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Abstract
This study examined the relationship between white matter hyperintensities (WMH) and executive
functioning on episodic memory in a group of older adults who were cognitively normal or
diagnosed with MCI or dementia. Volumetric magnetic resonance imaging (MRI) measures of
total brain volume, white matter hyperintensity volume, and hippocampal volume along with age,
education, and gender were evaluated as predictors of episodic memory. WMH were found to
influence both episodic memory and executive functioning independently of other variables. The
influence WMH on episodic memory was mediated by executive functioning and was completely
eliminated when the interaction between executive functioning and hippocampal volume was
entered in the regression model. The results indicate that executive functioning mediates the
effects of WMH on episodic memory but that executive functioning and hippocampal volume can
also interact such that executive functioning can exacerbate or ameliorate the influence of
hippocampal volume on episodic memory.

1. Introduction
White matter hyperintensities (WMH) are areas of hyperintense signal on T2-weighted
magnetic resonance images (MRI) of the brain and are thought to be due to ischemic
demylination, neuronal loss, and gliosis (Fazekas et al., 1993; Pantoni, 2002). WMH burden
increases in healthy aging but is also related to risk factors such as hypertension, heart
disease, and diabetes (Breteler et al., 1994; DeCarli et al., 1995; Debette et al., 2010).
WMHs are typically greater in older adults with mild cognitive impairment (MCI) and
dementia than in healthy older adults (Wu et al., 2002; Wolf et al., 2000), and have been
related to cognition in all three groups (DeCarli et al., 2005; Elias et al., 2004; Lopez et al.,
2003; Gunning-Dixon & Raz, 2000; Wu et al., 2002). Longitudinal data have supported the
cross-sectional findings and have indicated a relationship between WMH burden and
cognitive performance, with increasing WMH burden associated with decreasing cognitive
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functioning, particularly with regard to executive function and processing speed (DeGroot et
al., 2001; Gunning-Dixon & Raz, 200; Kramer, Reed, Mungas, Weiner, Chui, 2002; Prins,
Van Dijk, den Heijer, et al., 2005; Vannorsdall, Waldstein, Kraut, Pearlson, & Schretlen,
2009). Longitudinal reports have also shown that WMH can predict declines in global
functioning (e.g., daily living activities such as housekeeping; Inzitari et al., 2007), motor
performance, and the onset of dementia (Prins et al., 2004). Although early studies
suggested that WMH may not be relevant to understanding cognition in older adults, the past
10 years of research have revealed a relationship between white matter integrity and
cognitive function that plays an important role in age-related changes in cognition.

Older individuals commonly complain of impaired memory performance. Neuroimaging
and neuropsychological research has shown that interactions between prefrontal cortex and
medial temporal lobe structures are important for normal memory function (Dickerson,
Miller, Greve, Dale, Albert, Schacter, & Sperling, 2007; Shimamura, Janowsky, & Squire,
1990; Simons et al., 2002; Simons & Spiers, 2003) and that the frontal lobes and
hippocampus are particularly vulnerable to effects of aging and age-related disease
processes, respectively (Moscovitch & Winnocur, 1995; Troyer, Graves, & Cullum, 1994;
West, 1996; Wu et al., 2008). Neuroimaging studies of memory in young adults and
neuropsychological tests in older adults have demonstrated that both frontally-mediated
executive function and medial-temporal function are important predictors of memory and of
age-related memory declines (e.g., Dickerson et al., 2007; Ferrer-Caja, Crawford, Bryan,
2002; Glisky, Polster, Routhieaux, 1995; Troyer et al., 1994).

The patterns found thus far between age, WMH, executive function and episodic memory
parallel findings from recent investigations of frontal and medial temporal lobe functioning
and age-related declines in memory and cognition. Specifically, age-related WMH are more
prevalent in the frontal lobes than in posterior regions of the brain in cognitively normal
older adults, and are more extensive throughout the brain in MCI and dementia patients
(Fazekas et al., 1996; Wen & Sachdev, 2004; Yoshita et al., 2006). Moreover, WMH,
irrespective of location, are associated with reduced frontal lobe metabolism (DeCarli, 1995;
Tullberg et al. 2004) and recent work with cognitively normal individuals suggests that
WMH are associated with disconnection of frontal lobe from functionally linked cortical
areas (Nordahl et al., 2006). These findings converge with the frontal aging hypothesis
(West, 1996; Buckner, 2004) and point to the possibility that frontal lobe dysfunction caused
by WMH may lead to executive function impairment that is sufficient to affect episodic
memory performance.

The relationship between WMH and executive functioning, however, appears to be more
robust than that between WMH and episodic memory. Although a relationship between
WMH burden and executive functioning is typically observed, a relationship between WMH
and memory has not always been found (e.g., Parks, DeCarli, Jacoby, & Yonelinas, 2010). It
may be the case, therefore, that multiple brain regions and types of cognition need to be
considered in order to understand relationships between WMH and episodic memory. For
instance, Brickman et al. (2006; 2007) found that frontal lobe white matter volume mediated
the relationship between age and executive functioning as well as the relationship between
age and memory, and Charlton et al. (2010) found that executive functioning partially
mediated the effect of white matter integrity on memory performance in high-functioning
healthy older controls.

To evaluate the hypothesis that WMH influence on episodic memory is mediated by
impairments of executive function we examined the relationships between age, WMH
volume, executive functioning and hippocampal volume. In addition, we specifically tested
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whether the effects of hippocampal volume and executive functioning on memory
performance are interactive or additive.

2. Method
2.1 Subjects

All participants were evaluated at the University of California, Davis Alzheimer’s Disease
Center. Participants included 422 individuals (264 women and 158 men; see Table 1 for
demographic variables). The sample was fairly representative of the local population: 29.6%
were African American, 26.1% were Hispanic, 40% were Caucasian, and 4.3% reported
other ethnicities.

Participants received a thorough multidisciplinary clinical evaluation through the University
of California, Davis Alzheimer’s Disease Center. Exams included medical history, a
neurological exam, appropriate laboratory tests and neuropsychological testing with a
standardized test battery. A bilingual physician examined Spanish speaking patients.
Diagnosis of cognitive status (normal, MCI, or dementia) was made according to standard
criteria. Mild cognitive impairment was diagnosed if a person did not meet the criteria for
dementia but had a clinically significant impairment in at least one cognitive domain.
Dementias were diagnosed using Diagnostic and Statistical Manual of Mental Disorders
(Third Edition Revised) criteria for dementia, modified to exclude the requirement of
memory impairment. Alzheimer’s disease was diagnosed using National Institute of
Neurological and Communicative Diseases and Stroke/Alzheimer’s Disease and Related
Disorders Association criteria (McKhann et al., 1984). Underlying etiology of dementias
were diagnosed but were not used for the current study. Of our 69 participants diagnosed as
demented 61 met clinical diagnostic criteria for probable or possible Alzheimer’s Disease
(AD), two met clinical criteria for possible or probable ischemic vascular disease, one met
clinical criteria for probable dementia with lewy bodies, two met clinical criteria for frontal
temporal dementia and a final two had a dementia with etiologic diagnosis deferred. Repeat
analysis of our data excluding individuals with AD did not substantially change the main
findings presented below.

2.2 Neuropsychological Measures
The Spanish and English Neuropsychological Assessment Scales (SENAS) were used to
measure cognitive functioning. The SENAS tests are the result of an extensive process to
develop English and Spanish measures of cognitive functioning in domains relevant to
neuropsychological assessment of older adults and have been validated in several studies
(e.g., Mungas, Reed, Crane, Haan, González, 2004; Mungas, Reed, Farias, & DeCarli, 2005;
Mungas, Reed, Farias, & DeCarli, 2009). This study used a subset of the SENAS tests that
were averaged within domains to create composite measures of executive function and
episodic memory. The executive function composite was created from a set of fluency and
working memory measures. The episodic memory composite was created from Word List
Learning I and Word List Learning II.

Composite scores on the cognitive domains were z-transformed. Thus, scores of 0 indicate
average performance, negative scores indicate below average performance and scores
greater than zero indicate above average performance.

2.3 Vasular risk factors
The presence or absence of six cerebro-vascular risk factors (stroke, diabetes, hperlipidema,
TIA, hypertension, and coronary heart disease) was reviewed for each participant and, in
combination with a review of relevant medical records, was used to create a composite score
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that was the sum of factors present. Vascular risk scores range from 0 to 6 and are reported
here as percentages.

2.4 Image acquisition
All brain imaging was obtained at the University of California at Davis Imaging Research
Center on a 1.5T GE Signa Horizon LX Echospeed system. Two sequences were employed:
a T1 weighted coronal 3D spoiled gradient recalled echo (SPGR) acquisition and a fluid
attenuated inversion recovery (FLAIR) sequence designed to enhance WMH segmentation
(Jack et al., 2001). The exact sequence parameters for the FLAIR imaging are as follows:
Axial-oblique 2D Fluid Attenuated Inversion Recovery (FLAIR) Fast Spin Echo sequence:
TE: 144 ms, TR: 11000 ms, TI: 2250 ms, Flip Angle: 90 deg, Slice thickness: 3 mm, slice
spacing: 0.0 mm (Interleaved), FOV: 22 cm x 22 cm, NEX: 1, Matrix: 256 (freq) x 192
(phase), Bandwidth: 15.63 KHz, Phase FOV: 1.00, Freq Direction: A/P Options: Superior/
Inferior saturation pulse On (80 mm thick).

2.4.1 WMH Segmentation—WMH volumes were measured across entire brain volumes.
Segmentation of WMH was performed by a semi-automated procedure using a set of in-
house computer algorithms and programs previously described (DeCarli, Fletcher, Ramey,
Harvey, & Jagust, 2005; DeCarli, Massaro et al., 2005).

An analysis of regional WMH revealed that the distribution of WMH in participants in this
study was similar to previous reports (Tullberg, et al., 2004; DeCarli, Fletcher, Ramey,
Harvey, & Jagust, 2005), with average correlations between frontal, temporal, parietal,
occipital and total WMH averaging about 0.9 with the exception of occipital to total WMH
which was r = 0.67. In order to assess whether total WMH volume could account for the
regional distribution of WMH, or whether WMH were distributed in a way that total volume
could not account for, we performed a principle components analysis of the regional
distribution of WMH that included total WMH volume. The results revealed a single
eigenvector that explained 84.6% of the variance with weightings that were nearly balanced
(total=0.40, frontal=0.45, occipital=0.30, parietal=0.64, temporal=0.37) with the possible
exception of the parietal weighting which was slightly higher. Given the strong relationship
between regional and total WMH volumes, we use total WMH volume in our statistical
analyses.

2.4.2 Hippocampal Volume Measurement—Manual segmentation of hippocampus
was performed by trained analysts according to a precise anatomical protocol as previously
described (DeCarli, Reed, Jagust, Martinez, Ortega, & Mungas, 2008). Interater reliability
using interclass correlation methods was extremely good ranging from 0.90-0.95.

2.4.3 MRI Normalization Method—All MRI measures were divided by total cranial
volume to correct for differences in head size related to gender (DeCarli, Massaro et al.,
2005.; Massaro et al., 2004.)

2.5 Statistical Analyses
One way analyses of variance (ANOVA) were conducted on demographic and brain
variables to identify differences between diagnostic groups; Bonferonni corrections were
used when testing pairwise group differences.

Relationships between brain measures and cognitive outcome measures were examined
using multiple linear regression models. As a first step, episodic memory and executive
function measures were regressed onto age, education, gender, ethnicity, brain volume,
hippocampal volume, and log-transformed WMH volumes. (WMH volumes were log-
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transformed to obtain a normal distribution.) Brain volume was included as a control for
non-specific atrophy. To test the hypothesis that executive functioning mediates the effects
of WMH burden on episodic memory, we adopted the popular approach described by Baron
and Kenney (1986) to test meditational relationships and added executive function to the
model predicting episodic memory. Specifically, we examined whether the inclusion of
executive functioning reduced or eliminated the significance of the β coefficient for WMH
volumes. Finally, we examined whether the effects of executive functioning and
hippocampal volumes on episodic memory interacted by including an interaction term in the
regression model. We verified these relationships by testing the significance of the indirect
effect of WMH on episodic memory as mediated by executive functioning using a bootstrap
method to test whether the product of the unstandardized coefficients was significantly
greater than zero (see Hayes, 2009 and Preacher and Hayes, 2008 for details). All tests used
were two-sided, with α = .05. All statistical analyses were performed using SPSS (SPSS
Inc., 2008).

3. Results
3.1 Subject Characteristics

Differences in age, education, brain measures, and neuropsychological test scores across
diagnostic groups are presented in Table 1. Vascular risk measures were available for a
subset of 386 participants. Significant differences between diagnostic groups were found for
age, MMSE, education, normalized brain volume, normalized WMH volume, and
normalized hippocampal volume (all Fs > 3, all ps < .03), but not for vascular risk factors (F
< 1). Specific group differences are summarized in Table1.

3.2 Initial Multiple Linear Regression Analyses
Table 2 shows the results of the initial multiple regression analyses for episodic memory and
executive function with age, gender, education, brain, WMH, and hippocampal volumes as
predictor variables. The predictor variables accounting for 28.4% of the total variance of
episodic memory (F (9, 412) = 18.2, p < .001) and 35.3% of the variance in executive
functioning scores (F(9, 412) = 25.01, p < .001).

Significant predictors of episodic memory in order of importance were education, brain
volume, hippocampal volume, gender, and WMH burden (see Table 2, and Figure 1a).
Although there was a negative association between age and episodic memory with the
demographic variables in the model, it lost significance once brain volume was entered into
the model as a predictor. A similar pattern was found for executive functioning. Significant
predictors in order of importance included education, brain matter volume, and WMH load
(see Table 2), and an initial association between age and executive function that was
eliminated when brain matter volume was entered into the model.

3.3 Mediation Analyses
The initial regression analyses demonstrated that WMH load was a significant predictor of
episodic memory and executive function after controlling for age, education, and other brain
variables. Our next step was to examine whether executive function mediated the effects of
WMH on episodic memory. Because ethnicity was consistently non-significant in the
previous analyses we removed it from model and focused on age, education, gender, the
brain measures, and executive function as predictors of episodic memory.

Table 3 and Figure 1b shows the results of the executive function mediation analysis. The
initial regression model above accounted for 28.4% of the variance in episodic memory.
Adding executive functioning as a predictor variable substantially increased the explained
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variance to 52.2% (F(7,414)=64.7, p < .001). With executive function in the model,
predictors of episodic memory included executive function, hippocampal volume, and
gender; WMH burden, education, and brain matter volumes were no longer significant
predictors. These results support the mediation hypothesis and also show that controlling for
executive functioning in a clinically diverse sample eliminates education and brain volume
as significant predictors of episodic memory. A reduced model including only the significant
predictors (gender, hippocampus, and executive functioning) accounted for approximately
the same amount of variance (52.1%) as the full model.

Because WMH and executive function are correlated, it is possible that this meditational
relation could be an artifact. Thus, to verify the meaningfulness of the observed relationships
and to overcome flaws in the Baron and Kenney (1986) approach, we also directly tested the
significance of the indirect effect of WMH on episodic memory as mediated by executive
functioning while controlling for age, gender, education, brain volume, hippocampal volume
(see Hayes, 2009 and Preacher & Hayes, 2008 for details; SPSS and SAS macros for these
procedures are described in Preacher & Hayes, 2004). The indirect effect in question is the
product of the unstandardized coefficients (from WMH to executive functioning and
executive functioning to episodic memory) obtained using ordinary least squares. If
executive function accounts for the effect of WMH on episodic memory, then the product of
these coefficients should be significantly different from zero; this is what we observed
(indirect effect = −.086, 95% CI = −.143 - −.044). Additionally, the indirect effect in the
alternative statistical model in which WMH is the proposed mediator and executive function
is the independent variable was not significant (indirect effect = .012, 95% CI = −.003 -- .
033). Thus, the finding that executive function accounts for the effects of WMH on episodic
memory does not appear to be a result of overall high correlations between executive
function and WMH.

3.4 Interaction Analysis
The previous analysis demonstrated that executive function mediates the effects of WMH
burden on episodic memory in a diverse sample. Our final step was to investigate whether
there was an interactive effect between hippocampal volume and executive function on
episodic memory. Because both variables are known to be important to episodic memory
performance, particularly when considering the aging process and age-related cognitive
impairment, a natural question is whether they interact to predict memory and if that
interaction may also account for the WMH effect on episodic memory. Predictor variables in
the model included age, education, gender, brain, hippocampal and WMH volumes,
executive functioning, and the interaction term between hippocampal volume and executive
functioning. Results of the interaction analyses are presented in Table 3 and Figure 1c.

The interaction model accounted for 52.7% of the variance in episodic memory (F(8, 413) =
57.56, p < .001) and the interaction term was significant. Moreover, inclusion of the
interaction term eliminated the WMH influence on episodic memory (see Table 3). The
executive function-hippocampal interaction model resulted in gender, hippocampal volumes,
and the executive-hippocampal interaction as significant predictors of episodic memory. We
verified this effect using the Preacher and Hayes (2004; 2008) bootstrap technique and
found that the indirect effect of WMH as mediated by the interaction of executive function
and hippocampal volumes was significant (indirect effect = −.078, 95% CI = −.13 -- −.02).
The interaction, depicted categorically in Figure 2, indicates that although hippocampal
volume has a strong effect on episodic memory, the extent of that effect depends on
executive function. To follow up on this interaction more specifically, we fitted simple
linear regression models of hippocampal volume on episodic memory within each quartile
of executive functioning (see Table 4) which revealed sequentially stronger associations
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between episodic memory performance and hippocampal volume with increasing executive
function, as evident in Figure 2.

4. General Discussion
Our primary aim in the current study was to test the hypothesis that executive function
mediates the influence of WMHs on episodic memory. In line with that hypothesis, we
found that controlling for executive function eliminated the effect of WMH on episodic
memory, indicating that executive function completely mediated influences of WMH.
Additionally though, that meditational effect was eliminated when the interaction between
executive functioning and hippocampal volumes were considered, leaving the interaction as
the best predictor of episodic memory performance in that model, and indicating that the
effect of hippocampal volume on episodic memory depended on executive performance.
Overall these findings provide support for the WMH/executive mediation model and suggest
that the integrity of the frontal systems is important to episodic memory performance and
apparently orthogonal to medial temporal hippocampal systems. Thus, the influence of
WMH on episodic memory is an indirect effect, mediated by executive functioning and the
interaction between executive functioning and hippocampal volumes.

Executive function completely mediated the effects of WMH on episodic memory, but even
that very strong effect was eliminated when the interaction between executive function and
hippocampal volumes was considered in a second model. Figures 2 and 3 illustrate the
nature of the interaction in a categorical manner. Overall, the relationship between
hippocampal volumes and episodic memory is very weak for those with the lowest degree of
executive functioning (e.g., see Table 4 and Figure 2) indicating that hippocampal volume
has little effect on episodic memory when executive functioning is low. Thus, the data
suggest that severe frontal impairment may alter encoding or retrieval of material, making
actual memory consolidation less important to performance on an episodic memory task.
However, the effect of hippocampal volume becomes more important to episodic memory as
executive function increases, suggesting that as the systems guiding encoding and retrieval
improve, the influence of memory consolidation becomes increasingly important to episodic
memory performance. Interestingly, this effect seems to be linear and continuous, with the
strongest relationship between hippocampal volume and episodic memory found for those
with the highest degree of executive function, those with intermediate levels of executive
function showing a weaker relationship, and those with the lowest levels showing no
significant relationship between hippocampal volume and episodic memory. We therefore
conclude that, to the extent that WMH load is contributing to executive function deficits (as
the overall regression analyses indicate, see Table 2), the functional effect of WMH on
episodic memory can be quite large, particularly in cases where executive processes are
substantially impaired, such as cases of substantial WMH burden. This supports previous a
clinical study of amnestic MCI subjects with extensive WMH, but normal hippocampal
volume (Nordahl et al., 2005).

Two limitations of the current study are worth considering. First and most obvious is the
cross-sectional nature of the data. Research examining longitudinal changes in WMH
burden, executive function, hippocampal volume, and episodic memory will be important to
identifying causal relationships among these variables. Another potential limitation is that
we examined WMH relationships in a clinically diverse sample but did not examine how
those effects differed between diagnostic groups; in fact, such an analysis was not possible
here due to restricted ranges and small numbers within diagnostic categories. More
important, however, is whether the influence of WMH differs based on whether a person is
healthy or demented (or on the kind of dementing pathology that is present). This question is
beyond the scope of our current data, but accumulating evidence suggests that the most
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parsimonious answer is that WMH is related to executive dysfunction in general and that the
nature of the relationship does not differ, at least not between individuals with and without
AD. First, one reason to suspect that the nature of WMH relationships might differ as a
function of dementia is because WMH extend to more posterior regions in individuals with
AD than in non-demented individuals. However, recent findings indicate that the greater
posterior extent of WMH in AD is not actually related to AD pathology (Jagust, et al., 2008)
and is more likely due to an interaction of vascular factors that occur with degeneration
(Yoshita, et al., 2006 ). Additionally, measures of cerebral metabolism and behavior both
indicate that the effects of WMH on frontal systems are continuous (DeCarli, et al. 1995;
Tullberg, et al., 2004). These effects have also been found using specific cognitive control
tasks in amnestic MCI subjects assumed to have early Alzheimer’s pathology (Nordhal et
al., 2005). Overall then, the evidence to date indicates that WMH directly affects executive
function which in turn affects episodic memory and that this pattern is characteristic of
individuals with and without AD.

Our findings raise the question as to how WMH influence episodic memory through
impaired executive functioning. The mediation and interaction effects found in the current
study suggest that WMH may have the effect of disconnecting specific brain regions
involved in the distributed memory system, either by direct disruption of white matter
pathways or by decreasing the efficiency of processing amongst critical regions. Thus, these
data provide a foundation for future research to investigate the influence of WMH burden on
functional connectivity between the multiple regions of the memory system in clinically
diverse samples.

Moreover, these data suggest that WMH influence on episodic memory likely occurs at the
stage of either encoding or retrieval, or both. Because the effects of WMH are mediated
completely by executive functioning, it follows that memory functions most reliant on
executive processes will be most vulnerable to WMH effects. Thus, the degree to which one
may expect to see WMH influences on episodic memory are likely dependent on the degree
to which the memory task recruits executive processes. For example, tasks with heavy
working-memory loads at either the encoding or the retrieval stage are the most likely to be
vulnerable to WMH influences. Because consolidation is thought to be primarily a
hippocampal process, or a process of transfer from the hippocampus to cortical regions, it is
a less likely candidate for explaining WMH influences on episodic memory. This, of course,
is speculative. Therefore, to the extent that frontal-hippocampal communication may be
important to consolidation, WMH may have some indirect influence on consolidative
processes as well. Overall though, the evidence suggests that WMH effects will be most
evident in any episodic memory task that requires a substantial working memory load or that
requires some other executive processes at encoding or retrieval.

Notably, these results align well with the cognitive aging and WMH literature. The
mediation effects are consistent with recent findings using different measures of WMH or
white matter volume in cognitively normal middle-aged and older adults (e.g., Charlton et
al., 2009). The mediation of WMH by executive function is also consistent with behavioral
findings in the cognitive aging literature which show that episodic memory performance is
consistently related to executive function (e.g., Ferrer-Caja et al., 2002; Glisky et al., 2000;
Park et al., 2002). At a more general level, these results are consistent with current theories
regarding the influence of executive function on memory performance. For instance, medial
temporal and prefrontal lesions have larger effects on recall tests than on recognition,
consistent with findings that recall tests place heavier demands on executive processes than
most recognition tests (e.g., Schacter et al., 1984; Simons et al., 2002; Warrington &
Wiskrantz, 1982). Age-related effects are also larger in recall than in recognition tests (e.g.,
Craik & McDowd, 1987). Thus, the current findings are not only consistent with theories of
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executive (or frontal) function in cognitive aging (e.g., West, 1996), but also point toward
WMH load as a one potential mechanism underlying age-related declines in executive
functioning.

How WMH affect executive function remains an unanswered question. Limited cognitive
research suggests the possibility that WMH disconnect frontal systems from functional
targets at other cortical locations (Nordahl et al., 2006). There is a vast literature in animal
research suggesting that working memory involves direct neuronal connections between
parietal cortex and prefrontal cortex (Chafee & Goldman-Rakic, 2000; Selemon &
Goldman-Rakic, 1988). Recent data suggest that parietal regions are an important
component of the network of brain areas that mediate the short-term storage and retrieval of
verbal material (Jonides et al., 1998; Honey, Bullmore, & Sharma, 2000) and it has been
suggested that the human posterior parietal cortex is the node for the storage capacity limit
of visual short-term memory (Todd & Marois, 2005). WMH, which are commonly located
along rostral-caudal white matter pathways overlapping with the superior longitudinal
fasciculus (Schmahmann & Pandya, 2006) which connects parietal with prefrontal cortex
(Selemon & Goldman-Rakic, 1988), therefore, may cause degradation of these connections
leading to impaired cognitive performance. Unfortunately, research in this area is extremely
limited and further investigation is necessary to confirm or refute this hypothesis.

Overall, these data indicate that age-related vascular disease, assumed to be the primary
cause of WMH burden among the subjects of our sample, is important to long-term episodic
memory function in older adults. This effect is mediated by the effect of WMH on executive
functioning, suggesting that the memory effects that do occur are related to deficits in
encoding or retrieval or both. Finally, these data suggest that memory tasks with lesser
executive processing demands may be less affected by WMH load than those with larger
executive processing demands. Unfortunately, however, daily activities of many older adults
include memory tasks with high executive processing demands. For instance, simply taking
daily medications can lead to a great deal of proactive interference that may need to be
resolved in order to figure out if a medication has been taken today or not. Thus, albeit a
mediated influence, WMH load stands to have significant practical influences on the daily
activities of older adults.
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Research Highlights

• White matter hyperintensities (WMH) influence both episodic memory and
executive function

• Executive function completely mediates the influence of WMH on episodic
memory

• The influence of hippocampal volumes on episodic memory depends on
executive function
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Figure 1.
Models of relationships between variables of primary interest. Arrows indicate hypothesized
direction of effects and values are the standardized coefficients for the relationship between
the variables. All relationships are significant except those indicated by the grey arrows and
noted ns (non-significant). A. Relationships before investigating meditational effects of
executive functioning, B. relationships with executive functioning as a mediator of the
WMH influence on episodic memory, and C. with the interaction between executive
functioning and hippocampal volumes mediating both WMH and executive functioning
influences (EF, executive function).
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Figure 2.
Hippocampal X Executive function Interaction. A categorical depiction the interaction.
Continuous hippocampal volumes and executive function scores were split into quartiles
with “First Quartile” representing smallest volumes (hippocampus) or lowest scores
(executive functioning) and “Fourth Quartile” representing largest hippocampal volumes
and highest executive scores.
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Figure 3.
Illustration of simple linear regressions of hippocampal volume on episodic memory within
executive function quartiles. Hippocampus becomes increasingly more related to episodic
memory as executive function increase. (First Quartile = lowest 25% executive function,
Fourth Quartile = highest 25% executive function)
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Table 1

Demographic information, brain measures, and neuropsychological test scores for normal, MCI, and demented
participants.

Diagnostic Group

Normal MCI Demented p Value

Participant Characteristics

N (F,M) 214 (145, 69) 139 (74, 65) 69 (45, 24)

Age 73.9 (7.2) 75.6 (7.0) 77.2 (7.3) <.004 ‡

Education 12.7 (4.4) 12.0 (5.2) 10.9 (4.8) <.03 ‡

MMSE 28.8 (8.7) 25.9 (7.3) 20.3 (5.1) <.003 †

Vascular Risk .25 (.2) .28 (.2) .32 (.2) --

Brain Measures

Brain Volume/ TCV .79 (.05) .77 (.05) .76 (.04) <.002 ‡

HC Volume/TCV .0033 (.0005) .0030 (.0006) .0028 (.0006) <.001 *

WMH volume /TCV§ −5.46 (.96) −5.27 (1.00) −4.92 (1.00) <.001‡ <.05~

Neuropsychological Test Composite Scores

Executive Functioning .004 (.64) −.38 (.60) −1.02 (.75) < .001 †

Episodic Memory .07 (.81) −.82 (.59) −1.65 (.55) <.001 †

Note: Mean demographic and neuropsychological test values with standard deviation in parentheses. Brain volume, hippocampal volume, and
WMH volume are relative to total cranial volume (TCV). Neuropsychological test scores are z-scores; p values are Bonferonni corrected values for
pairwise comparisons following one-way ANOVA tests.

‡
Normal vs. Demented

~
MCI vs. Demented

*
Normal vs. Demented, Normal vs. MCI

†
all groups significantly differ at this significance level or lower

§
Log transformed to normalize variance.
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Table 2

Initial Multiple Linear Regression Models

Episodic
Memory

Executive
Functioning

Total Model R2 0.284 0.353

β p β p

Age −0.035 .501 −0.091 .069

Education 0.267 .000 0.41 .000

Gender (male) −0.153 .000 −0.011 .781

Ethnicity

 African American 0.183 .064 0.047 .617

 Hispanic −0.027 .786 −0.115 .223

 White 0.09 .389 0.134 .180

Brain 0.203 .000 0.227 .000

Hippocampus 0.193 .000 −0.004 .919

WMH −0.151 .001 −0.153 .000

Note: Table entries are standardized regression coefficients (beta weights, β) and associated significance values (p). Brain, brain volume relative to
total cranial volume; hippocampus, hippocampal volume relative to total cranial volume; WMH, white matter hyperintensity volumes relative to
total cranial volume and log transformed.
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Table 3

Summary of the executive function mediation and interaction regression models of episodic memory.

EF Mediation Model EF Mediation
Interaction Model

Total Model R2 0.522 0.527

β p β p

Age 0.021 .619 0.015 .724

Education 0.008 .191 0.008 .838

Gender (male) −0.159 .000 −0.154 .000

Brain 0.068 .109 0.069 .104

Hippocampus 0.188 .000 0.215 .000

WMH −0.054 .153 −0.053 .161

Executive 0.624 .000 0.245 .200

HC.Exec Interaction 0.383 .043

Note: Table entries are standardized regression coefficients (beta weights, β) and associated significance values (p). EF, executive function; Brain,
brain volume relative to total cranial volume; hippocampus, hippocampal volume relative to total cranial volume; WMH, white matter
hyperintensity volumes relative to total cranial volume and log transformed; HC.Exec Interaction , hippocampus x executive function interaction
term.
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Table 4

Summary of the simple linear regressions of hippocampal volume on episodic memory within executive
function quartiles.

Episodic

β p R2

Hippocampus in

EF First Quartile 0.150 0.127 0.023

EF Second Quartile 0.240 0.012 0.058

EF Third Quartile 0.325 0.001 0.106

EF Fourth Quartile 0.446 0.000 0.199
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