal
regions or more “diffuse” activation with recruitment of non-ECF regions, or both. However,
it is not known whether these changes in brain structure and activation are associated with
better or worse ECF performance. If greater brain activation in individuals with brain structural
impairment is associated with greater accuracy, then this would indicate that older adults’ brain
activation may be a compensatory strategy to maintain performance.

With the exception of a few studies of memory (Persson 2006; Persson 2006), previous reports
of ECF-related activation could not answer this question because they did not examine the
relationship of brain activation with behavioral performance concurrently with brain MRI
abnormalities. Studies examining each of these associations individually report that greater
fMRI activation in older adults is associated with better performance(Reuter-Lorenz 1999;
Cabeza, Anderson et al. 2002; Langenecker, Nielson et al. 2004; Rosano, Aizenstein et al.
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2005), while greater brain MRI structural abnormalities are associated with poorer cognitive
function (West 1996; Gunning-Dixon and Raz 2000). Recently, a few studies have begun to
examine the interaction of fMRI brain activation with structural abnormalities,(Nordahl
2006; Brassen 2009) but did not account for performance.

The objective of this work is to determine whether brain activation in older adults with brain
structural impairment is associated with better performance on an ECF task. We will examine
fMRI patterns of activation in the whole brain to assess whether greater activation is localized
within ECF-related regions or it extends to recruit additional non-ECF regions or both.

METHODS
Participants

Participants for this study were recruited from a larger group of older adults, who had completed
a 1-yr physical activity randomized controlled trial LIFE-P (Lifestyle Interventions and
Independence For Elders-Pilot) (Pahor, Blair et al. 2006) (www.ClinicalTrials.gov, registration
# NCT00116194). The design of the LIFE-P has been described in detail elsewhere (Pahor,
Blair et al. 2006). The primary mode of exercise for the intervention group was walking for at
least 150 minutes/ week and the active comparison group attended education sessions on
nutrition, medications, foot care, and recommended preventive services at different ages.
Group assignment to the intervention or active control was treated as a covariate in all analyses.

LIFE-P participants were screened for interest in participating in this brain fMRI study during
their follow-up phone call 1.7 years ± 1.7 month after the close-out of the Intervention study.
MR eligibility was assessed by self-report and review of medical records. Participants were
eligible if they had no history of metallic fragments, cardiac pacemaker, aneurysm clip,
cochlear implants, weight of more than 250 lb or claustrophobia. Those who had been
hospitalized and/or had surgery in the month prior to the MRI were also excluded. The
University of Pittsburgh Institutional Review Board approved the study and all subjects gave
written informed consent. A total of 30 participants (mean age: 81.16 years, standard deviation:
3.55 years) were MRI eligible, agreed to participate and received a brain MRI and an in-person
exam. These had similar characteristics (p>0.14 for all comparisons) compared to the rest of
the group interviewed (n=74) with the exception of race (blacks: 10 vs. 37% in the fMRI vs.
not fMRI group, Fisher exact test: p=0.004).

fMRI Paradigm
The Digit symbol substitution test (DSST) is a test of psychomotor performance, which requires
incidental memory, perceptual organization, visuomotor coordination, and selective attention
to filter out irrelevant information (e.g., symbols that may look alike) and to perform
successfully. (Salthouse 1978; Weschler Adult Intelligence Scale-Revised. San Antonio
1981). The test has high test–retest reliability (Matarazzo and Herman 1984; Salthouse
1996). The DSST is particularly sensitive to cognitive changes associated with aging,
(Salthouse 1978; Weschler Adult Intelligence Scale-Revised.San Antonio 1981) especially
working-memory, information processing speed and executive control function. In addition to
the computerized version of the Salthouse DSST (sDSST) performed during fMRI, participants
also performed the pencil and paper version of the DSST, frequently employed in
epidemiological studies of older adults.(Rosano, Newman et al. 2008)

sDSST task parameters during fMRI acquisition—The computerized version of the
sDSST has been validated by Salthouse (Salthouse 1978; Matarazzo and Herman 1984;
Salthouse 1996). In this study, the sDSST was adapted for the fMRI scanning procedure (Figure
1) to test the working memory domain. As illustrated in Figure 1, the subject sees on a computer
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screen one number-symbol matching pair (cue). After the cue disappears, an answer key
(probe) appears containing a grid of four number-symbol matching pairs. The subject is
instructed to push the right- finger button if the probe contains one number-symbol that matches
the cue, and to push the left-index finger button if the probe does not contain any number-
symbol that matches the cue. Instructions are to respond “as fast as you possibly can“. Accuracy
and response time during the task were obtained. Accuracy was computed as number of correct
responses/ total number of responses. Response time was computed as the interval of time
between appearance of the probe and the subject’s response. Overall, this version of the DSST
can be viewed as a working memory task with one item as the cue and four items as the probe .
Thus, unlike the standard DSST, which uses RT as the primary outcome measure, we have
chosen in this case to use accuracy, which is often the primary outcome measure for working
memory tasks

Participants were instructed on the task outside the magnet for as long as needed to familiarize
them with the task (usually 5–10 minutes). The sDSST was presented using a block-design
with 8 trials/block, in which a block of the experimental sDSST condition is alternated with
control condition for a total of 10 blocks (Figure 1). Each block lasted for 56 secs including 8
secs of instructions at the start of each block to remind the subjects of the task. The 8 seconds
of instruction and the first trial of each block were excluded from the analyses (see ‘fMRI data
analyses’ below). The different task conditions (matching vs. non-matching) were randomized
1:1 across the block. The task consisted of a total of 5 sDSST-blocks alternated with 5 control-
blocks for a total of 9 minutes and 20 seconds. The control condition was designed to account
for the non task-specific brain activation (frontal eye field and visual cortex for eye movements,
and motor cortex for the index fingers movements) that are likely to be elicited during sDSST
performance in addition to the task-specific activation of the executive control function
network. Responses occurring after the probe disappeared (after 3.6 sec) were termed as “no
response” and were omitted from the calculation of accuracy and response time. In additional
sensitivity analyses the “no response” were coded as “wrong” and with a response time of 3.6
seconds and were thus included in the computation of accuracy and response time.

Functional and Structural MRI
Scanning protocol—The magnetic resonance (MR) images were acquired on a 3 T Siemens
Trio MR scanner, using a Siemens 12- channel head coil. Functional MR images were acquired
as whole-brain gradient-echo echoplanar images (EPIs) [repetition time (TR), 2 secs; echo time
(TE), 32 ms; resolution, 128*128; slice thickness, 3.0 mm; 29 axial slices; GRAPPA with
acceleration factor of 2]. Each scanning session started with the acquisition of a three-
dimensional MPRAGE high-resolution T1-weighted image (TR, 2.3 secs; TE, 3.43 ms; slice
thickness, 1 mm; 176 slices) for anatomical detail (gray matter measure, brain volume and
atrophy) and FLAIR T2-weighted image (TR=9 secs; TE= 102 ms; TI= 2.5 secs; slice
thickness, 3 mm; 49 slices) for extracting the WMH burden.

Structural brain image analysis—Total volumes of gray matter, white matter, and
cerebrospinal fluid were obtained using a previously validated procedure, the Automated
Labeling Pathway.(Rosano, Becker et al. 2005; Wu, Carmichael et al. 2006) The Automated
Labeling Pathway applies a nonlinear registration algorithm (a fully deformable automatic
algorithm) to transform a template brain (the Montreal Neurological Institute Colin27 template)
into the native anatomical space of each individual's brain. Total gray matter volume, white
matter volume, and cerebrospinal fluid volume were estimated in cubic millimeter by summing
all voxels classified as these tissue types. Atrophy index was calculated as the ratio of
cerebrospinal fluid volume and gray matter volume. White matter hyperintensity (WMH)
volume was obtained using an automated method previously published;(Udupa 1996) and it
was normalized for brain volume.
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fMRI data processing—Functional imaging data were analyzed with Statistical Parametric
Mapping 5 (SPM5)(Friston 1995) (Wellcome Department of Imaging Neuroscience, London,
UK) implemented in MatLab (MathWorks, Natick, MA). For each subject, all EPI volumes
were realigned to the first volume of the time series, and a mean image of the realigned volumes
was created. Standard SPM high pass filter was applied to address low-frequency scanner drift
that could potentially contaminate the signal. The realigned images were co-registered to the
anatomical T1-weighted image. To normalize the anatomical image as well as the EPIs to a
standard SPM reference system the following procedure was applied. First, the anatomical
image as well as a representative template image [Montreal Neurological Institute (MNI)] was
segmented into gray matter, white matter, and CSF. Then, the anatomical gray matter image
was normalized to the gray matter of the MNI brain. Subsequently, the derived normalization
parameters were applied to the EPIs, which were subsampled to a voxel size of 2 * 2 * 3 mm
and smoothed with a Gaussian kernel of 8 mm FWHM.

Analyses—All analyses were adjusted for group assignment. Participants’ characteristics
were compared using non-parametric tests. Mann-Whitney test and Fisher exact tests were
used to compare differences in means and proportion between groups for continuous and
categorical variables, respectively. Non-parametric correlation coefficients were computed to
test the association of atrophy index and WMH volume with accuracy. Based on sample size
computations for fMRI BOLD signal, (Zandbelt, Gladwin et al. 2008) this study had adequate
power of 80% to detect an effect size of at least 0.72 or a significant mean change difference
of 0.18% with power alpha =0.05 with a sample size of n=25.

fMRI data analysis—Analyses were performed in the context of the general linear model
(Friston 1995). Each condition was modeled using a delayed boxcar function. Block length
was of 42 seconds, after excluding the first 8 seconds (instructions) and the first trial. The first
trial was excluded to address variability in the hemodynamic response, because in a block
design the hemodynamic activity is expected to saturate after the initial hemodynamic up-
swing, which should occur by the end of the first trial. Additionally, movement parameters
derived from realignment were added as covariates of no interest to correct for confounding
effects induced by head movement. Two contrasts of interest were used: sDSST > Control
condition and Control condition > sDSST. These were first estimated for each subject
individually (averaging activation across runs) and then subjected to a second-level random-
effects analysis. For all analyses, the t values were thresholded at a minimal voxel entry value
of T> 1.71 (p< 0.05 uncorrected) and then corrected for multiple comparison using AlphaSim
(gray matter mask, 1000 Monte Carlo simulation and smoothness obtained using 3dFWHMx)
(Cox 1996) . In all analyses, the clusters with cluster probability (alpha) of 0.001 (extent
threshold: 433 voxels) were accepted and identified using WFU_Pickatlas.(Maldjian, Laurienti
et al. 2003). Identification was done with WFU_Pickatlas.(Maldjian, Laurienti et al. 2003)

sDSST- related brain fMRI activation and relationship with accuracy—The second-
level analyses were performed over all subjects to obtain the two contrasts of interest (sDSST
> Control condition and Control condition > sDSST), which were modeled using a one-sample
t-test, adjusted for group assignment and atrophy index. The mean group activation maps were
estimated at each voxel and restricted to gray matter. Subsequently, the association of fMRI
mean signal with accuracy (continuous measure) adjusted for group assignment, sDSST
response time and atrophy index was estimated. The activation map was obtained for positively
and negatively correlated regions with accuracy.

Relationship of fMRI activation, accuracy and brain structural abnormalities—
In subsequent analyses, we tested the associations of WMH volume (or atrophy index) with
the mean group activation maps obtained from the sDSST > control condition contrast.
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Associations were estimated for each voxel and restricted to gray matter. To investigate the
interrelationship between brain structure, brain activation and performance; we also examined
the fMRI patterns of interaction of accuracy by WMH volume. Specifically, the model included
terms for accuracy, WMH and accuracy * WMH (interaction term). The analyses was adjusted
for group assignment, atrophy index and sDSST response time. In additional exploratory
analyses we further examined the association of accuracy with fMRI activation among those
with WMH measure above the median.

Results
Of the thirty participants who received a brain fMRI, two were excluded from this analysis due
to incomplete behavioral data and three were excluded for excessive motion artifacts (±3.5 mm
in x, y, or z translation or ±3 degrees pitch, roll or yaw). Table 1 shows characteristics for the
participants included in this analysis. Associations of accuracy with other measures (Table 1)
were in the expected direction though not significant (p > 0.05). Accuracy and response time
of the sDSST were significantly correlated with score on the pencil and paper DSST test
(Spearman ρ : 0.36, p=0.03 and 0.66, p<0.0001).

Spatial distribution of sDSST- related brain fMRI activation and relationship with accuracy
Brain peak activation while performing the sDSST was significantly greater than brain peak
activation while performing the control condition (cluster probability (alpha) < 0.001) for ECF
regions within the prefrontal cortex bilaterally and for left posterior parietal regions (BA 7,40)
independent of group assignment and of atrophy index (not shown). Analyses to test the
opposite direction of association (main effect of control condition > sDSST) were all not
significant.

The correlation of fMRI signal with accuracy was positive and significant (Figure 2 and Table
2). For greater accuracy, the fMRI activation was significantly greater within ECF-related
regions: left prefrontal cortex and right parietal cortex. Activation also extended caudally to
the left sensori-motor cortex (pre- and post-central gyri) and left superior temporal gyrus. All
analyses were independent of group assignment, sDSST response time and atrophy index.
Analyses repeated using a voxel-wise and region-of-interest approach consistently showed
similar results.

Relationship of fMRI activation, accuracy and connectivity abnormalities
Greater WMH volume and atrophy index were significantly associated with older age and
lower score on the pencil and paper DSST (Table 1) Greater WMH was also associated with
lower accuracy and longer response times on the sDSST. Association with atrophy index was
in the expected direction though not statistically significant (Table 1). WMH volume was
inversely correlated with the fMRI signal in ECF-related regions bilaterally (anterior cingulate
cortex), as well as bilateral sensori-motor and right superior temporal gyrus (Figure 3 and Table
3). Atrophy index was not associated with fMRI brain activation during sDSST performance.

There was a significant and positive interaction (Figure 4 and Table 4) between accuracy and
WMH volume within specific ECF-related (left posterior parietal).and non ECF- related
regions (left sensori-motor regions). The association of WMH with fMRI activation varied as
accuracy’s values varied. Specifically, there was a positive correlation between WMH and
fMRI signal as accuracy increased. In additional exploratory analyses within the group with
WMH volume> median, greater accuracy was associated with greater bilateral activation in
ECF regions (posterior parietal and cingulate cortex) and it extended to sensori-motor regions
(not shown).

Venkatraman et al. Page 6

Neuroimage. Author manuscript; available in PMC 2011 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Discussion
The results of this functional neuroimaging study support the compensation model of cognitive
aging in several ways. First, greater accuracy was associated with greater fMRI activation,
mainly from ECF regions. Specifically, prefrontal cortices showed greater fMRI activation
during sDSST performance with higher accuracy. Second, we found that higher WMH was
associated with lower activation in regions that were also important for accuracy and that the
accuracy-related networks seemed to partially overlap with the networks affected by higher
WMH, mainly within the left hemisphere (compare the spatial distribution of the main effect
of accuracy in Figure 2, with the main effect of WMH in Figure 3). While the negative
correlation of WMH measure with accuracy was expected, the association of greater WMH
with lower fMRI signal within the ECF-related regions (Figure 3) is a novel finding and it
indicates that WMH may be an important determinant of patterns of brain functional activation
and of behavioral response. These findings indicate that WMH may affect behavioral
performance through reduction of activation within regions that are important to execute this
task. Thirdly, there was a significant interaction between WMH and accuracy. The study of
the spatial distribution of this interaction (Figure 4 and Table 4) indicates that there is an anterior
to posterior progression and that the regions that showed interaction (Figure 4) only partially
overlapped with the regions that showed a main effect of accuracy and a mani effect of WMH
(Figures 2 and Figure 3). The significant interaction between WMH and accuracy within the
left posterior parietal lobe suggests that this interference is focal and specific for ECF-networks
that are not associated with WMH burden. The processes underlying this selected spatial
distribution and antero-posterior shift will need to be further investigated. Taken as a whole,
our findings indicate that for greater brain damage, the activation in regions important for
accurately performing the DSST decreases, and activation in additional- extraneous- regions
increases, specifically within regions that would not routinely be recruited to respond to this
task and that are spared by the WMH degenerative process as observed in the main effect
analyses. Thus, higher performance in older adults may be achieved through greater and more
spread brain activation to counteract greater structural abnormalities or reduced “reserve”. The
activation of non-ECF regions (eg. sensori-motor regions) to complete a ECF tasks may also
indicate a less efficient or “non-functional” usage of neural activation and it is consistent with
the notion of de-dedifferentiation in the older brain.(Baltes and Lindenberger 1997;Li
1999;Cabeza 2002) A potential additional pathway linking WMH with more diffuse activation
is that increased WMH burden would lead to less activation in voxels associated with good
performance at the group level and more spread to other voxels.

Importantly, in this study only some older adults with WMH above the median had greater
performance and greater fMRI activation within the posterior parietal lobe. Future studies are
needed to investigate the reasons why some older adults with WMH perform better than others.
It is possible that the spatial distribution of WMH is more important than its total volume in
impairing performance and brain activation. It is also possible that those with greater WMH
volume and greater fMRI signal achieved greater performance because they had been exposed
to other protective factors. For example, education and various lifestyle factors have been
identified as surrogate markers of inherent neural resources. While the participants of this study
completed a comprehensive lifestyle factors assessment, the exploratory sub-analyses of fMRI,
structural images measure and behavioral performance for those within the intervention and
control group yield very small numbers. The small number may impair the ability to examine
group differences with adequate statistical power. Future studies examining indicators of brain
reserve and the spatial distribution of structural integrity in large groups of older adults are
warranted to elucidate the mechanisms underlying a sustained successful performance late in
age. Other abnormalities in addition to those affecting brain connectivity, are neuronal
metabolism and neurotransmission, which also need to be explored. In this fMRI study of aging
we used standard registration methods and smoothing parameters, which is a potential
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limitation as some have suggested that structural variability in older adults limits the
registration, and can confound the interpretation of the fMRI results. One would expect this
confound to lead to decreased activation in subjects with greater atrophy. In this study, we
found no difference in activation that correlated atrophy index, thus we suspect that our results
are not confounded by differences in brain registration. Other limitations in the study include
that we have used a standard HRF for the fMRI analysis, whereas it is possible that the
characteristic of the HRF are altered with age.
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Figure 1. Schematic diagram illustrating (a) DSST and (b) control condition tasks
Schematic representation of the tasks that the participants were administered during the brain
fMRI scanning session. Two examples are shown for the sDSST (matching right button and
not matching left button) and for the control condition (right button and left button).
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Figure 2. Spatial distribution of brain functional MRI activation that were positively correlated
with accuracy during sDSST task performance
T maps of analysis of task-related activity positively correlated with accuracy during sDSST
task performance. Adjusted for group assignment, atrophy index and sDSST response time.
Threshold was at t= 1. 71 and cluster probability (alpha) < 0.001. See table 2 for list of regions.

Venkatraman et al. Page 12

Neuroimage. Author manuscript; available in PMC 2011 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Spatial distribution of functional brain MRI activation showing negative correlation with
WMH burden
T maps of analysis to identify the regions that showed negative correlation between WMH
burden and functional MRI activation (sDSST > control condition) adjusted for atrophy index
and group assignment. Threshold was at t= 1. 71 and cluster probability (alpha) < 0.001. See
table.3 for list of regions.
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Figure 4. Spatial distribution of functional brain MRI activation showing positive interaction of
WMH burden by accuracy during sDSST task
T maps of analysis to identify the regions that showed interaction of WMH volume by accuracy
during sDSST task. Analyses were adjusted for group assignment, atrophy and sDSST response
time. Threshold was at t= 1. 71 and cluster probability (alpha) < 0.001. See table 4 for list of
regions.
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Table 1
Participants' Characteristics (n=25)

Measure Mean (SD)

Correlations with imaging makers
of brain Structure

Spearman ρ (p value)

Atrophy index1 WMH2

Age, Yrs, 81.67 (3.47) 0.58
(p=0.001)

0.61
(p <0.0001)

Minimental
Score,

27.52 (1.9) 0.04
(p=0.4)

−0.26
(p=0.09)

Pencil and Paper
DSST, correct
points,

53.48 (17.12) −0.48
(p=0.005)

−0.49
(p=0.004)

sDSST Accuracy,
%

0.90
(0.13)

−0.17
(p=0.02)

−0.77
(p<0.0001)

sDSST response
time, msecs

1640.56
(314.87)

0.29
(p=0.07)

0.62
(p<0.0001)

IMAGING MAKERS OF BRAIN STRUCTURE

Atrophy index1 0.72
(0.08)

- 0.16
(p=0.2)

WMH2 0.50
(0.61)

0.16
(p=0.2)

-

1
Atrophy index: (Gray Matter volume/cerebrospinal fluid volume)−1

2
White Matter Hyperintensities Measure (WMH): WMH voxel count divided by sum of gray matter and white matter voxel counts.
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Table 2
Spatial distribution of correlation of accuracy with brain functional MRI activation during
sDSST task performance

This table reports the spatial distribution of the association of accuracy with the mean group activation (obtained
from the sDSST > control condition contrast), including the size of cluster, the maximum Z statistic for the cluster
and the location of the maximum Z statistic in Talairach coordinates. The analyses were adjusted for group
assignment, atrophy index and sDSST response time. The corrected alpha is the probability of a false positive
detection based on the combination of individual voxel probability thresholding and minimum cluster size
thresholding.

Regions Cluster
Size

Peak Z-
Score

Talairach Coordinate for
Peak Z-Score

Regions positively correlated with accuracy during sDSST performance

Left prefrontal cortex 968 3.25 −45.54, −8.17, 30.81

Right posterior parietal cortex 451 2.84 35.64, −53.56, 55.182

Regions negatively correlated with accuracy during sDSST performance

No significant voxels

1
This cluster had its peak in the left precentral gyrus (BA 6) extended to middle and prefrontal gyri (BA 4, 9, 44), and covered postcentral gyrus (BA

40, 43) and superior temporal gyrus (BA 42).

2
This cluster had its peak in the right superior parietal lobule medially (BA 7) and extended to the inferior parietal lobule (BA 40).
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Table 3
Spatial distribution of correlation of WMH volume with brain functional MRI activation
during sDSST task performance

Regions that show correlation between the structural measure (WMH measure) and task (sDSST > control
condition) adjusted for atrophy index and group assignment, including the size of cluster, the maximum Z statistic
for the cluster and the location of the maximum Z statistic in Talairach coordinates. The corrected alpha is the
probability of a false positive detection based on the combination of individual voxel probability thresholding
and minimum cluster size thresholding.

Regions Cluster
Size

Peak Z-
Score

Talairach Coordinate
for Peak Z-Score

Regions Negatively Correlated with WMH burden

Left anterior cingulate cortex 524 4.05 −3.96, −1.25, 52.561

Right anterior cingulate cortex 561 3.95 19.8, −17.58, 36.82

Left prefrontal cortex 885 4.19 −23.76, −7.61, 41.833

Right prefrontal cortex 1976 4.63 29.7, −9.55, 41.934

Regions positively correlated with WMH burden

No significant voxels

1
This cluster had its peak in the left medial frontal gyrus (BA 6) covered the cingulate gyrus (BA 24, 32) and superior frontal gyrus (BA 6).

2
This cluster had its peak in the right cingulate gyrus (BA 24, 32) extended to medial frontal gyrus and superior frontal gyrus (BA 6).

3
This cluster had its peak in the left middle frontal gyrus and covered the sensori-motor cortex (pre- and post-central gyri: BA 3, 40, 43, 44).

4
This cluster had its peak in the right middle frontal gyrus (BA 6) covered the sensori-motor cortex (pre- and post-central gyri: BA 3, 4, 6, 40, 43,

44), superior frontal gyrus (BA 6) and superior temporal gyrus (BA 42).
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Table 4
Spatial distribution of functional brain MRI activation showing significant interaction of
WMH burden by accuracy during sDSST task

This table reports the regions that showed interaction of WMH volume by accuracy during the sDSST task,
including the size of cluster, the maximum Z statistic for the cluster and the location of the maximum Z statistic
in Talairach coordinates. Analyses were adjusted for group assignment, atrophy index and sDSST response time.
The corrected alpha is the probability of a false positive detection based on the combination of individual voxel
probability thresholding and minimum cluster size thresholding.

Regions Cluster
Size

Peak Z-
Score

Talairach Coordinate for
Peak Z-Score

Regions with positive interaction term (Accuracy by WMH)

Left posterior parietal cortex 777 3.08 −37.62, −27.96, 62.191

Regions with negative interaction term (Accuracy by WMH)

No significant voxels

1
This cluster had its peak in the left postcentral gyrus (BA 3), it covered the inferior parietal lobule (BA 40) and sensori-motor cortex (pre-post-central

gyri : BA 2, 3 and 4).
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