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Abstract
Cognitive and physical decline are important predictors of functional independence in Alzheimer’s
disease (AD). However, little is known about AD-related neural change leading to decreased
independence. We hypothesized that regional gray matter atrophy, including the medial frontal
cortex, would be related to cognition, physical function, and functional independence. Individuals
without dementia (n = 56) and subjects with early-stage AD (n = 58) underwent MRI and a
comprehensive cognitive and physical function evaluation. The relationship of cognitive and
physical function measures and independence performing complex daily activities was explored
using correlation and mediation analysis. These results suggest that cognition had both a strong
direct effect and mediated the influence of physical function on independence for those with AD.
We followed this with a voxel-based morphometric global conjunction analysis of imaging data
within each group to identify neural substrates common to our function measures. Imaging
evidence supported our mediation analysis results. Imaging evidence revealed that in AD, regional
gray matter atrophy measures in medial frontal and temporo-parietal areas were related to
decreased cognition, physical function, and independence. Loss of independence in early AD is
closely related to impaired cognition associated with performing complex behaviors. People with
early AD may have decreased gray matter volume in the medial frontal and temporal-parietal
cortices that is associated with loss of independence in activities of daily living. These results are
the first to identify regionally specific brain volume changes that may be related to functional
dependence seen in early AD.
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INTRODUCTION
The unprecedented growth of the elderly population has been accompanied by an increased
prevalence of Alzheimer’s disease (AD), now affecting nearly 1 in 10 adults over the age of
71 [1]. In addition to the commonly acknowledged problem of episodic memory and
cognitive dysfunction, decline in physical function, self-care, and level of independence are
frequent characteristics of disease progression [2]. Loss of independence in daily function is
a key feature of AD, with great cost to an individual’s quality of life [3]. However, little is

© 2009 – IOS Press and the authors. All rights reserved
*Corresponding author: Jeffrey M. Burns, MD, Department of Neurology, KU Alzheimer and Memory Program, University of Kansas
Medical Center, MS 1063, 3901 Rainbow Blvd, Kansas City, KS 66160, USA. Tel.: +1 913 588 0555; Fax: +1 913 945 5035;
jburns2@kumc.edu.
1EDV and RAH share first authorship.
Authors’ disclosures available online (http://www.j-alz.com/disclosures/view.php?id=123).

NIH Public Access
Author Manuscript
J Alzheimers Dis. Author manuscript; available in PMC 2011 April 1.

Published in final edited form as:
J Alzheimers Dis. 2010 ; 19(2): 517–527. doi:10.3233/JAD-2010-1245.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.j-alz.com/disclosures/view.php?id=123


known about AD-related neural change leading to decreased independence. Identification of
therapeutics to support independence first requires a more complete understanding of
mechanisms behind loss of functional independence.

Gray matter loss in AD includes many areas that mediate functional, goal-oriented daily
activity including temporal, frontal, occipital, and limbic regions [4]. Importantly, early
degeneration of fronto-parietal circuits necessary for movement planning in those with AD
have been blamed for poor execution of behaviors crucial for performing daily self-care [5].
A key frontal region involved in daily activity is the medial frontal cortex [6] which plays a
role in “cognitive control” [7], vigilance and attention to stimuli requiring a response [8],
and motivating performance adjustment [9]. However, individuals with AD also experience
decreased physical capacity [2,10], complicating the relationship of cognition to functional
independence. Together, cognitive and physical health are important components of
independent living [11–13]. To this point, the relationship between global cognitive function
(multimodal information processing measured by a cognitive test battery) and physical
function (sensorimotor performance measured by a series of basic physical tasks) in AD
remains imprecisely defined, particularly with regard to functional independence
(independent performance of fundamental daily activities) [14,15].

Thus, our aim in the present investigation was to explore how cognitive and physical
function is related to independence in daily activities and identify underlying brain changes
associated with dependence in AD. Previous work has linked total cortical gray matter
volume and functional independence [16]. However, the literature currently lacks a regional
examination of local brain structure changes with AD in the context of functional
independence. Our hypothesis was that both measures of cognition and physical functioning
would contribute to activities of daily living in both AD and nondemented groups, and that
this relationship would correlate with differences in gray matter volume, specifically in the
medial frontal cortex.

We have previously used newvoxel-based morphometry image analysis (VBM) techniques
to examine regional differences in gray matter volume between subjects with early AD and
cognitively healthy elderly subjects [17]. For the present study, we first sought to
characterize the relationship between cognition, physical function, and independence in
complex functional behaviors (i.e., instrumental activities of daily living, IADLs) using
mediation analysis [18]. Mediation analysis allows for an assessment of the extent to which
a mediating variable accounts for the relation between two other variables [19]. Guided by
the results of the mediation analysis, we then employed VBM to examine regional gray
matter volume associated with measures of physical function, cognitive function, and
functional independence.

MATERIALS AND METHODS
Demographics

All participants were assessed by a board certified neurologist with specialized training in
the evaluation of dementia. The presence or absence of dementia and its severitywas
determined using the Clinical Dementia Rating (CDR) [20,21]. Individuals diagnosed with
AD met standard criteria for a clinical diagnosis of AD[22]. Nondemented (ND) individuals
and those with early AD between the ages of 60 and 85 were enrolled in the University of
Kansas Brain Aging Project (BAP), an ongoing longitudinal study of lifestyle, brain aging,
and AD progression. Institutionally approved, informed consent was obtained from
participants or their legal representatives as appropriate. All participants enrolled with an
informant knowledgeable about the participant’s daily life. BAP exclusions are neurological
disease other than AD, active ischemic heart disease, history of significant mental illness,
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diabetes mellitus, or other systemic illness that might impair completion of the study.
Physical and neurological characteristics of these participants have been presented
previously [23]. Those who had satisfactorily completed all baseline BAP assessments
relevant to this report were included for this cross-sectional analysis (ND n = 56, CDR 0;
AD n = 58, CDR 0.5 or 1).

Function measures
Our primary measure of interest was functional independence which we indexed using the
Alzheimer’s Disease Cooperative Study Activities of Daily Living Scale for Mild Cognitive
Impairment (ADCS-ADL) with information collected from the informant. The ADCS-ADL
is a well characterized measure of independence in activities of daily living [24]. The 18-
item measure is heavily weighted towards independence in IADLs such as meal preparation,
travel outside the home, shopping, and performing household chores. Tasks are scored by
increasing level of independence with greater scores reflecting more independence in
IADLs. The range of possible scores is 0–53.

Our primary measure of physical function was a short battery of physical tasks, the modified
Physical Performance Test (PPT) [23,25]. Scores are given based on time to complete each
task. The modified PPT includes writing a sentence, simulated eating, lifting a book and
placing it on a shelf above shoulder height, putting on and removing a jacket, picking up a
penny from the floor, turning 360 degrees and ambulating 50 feet. We modified the PPT to
test the ability to transfer from sit-to-stand (e.g., 5 consecutive chair rises) and balance
ability (e.g., progressive Romberg test). The range of possible scores is 0–36.

Because no one test can readily characterize dementia associated with AD, we administered
a global cognitive battery. The tests included common measures of memory (Wechsler
Memory Scale [WMS] – Revised Logical Memory IA and IIA [26], Free and Cued Selective
Reminding Task [27]), language (Boston Naming Test–15 item [28]), working memory
(Wechsler Adult Intelligence Scale [WAIS] letter – number sequencing [29], WMS III Digit
Span Forwards and Backwards [26]), executive function (Trailmaking A and B [30], Verbal
Fluency [31] [animals and vegetables], and Stroop Color-Word Interference Test [32]), and
vi-suospatial ability (WAIS Block Design [29]). Each score in the cognitive battery was
standardized to the mean and standard deviation of a larger nondemented cohort from the
BAP (n = 84), including all ND participants in the present study, who had completed
cognitive testing. The mean of each participant’s z-scores was used as an index of global
cognitive performance (COG) [23]. The Mini-Mental State Exam (MMSE) [33] was
administered to facilitate comparison to other reports.

Imaging
High-resolution T1 weighted anatomical images were acquired on a Siemens 3.0 Tesla
Allegra MRI Scanner (magnetization-prepared rapid gradient echo [MPRAGE]; 1 × 1 × 1
mm3 voxels, repetition time [TR]=2500 ms, echo time [TE]=4.38 ms, inversion time
[TI]=1100 ms, field of view 256×256 with 18% oversample, flip angle=8 degrees). Scans
were visually inspected and processed for voxel-based analysis. Data analysis was
performed using the VBM5 toolbox (http://dbm.neuro.uni-jena.de), an extension of the
SPM5 algorithms (Wellcome Department of Cognitive Neurology, London, UK) running
under MATLAB 7.1 (The Math Works, Natick, MA, USA) on Linux.

Voxel-based morphometry is a method for detecting group differences in the density or
volume of brain matter that is sensitive to detecting small disease-related variations in brain
volume [34]. Our structural image processing method for VBM is detailed elsewhere [17].
Briefly, we chose the VBM5 toolbox because it extends and enhances the unified
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segmentation approach implemented in SPM5 [35] by using a generative model that
integrates tissue classification, image registration and MRI inhomogeneity bias correction.
We used the Hidden Markov Field (HMRF) model on the estimated tissue maps (3 × 3 × 3).
Based on recommendations [35] for aging and diseased populations, estimated tissue
probability maps were written without making use of the ICBM tissue priors to avoid a
segmentation bias, as these priors are derived from young healthy controls [36]. Images
were then modulated and saved using affine registration plus non-linear spatial
normalization [37]. The resulting gray matter volume maps were smoothed with a 10 mm
FWHM Gaussian kernel before statistical analysis [38,39]. This kernel size was chosen as a
balance between maximizing localization accuracy of smaller smoothing kernels and
reducing false positives associated with larger smoothing kernels.

We sought to identify neural correlates of our functional measures, and focused on gray
matter volume for this analysis. Gray matter thinning and atrophy is a more established
measure of AD-related change [40,41] and has been correlated with cognitive and functional
measures relevant to this study [4,16].

Demographic and behavioral statistics
Demographic and functional measures were compared between groups using ANOVA.
Gender distribution between groups was compared using a Chi-square test. We then
assessed the relationship between our variables separately for each group, using partial
Pearson correlations adjusted for age and gender. Based on previous literature suggesting
cognitive and motor interdependence in AD, and our partial correlation results, we
performed a follow-up mediation analysis to assess the relationship between cognition
(COG), physical function (PPT) and functional independence (ADCS-ADL) measures
(SPSS 16.0, S PSS Inc. Chicago, IL). This procedure supports the investigation of both
direct effects between variables as well as indirect effects mediated through additional
variables. The method and associated SPSS macro are available online [18].

For the present investigation, we defined ADCS-ADL as the dependent variable a priori. As
with partial Pearson correlations, mediation analyses were performed separately for AD and
ND groups. Gender and age were treated as covariates in the mediation model. The literature
provides no rationale for selecting cognition or physical function as the mediating variable a
priori, therefore we investigated models in which each served as the mediator. A
bootstrapping procedure was employed (5000 resamples) to describe the confidence interval
(CI) of the indirect effect. A 95% CI not containing zero was considered a significant
indirect effect. All other descriptive analyses outside imaging space were tested at α = 0.05.

Imaging statistics
We used a multiple regression model with COG,PPT, and ADCS-ADL scores as primary
regressors, age and gender as covariates of no interest, no grand mean scaling, and
covariates centered on the overall mean. The absolute threshold masking was set at 0.10 to
restrict each analysis to gray matter. This multiple regression model was run on AD and ND
separately in order to look at the effects of these measures within diagnosis groups. We used
a global conjunction model to test the hypothesis that each of the primary regressors (COG,
PPT, and ADCS-ADL) would correlate with an overlapping region of brain volume,
localizing these functions to a neural location or locations. The global conjunction model
asks where in the brain the regressors covary together [42]. SPM5 tests for the null global
conjunction using the minimum T statistic and looks for consistent effects within variables
of interest on a brain measure of interest, in this case gray matter volume [43]. Resulting
clusters from the global conjunction analysis were considered significant at p < 0.001
uncorrected.
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Finally we sought to test whether COG, PPT, and ADCS-ADL correlated together with
medial frontal gray matter volume in AD and ND. This a priori hypothesis requires
statistical correction. The small volume corrected region of interest (ROI) was derived from
the Wake Forest University Pickatlas (http://www.fmri.wfubmc.edu) [44] and selected based
on the hypothesis that deficits in cognition and function may be due to change in the
prefrontal cortices [45]. The ROI was constructed from the Anatomic Automatic Labeling
(AAL) masks of bilateral frontal gyrus, superior medial portion and anterior cingulate gyrus.
To correct for multiple comparisons in ROI analyses, results were considered significant at p
< 0.05, Family-wise Error adjusted (FWE). Location of peak voxels within significant
clusters are reported with reference to the Montreal Neurological Institute (MNI) standard
space within SPM5 using the Pickatlas for AAL and Talairach Daemon Brodmann Area
(BA) estimates.

RESULTS
Group measures

Characteristics of the groups are summarized in Table 1. Groups were similar in age and
gender distribution. The groups differed slightly in years of education; both groups averaged
at least three years of postsecondary education. One hundred eight individuals, self-
identified their primary race as white, non Hispanic (ND=56; AD=52). Five individuals with
AD identified themselves as African-American and one as Native American. One
nondemented individual identified as white and of Hispanic ethnicity.

As expected, the AD group had significantly lower global cognitive function (COG),
functional independence (ADCS-ADL), and physical function (PPT) measures. We then
explored the relationship of cognition and physical function to independence in IADLs,
separately for each group using partial correlations to account for age and gender. For both
groups, functional independence was positively related to physical function (PPT: ND r =
0.29, p = 0.031; AD r = 0.32, p = 0.015) and global cognitive function (COG: ND r = 0.27,
p = 0.05; AD r = 0.5,p < 0.001).

To further characterize the relationships between physical function, cognition and functional
independence we subjected PPT, COG, and ADCS-ADL to mediation analysis. Figure 1 and
Figure 2 graphically summarize the mediation analyses for the AD and ND groups,
respectively. Pictured are the direct and indirect effects of each analysis; first treating COG
as the independent variable and PPT as the mediating variable (panel A of Fig 1 and Fig 2),
then the results from the converse mediation analysis (panel B). The results suggest that
cognition strongly influenced independence for individuals with AD through two points of
evidence (Fig. 1B). First, a significant direct effect of COG on ADCS-ADL (standardized β
= 0.52, p < 0.001) was present. Second, COG mediated the relationship between PPT and
ADCS-ADL as demonstrated by a significant point estimate of the indirect effect. (Point
Estimate 0.44; Lower CI=0.16). No significant mediation effects were detected for the ND
cohort. PPT was not a significant mediator for either group.

Imaging measures
To explore possible neural substrates for the cognition-mediated relationship between
physical function and independence in IADLs, we performed voxel-wise examination of the
gray matter volumes of both cohorts. All clusters for the voxel-wise analysis (k > 100 and Z
> 3.8, p < 0.001 uncorrected) are listed in Table 2.

In subjects with early AD a common neural substrate for PPT, COG, and independence in
IADLs (ADCS-ADL) was detected in several locations across the brain. The largest clusters
of gray matter volume that positively and significantly covaried with all three measures were
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in the right precuneus, (BA 7; Z = 4.51, cluster size (k)= 656); the left superior frontal gyrus,
medial portion (BA 9; Z = 4.27, k = 1213); and the left inferior frontal gyrus, triangular
region, (BA 46; Z = 4.52, k = 1837). Other regions of commonality include the left
parahippocampus, right hippocampus, right superior temporal gyrus, and right
supramarginal gyrus. Figure 3A and B, left column depicts these regions of structural/
behavioral association for the AD group. The ROI analysis revealed that poor performance
on cognitive, physical and independence measures was associated with lower medial frontal
cortex gray matter volume (BA 9) in subjects with early AD (p = 0.03 FWE corrected, Fig.
3C).

In the ND subjects, the global conjunction analysis revealed a common neural substrate
between physical, cognitive, and IADL measures in the middle frontal (BA 8) and precentral
(BA 6) cortex (Fig. 3A and B, right column). The ROI analysis of medial frontal cortex
volume in the ND subjects did not reveal any significant relationship between our three
measures of functional independence and gray matter volume change in this region.

DISCUSSION
Our goal in the present investigation was to use novel imaging analysis to clarify how
cognitive and physical function are related to independence in daily activities. Specifically,
we sought to identify underlying brain changes associated with functional decline in AD.
We found 1) a relationship between ADCS-ADL, COG), and PPT in nondemented older
adults and individuals with early AD; and 2) identified a common neural underpinning of
that relationship in the medial frontal and temporo-parietal cortices unique to subjects with
AD.

There are limitations inherent to the study that should be considered. Our imaging analysis
was not designed to directly test group (AD vs. nondemented) interactions within the
conjunction models. We have previously identified regional decreases in gray matter volume
in this early AD group compared to nondemented participants [17]. This previous study
identified AD-related decreases in gray matter volume, with frontal cortex decreases in gray
matter volume primarily in the medial frontal gyrus (BA 9, 10), bilateral middle frontal
gyrus (BA 6), insula (BA 13), and dorsolateral prefrontal cortex. In the present study, there
was not a significant relationship between medial frontal atrophy and our measures of
cognition, physical function and independence in the ND group, even when using a small-
volume corrected, medial frontal ROI. These converging lines of evidence suggest a disease-
specific pattern underlying functional change.

Convergent behavioral and imaging results
Our expectation was that both cognition and physical function would contribute to
independent performance of complex behaviors, specifically those that are central to
function in the community (IADLs). This was tested first using partial correlation and
mediation analysis. We found that cognitive and physical function were both related to
functional independence. Specifically, our composite measure of global cognitive function
was strongly related to functional independence in the AD group as evidenced by both a
direct effect on ADCS-ADL and a mediating indirect influence between PPT and ADCS-
ADL.

Concomitant with the findings from our mediation analyses, our imaging data demonstrate
for the first time, patterns of gray matter differences in the medial frontal and temporo-
parietal regions that are associated with declining physical function, cognition, and
independence specific to AD. Global conjunction analysis of our imaging data revealed that
gray matter volume in the middle frontal gyrus was associated collectively with our
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measures of physical function, cognition, and functional independence in the nondemented
group. Individuals with early AD not only displayed reduced frontal gray matter co-varying
with measures of cognition, physical function and independence (inferior orbitofrontal
gyrus, superior medial frontal gyrus, middle frontal gyrus), but caudal regions (precuneus,
supramarginal gyrus, postcentral gyrus) were associated with these measures as well.

We identified several foci in the temporo-parietal area (right supramarginal gyrus and right
superior temporal gyrus) and precuneus that were collectively related to our functional
measures. These findings are particularly relevant in light of previous reports of AD-related
atrophy in these regions and their purported roles in behavior [46–50]. The precuneus plays
a role in self-referential [51] visuomotor control and attention [52], whereas temporal lobe
change has previously been linked to aberrant behavior and confusion in elderly psychiatric
patients [53], including dependence in ADLs [54]. The supramarginal gyrus appears to be
related to object-oriented sensory integration [52,55], apraxia [56], and object manipulation
[57].

In addition, the ROI analysis yielded a common neuroanatomical relationship between PPT,
COG, and ADCS-ADL and decreased medial frontal cortex volume (BA 9) in AD subjects,
such that decreased performance on measures of physical function, independence, and
cognition correlated with decreased gray matter. Previous imaging studies have reported
structural [58] and functional [59,60] involvement of the prefrontal cortex in cognition,
attention, and motor processing. These frontal regions participate in complex executive
functioning and working memory [61] that are required for IADLs [62–65], as well as play a
role in encoding the motivational value of external events and physical performance [9].

Cognitive aspects of motor activities necessary for independence
Changes in cognitive function, including the capacity for self-environment interaction and
goal-directed behavior, can manifest themselves even before AD diagnosis [66]. For
example, those with mild cognitive impairment demonstrate slower performance on
instrumental activities of daily living as a possible consequence of decreased processing
speed [67]. Our results confirm that preserved cognitive function is critical to translating
successful performance of simple behaviors such as those in the PPT to complex behaviors
such as the IADLs indexed by the ADCS-ADL. Further, the present data support the notion
that early AD is associated with atrophy in brain regions, the medial frontal and temporo-
parietal cortex, responsible for the cognitive activity of motor function [5,68].

Conclusion
In summary, we found converging evidence for a disease-related impairment of cognitive
function associated with activities of daily living. In early AD, impaired cognitive function
may be a result of reduced gray matter volume in the medial frontal and temporo-parietal
cortex, which likely affects independent performance of IADLs in part through decline in
associated executive aspects of function. Our work is the first to characterize the relationship
between regional brain volume and functional independence through both physical
performance and cognitive function in early AD. These functional and imaging data provide
a window into the cognitive deficits that affect independent function, including basic and
complex motor behaviors, in the daily activities of those with early AD.
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Fig. 1.
Graphic depiction of mediation analysis results for the cohort with early Alzheimer’s
disease. A) The COG → PPT → ADCS-ADL model tests the mediating effect of physical
function on the relationship between global cognitive function and functional independence.
Physical function does not have a mediating effect. B) The PPT→COG→ADCS-ADL
model tests the mediating effect of cognition on the relationship between physical function
and functional independence. Both a direct effect of global cognitive function on
independence as well as an indirect effect mediating the relationship between physical
function and independence are evident. Standardized coefficients are presented along with
the associated p-value.
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Fig. 2.
Graphic depiction of mediation analysis results for the nondemented group. A) The COG →
PPT → ADCS-ADL model tests the mediating effect of physical function on the
relationship between global cognitive function and functional independence. B) The PPT →
COG →ADCS-ADL model tests the mediating effect of cognition on the relationship
between physical function and functional independence. Standardized coefficients are
presented along with the associated p-value. The indirect effect point estimated is centered
within the chart. Mediating effects were not significant for the nondemented group.
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Fig. 3.
Statistical maps of the global conjunction analysis showing gray matter volume reductions
that covary with our three primary measures, global cognition, physical function and
functional independence in nondemented participants (ND, cool hues, right column) and
those with AD (warm hues, left column) (at a threshold of p <= 0.001). Thresholded images
have been transformed from MNI space into Talairach space and converted to T-scores,
which were projected onto the pial surface of a representative standard surface. The lateral
surface is in the top row of each section (A), and the posterior surface is shown below the
lateral (B). (C) Small volume corrected analysis restricted to the medial frontal cortex
yielded a region of gray matter atrophy significantly related to global cognitive function,
physical function and functional independence. This region was significant only in
individuals with AD. T-scores are projected on to a representative sagittal slice and index
gray matter volume reductions in the bilateral BA 9, centered in the left hemisphere (p <
0.05 FWE). (Colours are visible in the electronic version of the article at www.iospress.nl.)
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Table 1

Demographics of nondemented and early Alzheimer’s disease groups

Nondemented (n = 56) Alzheimer’s disease (n = 58) p

Age (yrs) 73 (6.2) 74.2 (6.3) 0.58

% Female 57.1 64.4 0.43

Education (yrs) 16.4 (2.2) 15.2 (3.0) 0.02

Mini-Mental State Exam (MMSE) 29.5 (0.8) 26.7 (3.1) < 0.001

Physical Performance Test (PPT) 30.4 (3.3) 27.6 (4.1) 0.001

Activities of Daily Living Scale (ADCS-ADL ) 48.6 (3.3) 39.8 (8.2) < 0.001

Global Cognitive Battery (COG) 0 (0.5) −1.7 (1.2) < 0.001

All values are means (SD) except gender (% females in cohort). Negative values of global cognitive function for the AD group indicate lower
cognitive function than the mean performance of nondemented individuals. Lower scores on the remaining items (MMSE, PPT, AND ADCS-
ADL) are associated with worse performance on the measure. P values of group comparisons are provided.
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