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Abstract
We investigated the relationship between regional atrophy rates and 2-year cognitive decline in a
large cohort of patients with mild cognitive impairment (MCI; N=103) and healthy controls
(N=90). Longitudinal MRIs were analyzed using high-throughput image analysis procedures.
Atrophy rates were derived by calculating percent cortical volume loss between baseline and 24-
month scans. Step-wise regressions were performed to investigate the contribution of atrophy rates
to language, memory, and executive functioning decline, controlling for age, gender, baseline
performances, and disease progression. In MCI, left temporal lobe atrophy rates were associated
with naming decline, whereas bilateral temporal, left frontal, and left anterior cingulate atrophy
rates were associated with semantic fluency decline. Left entorhinal atrophy rate was associated
with memory decline and bilateral frontal atrophy rates were associated with executive function
decline. These data provide evidence that regional atrophy rates in MCI contribute to domain-
specific cognitive decline, which appears to be partially independent of disease progression. MRI
measures of regional atrophy can provide valuable information for understanding the neural basis
of cognitive impairment in MCI.
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1. Introduction
Although episodic memory deficits are the hallmark feature of Mild Cognitive Impairment
(MCI), deficits in other cognitive domains are present in a large number of patients. In
particular, mild anomia (Storandt et al., 2002; Blackwell et al., 2004) and reductions in
semantic fluency [for a review, see (Taler and Phillips, 2008)] develop in many patients with
MCI, suggesting impaired lexical-semantic processing. In addition, a subset of patients with
MCI show significant executive dysfunction, characterized by impaired working memory,
inhibition, set-shifting, and phonemic fluency (Belleville et al., 2007; Chang et al., 2009).
What has not been established is whether these domain-specific cognitive deficits in MCI
are secondary to global brain atrophy versus progressive atrophy within specific neocortical
regions. Medial temporal lobe atrophy is prominent in patients with Alzheimer’s disease
(AD), but there is increasing evidence that atrophy is widespread even in preclinical AD
(Fennema-Notestine et al., 2009; McEvoy et al., 2009). Therefore, delineating the MRI
correlates of domain-specific cognitive decline could lead to an improved understanding of
the neural basis of cognitive impairment in MCI.

There is an emerging literature describing baseline structural MRI correlates of cognitive
impairment in MCI, AD, and mixed patient samples (Galton et al., 2001; Grossman et al.,
2004; van der Flier et al., 2005; Apostolova et al., 2008). The most reliable and well-
documented finding is an association between impaired verbal memory and medial temporal
lobe atrophy that is particularly robust for hippocampal and entorhinal regions [see (Ries et
al., 2008) for a review]. Hippocampal and entorhinal atrophy have been shown to predict
conversion to AD (Jack et al., 1999; Jack et al., 2000; Killiany et al., 2002; Jack et al., 2005;
McEvoy et al., 2009), as well as memory decline in MCI and AD (Mungas et al., 2001;
Cardenas et al., 2009). Therefore, this relationship is the most frequently studied and the
medial temporal lobes are the most common targets for region of interest MRI analyses in
MCI.

Studies of lexical-semantic processing are fewer in number, but there is evidence linking
impaired naming and semantic fluency to atrophy within a number of neocortical regions.
Impaired visual naming has been linked to medial temporal lobe atrophy in a sample of
healthy elderly, MCI, and AD (van der Flier et al., 2005). In a study of patients with AD and
MCI who later converted to AD, impaired visual naming and semantic fluency were
associated with left parietal, and bilateral frontal, temporal lobe, and anterior cingulate
atrophy (Apostolova et al., 2008). Although there was considerable overlap in the regional
atrophy associated with impairment on each task, reduced semantic fluency showed a
stronger correlation with left inferior parietal and supramarginal atrophy, whereas reduced
naming showed a stronger correlation with atrophy in left inferior temporal cortex. These
studies provide evidence that language impairments in MCI and/or AD are linked to atrophy
within a number of perisylvian regions, but that naming and semantic fluency have partially
unique neuroanatomical substrates.

Structural MRI studies of executive functioning in MCI are scarce, but there are data
suggesting that atrophy within frontal, cingulate, and temporal lobe regions contribute to
executive dysfunction. In particular, dorsolateral and medial frontal lobe volume loss has
been associated with poorer composite scores derived from measures of fluency, set-
shifting, and response inhibition in MCI (Cardenas et al., 2009). Neocortical thinning in
dorsolateral frontal, posterior cingulate, and lateral temporal lobe regions has also been
associated with impaired set-shifting and working memory performance (Chang et al.,
2009), and decreases in left dorsolateral and medial gray matter concentration has been
detected in patients with a dysexecutive subtype of MCI (Pa et al., 2009). These data support
previous literature implicating dorsolateral prefrontal regions in executive functioning, but
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also suggest that executive dysfunction in MCI may be more complex, relying on the
integrity of a number of other frontal and posterior cortical regions.

To date, only a handful of studies have employed longitudinal MRI for understanding the
relationship between atrophy rates and cognitive decline in MCI. Whole brain atrophy rates
have been associated with decline on measures of global cognition (Evans et al.; Sluimer et
al., 2008), verbal memory (Jack et al., 2004), and set-shifting performance (Evans et al.).
Total cortical gray matter and hippocampal atrophy has been linked to memory and
executive functioning decline in MCI (Mungas et al., 2005), and temporal lobe atrophy rates
have been linked to both verbal memory decline and overall disease progression in MCI
(Leow et al., 2009).

These studies provide compelling evidence for a relationship between atrophy rates and
cognitive decline in MCI. However, most existing studies have relied on baseline imaging or
have evaluated longitudinal changes in whole brain atrophy or a very limited number of
regions, providing a snapshot into critical structure-function relationships. Furthermore,
many studies have included mixed MCI/AD/healthy control samples, precluding an analysis
of whether the structure-function relationships are general in nature or unique to diagnosis.
Therefore, the degree to which regional neocortical atrophy rates are related to domain-
specific cognitive decline in MCI has not been fully evaluated.

In this study, we investigate the relationship between regional neocortical atrophy rates and
domain-specific cognitive decline in a large, well-characterized group of patients with MCI.
We evaluate whether atrophy rates obtained over a two-year period are related to memory,
language, and executive function decline over the same time interval in MCI, and whether
the atrophy patterns associated with decline in each cognitive domain are spatially unique
from the pattern associated with increasing disease severity. Based on the existing literature,
we predicted that left medial temporal lobe atrophy would be associated with verbal memory
decline, whereas dorsolateral frontal lobe atrophy would be most related to executive
functioning decline in MCI. We hypothesized that atrophy rates within left perisylvian
regions would be associated with naming and semantic fluency decline in patients with
MCI, but that left temporal lobe atrophy would contribute to naming decline, whereas left
temporoparietal atrophy would contribute to semantic fluency decline.

2. Methods
Data used in the preparation of this article were obtained from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) database (www.loni.ucla.edu\ADNI). The ADNI was
launched in 2003 by the National Institute on Aging (NIA), the National Institute of
Biomedical Imaging and Bioengineering (NIBIB), the Food and Drug Administration
(FDA), private pharmaceutical companies and non-profit organizations, as a $60 million, 5-
year public-private partnership. ADNI’s goal is to test whether serial magnetic resonance
imaging (MRI), positron emission tomography (PET), other biological markers, and clinical
and neuropsychological assessment can be combined to measure the progression of MCI and
early AD. Determination of sensitive and specific markers of very early AD progression is
intended to aid researchers and clinicians to develop new treatments and monitor their
effectiveness, as well as lessen the time and cost of clinical trials.

The Principal Investigator of this initiative is Michael W. Weiner, M.D., VA Medical Center
and University of California – San Francisco. ADNI is the result of efforts of many co-
investigators from a broad range of academic institutions and private corporations. ADNI
has recruited 229 cognitively normal individuals to be followed for 3 years, 398 people with
amnestic MCI to be followed for 3 years, and 192 people with mild AD to be followed for 2
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years (see www.adni-info.org). The research protocol was approved by each local
institutional review board and written informed consent was obtained from each participant.
Subjects have been recruited from over 50 sites across the U.S. and Canada (see
www.adni-info.org).

2.1 Participants
ADNI eligibility criteria are described at
http://www.adni-info.org/index.php?option=com_content&task=view&id=9&Itemid=43).
Briefly, subjects are 55–90 years of age, and have a study partner able to provide an
independent evaluation of functioning. Control subjects have a Mini-Mental State Exam
(MMSE) score between 24–30 (inclusive), and a global Clinical Dementia Rating (CDR) of
0. MCI subjects have MMSE scores between 24–30, a subjective memory complaint,
objective memory loss measured by education-adjusted scores on Wechsler Memory Scale
Logical Memory II, a global CDR of 0.5, preserved activities of daily living, and an absence
of dementia.

In this study, all MCI patients were included for whom neuropsychological data were
available at baseline and two-year follow-up, and for whom MRI data had passed local
quality inspection by December 2008. A group of healthy control participants meeting the
same criteria were included in order to compare atrophy rates of our MCI sample to atrophy
rates associated with normal aging. This resulted in a total sample of 103 MCI participants
and 90 healthy controls. Independent t-tests revealed that the MCI and controls did not differ
in age [t (193) = 1.85, p >.05] or education [t (193) = 0.53, p >.05]. A Chi-square test
revealed that the two groups did not differ in gender distribution (○2 (1) = 1.33, p >.05).
Final group demographics are presented in Table 1.

2.2 Measures
Visual naming was evaluated using an abbreviated, 30-item Boston Naming Test (BNT)
(Kaplan et al., 1983). This test requires individuals to name line drawings of objects that
increase in difficulty from very common to uncommon. The total number of spontaneous,
correct responses is reported as the total score. Semantic fluency was evaluated using the
Category Fluency Test (Spreen and Strauss, 1990). For this test, participants are instructed
to self-generate as many examplars as possible of specific categories (i.e., animals,
vegetables) within 60 seconds. The sum of correct, unique responses is reported as the total
score. Verbal memory was evaluated using the Logical Memory II total score of the
Wechsler Memory Scale-Revised (Wechsler, 1987). This measure evaluates free recall of
story information retained after a 30-minute delay. Executive functioning was evaluated
using the Trail Making Test (TMT; Part B – Part A) from the Halstead-Reitan
Neuropsychological Test Battery (Reitan, 1959). This test measures both visuomotor
tracking ability (Parts A and B) and the ability to flexibly shift the course of an ongoing
activity (Part B) and is a commonly used measure of prefrontal function (Lezak, 1995). The
difference in time to completion between Part B and Part A was selected as the dependent
measure in order to minimize the influence of visuomotor tracking on the Trails B
performance, thereby isolating the executive function demands of the task (i.e., set-shifting).

Disease progression was estimated using the change in the Clinical Dementia Rating Scale-
Sum of Boxes (CDR-SB) score. The CDR-SB score is the sum of scores obtained in each of
the six CDR domains and has been described as a useful and reliable measure for detecting
subtle clinical change, ideal for use in longitudinal assessments of dementia (Lynch et al.,
2006). The CDR-SB change score was entered as a covariate in the correlation and
regression analyses and was included in order to isolate those regions associated with
domain-specific cognitive decline from those associated with general disease-related
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decline. CDR-SB change was also used as a secondary outcome measure to evaluate the
spatial pattern of atrophy associated with increasing disease severity.

For each of the test measures, individual change scores were derived by subtracting the total
score at 24 months from the total score at baseline and served as the dependent variables in
the study. Mean baseline, 24-month performances, and change scores for the MCI and
control samples are reported in Table 1.

2.3 MRI analysis
Dual 3D T1-weighted volumes (per subject per time visit) were downloaded from the public
ADNI database (http://www.loni.ucla.edu/ADNI/Data/index.shtml). These data were
acquired across a variety of scanners with protocols individualized for each scanner, as
defined at http://www.loni.ucla.edu/ADNI/Research/Cores/index.shtml. An example
protocol for a 1.5-T MR system (Magnetom Sonata Syngo; Siemens Medical Solutions,
Marlvern, PA), running version MR 2004A software, is the sagittal inversion-prepared
three-dimensional T1-weighted gradient-echo sequence (magnetization-prepared rigid
acquisition grandient echo or equivalent), with the following parameters: TR = 2400ms; TE
= 3.5 ms; TI = 1000ms; flip angle = 8 degrees; bendwidth = 180 Hz/pixel; FOV = 240mm;
matrix = 192 × 192; number of slices = 60; slice thickness = 1.2mm. All image-processing
and analyses occurred at the Multimodal Imaging Laboratory, University of California, San
Diego. Images were corrected for gradient nonlinearities (Jovicich et al., 2006) and intensity
non-uniformity (Sled et al., 1998) using methods developed within the NIH/NCRR
sponsored Morphometry Biomedical Informatics Research Network (mBIRN;
http://www.nbirn.net/). The T1-weighted images were aligned, averaged to improve signal-
to-noise ratio, and resampled to isotropic 1mm voxels. Methods based on FreeSurfer 3.02
software were used to obtain cortical gray matter volume and thickness measures for distinct
gyral-based regions of interest (ROIs; see Figure 1) (Dale et al., 1999; Fischl et al., 1999;
Fischl et al., 1999; Fischl and Dale, 2000; Fischl et al., 2002; Desikan et al., 2006).
Volumetric data were corrected for differences in head size by regressing the estimated total
intracranial volume from the data (Buckner et al., 2004).

2.4 Longitudinal analysis
For each subject, the 24-month MRI scan was corrected for spatial distortion due to gradient
nonlinearity and B1 field inhomogeneity, rigid-body aligned, averaged and affine aligned to
the subject’s baseline scan. A deformation field was calculated from nonlinear registration
according to Holland et al. (Holland et al., 2008; Holland et al., 2009) and then used to align
scans at the sub-voxel level. The reduction of site-specific distortion effects and
normalization of inhomogeneities improves the accuracy of the morphometric analysis and
minimizes the effects of instrumental drift on atrophy rate estimates (Stoub et al., 2008). The
follow-up aligned image underwent skull stripping and subcortical segmentation, with labels
applied from the baseline scan. For cortical reconstruction, surface coordinates for the white
and pial boundaries were derived from the baseline images and mapped onto the follow-up
images using the deformation field. Parcellation and labeling (Desikan et al., 2006) from the
baseline image was then applied to the follow-up image. This results in a one-to-one
correspondence between each vertex in the base image and in the follow-up image. This
method produces an estimate of the percent cortical volume loss at each vertex and within
each ROI. Visual quality control, blind to diagnosis, was performed on the volume change
field to exclude cases with significant degradation in meaningful registration for at least one
region of interest, because of artifacts or major changes in scanner hardware between visits.
The most common form of artifact was due to within-scan subject motion. Quality control
procedures on longitudinal data resulted in rejection of approximately 8% of control
participants and 11% of MCI participants, resulting in our final sample (90 controls; 103
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MCI). Atrophy rates in this study were defined as the percent cortical volume loss over the
course of two years.

2.5 Statistical analyses
In order to first characterize two-year regional atrophy rates in MCIs and healthy controls,
mean atrophy rates (% volume change) for each group were computed across the cortical
surface and within lobar ROIs using the procedures described above. To examine the
relationship between two-year atrophy rates and domain-specific cognitive decline, partial
correlations were performed for each group between lobar atrophy rates and change scores
for each test measure, after controlling for age, gender, baseline performance, and change in
CDR-SB score. Baseline performance was included as a covariate in all analyses to ensure
that any association between atrophy rate and change in neuropsychological score was not
simply a reflection of an association with the baseline score (Lamar et al., 2003; Schott et
al., 2008). Lobar atrophy rates were derived by averaging the mean atrophy rates across all
ROIs within that lobe [as described in (Desikan et al., 2006)] and used in the primary
analyses. Due to the large number of lobar regions (N=6 per hemisphere), only correlations
with a p <.01 were considered significant. Subregion partial correlations (see Figure 1) were
performed to further investigate regional associations with cognitive decline when the lobar
correlation was significant. Step-wise linear regressions, controlling for age, gender,
baseline performance, and CDR-SB score, were then performed to determine which of the
significant regional atrophy rates explained the most variance in two-year decline on each of
the cognitive test measures. Hotelling-Williams tests for dependent correlations (Bobko,
1995) were used to evaluate whether or not the strength of the correlations between regional
atrophy rates and neuropsychological decline differed between significant left and right
hemisphere lobar regions. Hotelling-Williams tests were employed because this procedure
takes into account the shared variance contributed by a common variable when testing the
equality of two dependent correlation coefficients.

3. Results
3.1 Analysis of Atrophy Rates

Continuous surface maps depicting two-year atrophy rates in the MCI group and age-
matched healthy controls are shown in Figure 2. As can be seen, two-year atrophy rates
greater than 1% were limited in the healthy control group, whereas atrophy rates ranging
from 1–4% were observed across multiple cortical regions in the MCI group. Lobar atrophy
rates for both groups are provided in Table 2 and served as the primary independent
variables in our regression analyses.

3.2 Correlational and Regression Analyses
There were no significant correlations among any of the lobar atrophy rates and cognitive
decline in the healthy controls (see Supplementary Figure). Therefore, all subsequent
analyses were performed on the MCI group only. Surface maps demonstrating areas of
significant partial correlations between cortical atrophy rates and decline on each test
measure for the MCI participants are shown in Figure 3.

3.2.1 Logical Memory decline—Atrophy rates within the left medial temporal lobe were
associated with Logical Memory decline [r (97) = .30, p <.001], after controlling for age,
gender, baseline Logical Memory II score, and CDR-SB decline. Subregion analysis
revealed atrophy rates within the left entorhinal [r (97) = .43, p <.001] and left
parahippocampal [r (97) = .28, p <.001] regions were associated with memory decline.
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Stepwise regression demonstrated that atrophy rate within the left entorhinal cortex alone
explained 15% of the variance in logical memory decline [β (1, 97) = .47, p <.001].

3.2.2 BNT—Partial correlations controlling for age, gender, baseline BNT score, and CDR-
SB decline showed significant relationships between atrophy rates within left lateral [r (97)
= .25; p <.01)] and left medial [r (97) = .25. p <.01)] temporal cortex and decline on the
BNT. Analysis of subregions within the left temporal lobe revealed that atrophy rates within
the left inferior temporal gyrus [r (97) = .27, p <.01), left temporal pole [r (97) = .26, p <.
01], left fusiform [r (97) = .24, p <.01], and left parahippocampal gyrus [r (97) = .23, p <.01]
were associated with BNT decline.

Step-wise regression revealed that left lateral temporal lobe thinning was the only significant
lobar region contributing to BNT decline (β (1, 97) = .31, p <.001), explaining 11% of the
variance. Regression analyses including subregions within the left lateral temporal lobe
revealed that the left inferior temporal gyrus was the only significant contributor, explaining
14% of the variance in BNT decline [β (1, 97) = .38, p <.001. Post-hoc analyses were
performed based on visual inspection of the surface maps. These analyses revealed that right
parahippocampal [r (97) = .34, p <.001] and left [r (97) = .27, p <.01] and right [r (97) = .24,
p <.01] anterior cingulate atrophy rates were also correlated with naming decline. However,
these regions did not add to the prediction of BNT decline when inferior temporal lobe
atrophy rate was included as a predictor in the regression model.

3.2.3 Semantic Fluency—Atrophy rates within the left lateral temporal [r (97) = .35, p <.
001], right lateral temporal [r (97) = .25, p <.01), left anterior cingulate [r (97) = .33, p <.
001], and left prefrontal [r (97) = .24, p <.01] lobar regions correlated with semantic fluency
decline, after controlling for age, gender, baseline semantic fluency score, and CDR-SB
decline. Subregion analysis revealed that atrophy rates within the left inferior [r (97) = .33, p
<.001], middle [r (97) = .34, p <.001] and superior [r (97) = .30, p <.01] temporal gyri, right
inferior [r (97) = .27, p <.01] and superior temporal gyri[r (97) = .32, p <.001], left rostral [r
(97) = .27, p <.01] and caudal [r (97) = .30, p <.001] anterior cingulate, left [r (97) = .26, p
<.01] and right [r (97) = .31, p <.01] pars opercularis, and left superior medial frontal region
[r (98) = .26, p <.01] correlated with semantic fluency decline. Post-hoc analyses based on
inspection of the surface maps revealed that atrophy rates within the left [r (97) = .26, p <.
01] and right [r (97) = .29, p <.01] supramarginal gyri and right parahippocampal gyrus [r
(97) = .27, p <.01] also correlated with semantic fluency decline.

Regression analyses revealed that left temporal lobe atrophy rate was the only significant
lobar predictor [β (1, 97) = .38, p <.001], explaining 10% of the variance in semantic
fluency decline. Multiple regression that included all significant subregions revealed that
atrophy rates within the left middle temporal gyrus alone explained 14% of the variance in
semantic fluency decline [β (1, 93) = .31, p <.001].

3.2.4 TMT-B decline—Atrophy rates within the left frontal [r (97) = .32, p <.001] and
right frontal [r (97) = .25, p <.01] lobar regions were associated with Trails B decline.
Subregion analysis revealed that atrophy rates within the left middle frontal [r (97) = .27, p
<.01] and left medial superior frontal [r (97) = .29, p <.001] regions were associated with
TMT-B decline. In addition, atrophy rates within left [r (97) = .38, p <.001] and right [r (97)
= .30, p <.01] pars opercularis, left [r (97) = .39, p <.001] and right [r (97) = .27, p <.01]
pars orbitalis, left [r (97) = .30, p <.01] and right [r (97) = .30, p <.01] pars triangularis, and
left [r (97) = .27, p <.01] and right [r (97) = .29, p <.01] precentral regions were associated
with TMT-B decline. Post-hoc inspection of the surface maps revealed that the left [r (97)
= .34, p <.001] supramarginal gyrus was also associated with TMT-B decline.
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Regression analyses revealed that left frontal lobe was the only significant lobar predictor,
explaining 9.5% of the variance in TMT-B decline. Of the subregions within the frontal
lobe, pars orbitalis was the only significant predictor [β (1, 94) = .33, p <.001], explaining
16% of the variance in TMT-B decline.

3.2.5 CDR-SB—Atrophy rates within the left [r (98) = −.34, p <.001] and right [r (98) = −.
39, p <.001] medial temporal, left [r (98) = −.38, p <.001] and right [r (98) = −.41, p <.001]
lateral temporal, left [r (98) = −.38, p <.001] and right [r (98) = −.33, p <.001] parietal, right
frontal [r (98) = −.27, p <.01] and right posterior cingulate [r (98) = −.29, p <.01] regions
were associated with CDR-SB decline, after controlling for age, gender, and baseline CDR-
SB score. Subregion analysis revealed that atrophy rates within all medial temporal lobe
regions [all left and right r values between −.28 to −.45, p <.01], inferior temporal [left, r
(98) = −.41, p <.001; right, r (98) = −.43, p <.001], middle temporal [left, r (98) = −.39, p <.
001; right, r (98) = −.43, p <.001], middle frontal [left, r (98) = −.29, p <.001; right, r (98) =
−.37, p <.001], inferior parietal [left, r (98) = −.39, p <.001; right, r (98) = −.38, p <.001],
precuneus [left, r (98) = −.38, p <.001; right, r (98) = −.38, p <.001], and posterior cingulate
[left, r (98) = −.28, p <.01; right, r (98) = −.29, p <.01] regions were related to CDR-SB
decline. In addition, atrophy rates within right superior frontal [r (98) = −.30, p <.01] region
correlated with CDR-SB decline.

Regression analyses revealed that right medial temporal lobe atrophy rate was the only
significant lobar predictor [β (1, 98) = −.41, p <.001], explaining 12% of the variance in
CDR-SB decline. Of the significant subregions, right fusiform atrophy rate was the only
significant predictor, explaining 16% of the variance in CDR-SB decline [β (1, 98) = −.43, p
<.001].

3.3 Analysis of Hemispheric Differences in atrophy-cognition associations
To test whether there were significant differences in the strength of the correlations between
the left and right hemispheres and our cognitive measures, Hotelling-Williams tests for
dependent correlations were performed which take into account the shared variance between
left and right lobar atrophy rates. These analyses were of importance in determining whether
our atrophy-cognitive decline associations were significantly lateralized in any particular
domain. For Logical Memory decline, medial temporal lobe atrophy rates were of primary
interest. Results revealed that the correlation between Logical Memory decline and left
medial temporal lobe atrophy rate was stronger than the correlation between Logical
Memory decline and right medial temporal lobe atrophy rate [t (100) = 2.54, p <.05].
Because left lateral temporal lobe atrophy rate emerged as the strongest lobar predictor of
BNT and semantic fluency decline, differences between left and right lateral temporal
atrophy correlations were of primary interest in evaluating hemispheric differences in
language decline. Results revealed that the correlation between BNT decline and left lateral
temporal atrophy rate was significantly stronger than the correlation between BNT decline
and right temporal lobe atrophy rate [t (100) = 2.34, p <.05]. Similarly, the correlation
between semantic fluency decline and left lateral temporal atrophy rate was significantly
stronger than the correlation between semantic fluency decline and right lateral temporal
atrophy rate [t (100) = 2.01, p <.05]. The correlation between left vs right medial temporal
lobe atrophy rate and BNT decline was not significantly different [t (100) = 1.69, p >.05],
nor were the correlations between left vs right cingulate [t (100) = 1.24, p >.05] or left vs
right prefrontal [t (100) = 1.55, p >.05] atrophy rates and semantic fluency decline. With
respect to TMT-B, frontal lobe atrophy rates were of primary interest. Our results revealed
that the correlation between TMT-B decline and left frontal lobe atrophy rate was stronger
than the correlation between TMT-B decline and right frontal atrophy rate [t (100) = 2.14, p
<.05]. Despite some evidence for stronger correlations between right medial atrophy and
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CDR-SB decline, the strength of the correlations between CDR-SB decline and right vs left
medial temporal lobe atrophy rates did not differ at the lobar level [t (100) = 1.05, p >.05].

4. Discussion
In this study, we evaluated whether two-year regional atrophy rates were associated with
domain-specific cognitive decline in patients with MCI and healthy controls, and whether
the atrophy patterns related to cognitive decline would be spatially unique from the pattern
associated with increasing disease severity. We also investigated whether different regional
atrophy patterns would be associated with verbal memory, language, and executive function
decline and whether these relationships would be highly lateralized in nature.

4.1 Associations between regional atrophy rates and verbal memory decline
In support of previous studies using baseline and longitudinal MRI in healthy controls and
MCI participants (Cardenas et al., 2009; Leow et al., 2009), we found a strong relationship
between left medial temporal lobe atrophy rates and verbal memory decline in our cohort of
individuals with MCI. However, left entorhinal atrophy rate emerged as the only significant
predictor of verbal memory decline once age, gender, baseline memory score, and disease
severity were accounted for in our regression model. Visual inspection of the surface maps
reveals that this association is both focal and lateralized, likely reflecting the fact that more
widespread atrophy associated with general disease progression was statistically removed
from the analysis. Cardenas and colleagues (Cardenas et al., 2009) reported an association
between baseline entorhinal atrophy and one-year verbal memory decline in a mixed cohort
of healthy controls and MCI. We provide evidence that this relationship is particularly
robust in MCI over a two-year period when longitudinal atrophy rates are employed.

4.2 Associations between regional atrophy rates and language decline
In support of our language hypothesis, atrophy rates within left perisylvian regions were
associated with naming and fluency decline, and this pattern of atrophy differed from the
pattern associated with global clinical decline (CDR-SB). For both language measures, left
lateral temporal lobe atrophy rate was the strongest predictor of decline after controlling for
age, gender, baseline test performance, and disease progression. This finding is consistent
with structural and functional neuroimaging literature implicating the left temporal
neocortex in lexical-semantic processing in healthy controls and dementia (Bookheimer,
2002; Gold and Buckner, 2002; Marinkovic et al., 2003; Grossman et al., 2004; Marinkovic,
2004; Halgren et al., 2006). Furthermore, this left lateralized pattern of atrophy is not
explained by greater left relative to right hemisphere atrophy rates in our MCI sample (see
Figure 2), nor does it reflect a global increase in disease severity. Rather, it likely reflects the
degradation of left perisylvian regions necessary for successful semantic processing and
lexical retrieval in patients with MCI.

In addition, although left lateral temporal regions were the strongest predictors of reductions
in naming and semantic fluency, there were some regional dissociations that appear to be
task-specific. Whereas atrophy rate within the left inferior temporal gyrus was the strongest
predictor of naming decline, atrophy rate within the left middle temporal gyrus was the
strongest predictors of semantic fluency decline. Furthermore, our subregion analysis
revealed that atrophy within several left medial temporal regions, including the left temporal
pole, parahippocampal and fusiform gyrus, were associated with naming decline but not
semantic fluency decline. These regional dissociations were of particular interest given that
each task requires different subskills, instructional sets, and response strategies. Visual
naming requires visual analysis of a stimulus, identifying the corresponding concept in
semantic memory, and lexical retrieval of the item. There are data to suggest that the
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integrity of regions along the ventral visual processing stream, including the left fusiform,
inferior temporal gyrus, and temporal pole are crucial to object recognition and naming (Liu
et al., 2008). Our findings are consistent with previous studies revealing that a number of
regions, including posterior temporal association and medial paralimbic cortex, contribute to
impaired naming in dementia (Grossman et al., 2004). We extend the literature by
demonstrating that the association between atrophy rates within these regions and naming
decline can be detected in patients with MCI who have more subtle language deficits and
structural demise.

Unlike visual naming, semantic fluency does not require visual object recognition. Rather
semantic fluency requires intact category knowledge and places greater demand on
controlled lexical search and retrieval of semantic extensions of a superordinate term
(Bookheimer, 2002; Taler and Phillips, 2008). In addition, fluency tasks require rapid self-
generation of responses with minimal external cues or triggers. Therefore, this task requires
intact semantic functions presumably subserved by temporoparietal cortex, as well as
executive functions that rely on prefrontal and anterior cingulate cortex. In support of this
concept, we found associations between semantic fluency decline and atrophy rates across
many regions, including left lateral temporal, portions of the right lateral and medial
temporal, left anterior cingulate, left medial frontal, and bilateral pars opercularis. Although
the exact role of each region in semantic fluency is not well-established, atrophy
(Apostolova et al., 2008) and hypometabolism (Teipel et al., 2006) within many of these
regions has previously been associated with impaired semantic fluency in AD and in MCI
patients who later converted to AD. In addition, subcortical pathways have been identified
that connect the left supramarginal and inferior parietal regions to posterior temporal and
prefrontal perisylvian cortex (Catani et al., 2005), thereby providing a direct means of
communication among these regions that likely subserve complex lexico-semantic functions
such as fluency.

4.3 Associations between regional atrophy rates and executive function decline
In partial support of our executive-function hypothesis, our results demonstrate an
association between bilateral dorsolateral frontal lobe atrophy rates and TMT-B decline. In
addition, our data reveal relationships between left medial prefrontal and bilateral
ventrolateral prefrontal atrophy rates and TMT-B decline. These findings are consistent with
previous literature suggesting widespread frontal lobe contributions to executive dysfunction
in MCI (Chang et al., 2009) and with fMRI research demonstrating the recruitment of
dorsolateral and medial frontal regions during TMT-B performance (Zakzanis et al., 2005).
However, it was not expected that ventrolateral frontal lobe atrophy rates, including atrophy
within the inferior frontal gyrus (i.e., pars orbitalis, triangularis, and opercularis), would
make the strongest contribution to set-shifting decline. Among other skills, the inferior
frontal gyrus has been implicated in response inhibition and selection of competing
responses (Snyder et al., 2007; Swick et al., 2008). Therefore, one possibility is that the
strong association between ventrolateral atrophy rates and set-shifting decline seen in our
study reflects an increased need for patients with MCI to engage inhibitory processes (i.e.,
inhibit prepotent response to connect number-to-number or letter-to-letter) in order to
correctly switch between cognitive sets and successfully perform the task. These data are
supported by previous fMRI research demonstrating that bilateral ventrolateral frontal cortex
plays an essential role in the flexible shifting of cognitive sets (Konishi et al., 1998).

Unlike previous studies that have revealed a relationship between posterior cingulate and
temporal lobe atrophy and executive dysfunction in MCI (Cardenas et al., 2009; Chang et
al., 2009), our findings were primarily restricted to frontal lobe regions. This discrepancy
between our results and those of previous studies may reflect our use of a single measure
(i.e., TMT-B) versus other’s use of composite scores derived from multiple measures,
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including TMT-B. It is likely that including multiple measures that tap different aspects of
executive functioning would result in more widespread associations between atrophy rates
and executive function decline in MCI.

4.4 Associations between regional atrophy rates and increasing disease severity
Finally, we demonstrated that atrophy patterns associated with memory, language, and
executive function decline are spatially unique from those associated with increasing disease
severity, as measured by the CDR-SB. This analysis was performed to verify that our
findings were primarily task-specific rather than disease-specific. Our results demonstrated
that CDR-SB decline was significantly associated with atrophy within widespread, bilateral
neocortical regions, with some evidence for a right greater than left hemisphere association
in lateral and medial temporal neocortex (see Figure 3). However, the strength of the
correlations between CDR-SB decline and right versus left lobar atrophy rates did not differ.
This suggests that the atrophy rates associated with increasing disease severity were not
significantly asymmetric, whereas those associated with verbal memory, language, and set-
shifting decline were left lateralized. It is noteworthy that many of the regions revealing
strong associations with increasing disease severity include bilateral temporal, inferior
parietal, posterior cingulate, and precuneus. These regions are affected in many patients with
MCI and early AD (Fennema-Notestine et al., 2009;McDonald et al., 2009), and there are
data to show that accelerated atrophy rates within the precuneus predicts conversion to AD
(Chetelat et al., 2002).

4.5 Limitations and conclusions
Taken together, our data reveal that two-year regional atrophy rates can estimate two-year
decline on domain-specific tasks in patients with MCI. However, there are several
limitations of this study that should be noted. First, longitudinal MRI and cognitive data
were limited to two-years. This may have attenuated structure-function correlations in
regions where MCI patients showed only mild atrophy or in cognitive domains in which
patients experienced minimal decline. However, we wished to determine if atrophy rates that
occur early in the course of disease would be sensitive and specific measures for estimating
domain-specific cognitive decline. Second, our analysis focused on longitudinal atrophy
rates in the neocortex. Future studies that include sensitive measures of white matter change,
such as diffusion tensor imaging or quantification of regional white matter lesions, may help
further reveal the networks that underlie different cognitive domains and address questions
of the extent to which disconnectivity versus atrophy contribute to cognitive decline
observed in MCI. Third, MCI patients are a heterogeneous group. Therefore, the variability
of this group in both cognitive and brain structural measures may have attenuated our
correlations in some regions. It is possible that some of our MCI sample will revert to
normal or develop some other neurodegenerative disease. Future studies that follow these
MCI patients over a longer period of time may help address the predictive validity of such
structure-function relationships.

In summary, these data provide insight into the neural basis of cognitive impairments in
patients with MCI, unveiling important information about specific structure-function
relationships occurring early in the course of disease. These data highlight the heterogeneity
within MCI in both cognitive and brain atrophy patterns, indicating that not all individuals
follow the same trajectory from mild impairment to AD. Capturing these subtle structure-
function relationships in patients with MCI may eventually allow clinicians to identify those
patients who will develop more significant domain-specific impairments associated with AD
or a related neurodegenerative disease.
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Figure 1.
Gyral-based regions of interest (ROIs) derived from an automated labeling system (Desikan
et al., 2006). ROIs are shown in color on the left lateral and medial pial surface.
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Figure 2.
Continuous surface maps depicting two-year atrophy rates (% volume loss) in the MCI and
Control samples projected onto the lateral (top), ventral (middle) and medial (bottom) pial
surfaces.
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Figure 3.
Significance maps of the correlations between two-year atrophy rates and two-year decline
on the Logical Memory Delay, Boston Naming Test, Semantic Fluency, TMT-B, and CDR-
SB (bottom panel) for the MCI sample. These statistical maps show areas of significant
correlation after regressing out age, gender, baseline performance, and CDR-SB decline for
the four cognitive measures. Age, gender, and baseline performance are regressed out of the
CDR-SB statistical maps. Areas shown in color represent vertices with significant structure-
function correlations ranging from p <.01 (full red) to p <.00001 (full yellow). Lateral,
ventral, and medial surfaces are shown for all measures.
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Table 1

Demographic Characteristics and Cognitive Performances of the Total MCI and Control Samples

MCI Sample (N = 103) Controls ( N = 90)

Age 74.23 (7.54) 76.02 (4.87)

Gender (Male : Female) 65:38 39: 51

Education 15.80 (2.95) 16.10 (2.67)

Logical Memory (baseline) 3.5 (2.7) 12.6 (3.1)

Logical Memory (24-month) 3.2 (4.8) 13.7 (4.3)

Logical Memory (change score) −0.30 (3.5) +1.10 (3.6)

BNT (baseline) 25.12 (4.29) 27.64 (3.90)

BNT (24-month) 23.47 (5.90) 28.72 (2.10)

BNT (change score) −2.65 (2.72) +1.08 (2.54)

Semantic Fluency (baseline) 26.86 (7.17) 35.32 (35.7)

Semantic Fluency (24-month) 20.96 (7.82) 35.75 (5.73)

Semantic Fluency (change score) −5.89 (5.30) +0.43 (4.35)

TMT B-A (baseline) 85.4 (19.3) 48.51 (15.4)

TMT B-A (24-month) 76.6 (32.4) 53.29 (23.6)

TMT B-A (change score) −8.8 (2.24) +4.78 (2.54)

CDR-SB (baseline) 1.52 (0.85) 0.01 (0.074)

CDR-SB (24-month) 3.71 (1.75) 0.05 (0.88)

CDR-SB (change score) 2.14 (1.59) 0.04 (0.64)

CDR-SB = Clinical Dementia Rating Scale Sum of Boxes; BNT = Boston Naming Test
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Table 2

Two-year Atrophy Rates (%volume loss) within Lobar Regions of Interest for the MCI and Control Groups

Lobar Region MCI (N = 103) Controls (N = 90) Between-group differences

L Medial Temporal −2.9 (2.0) −1.2 (1.0) p <.001

R Medial Temporal −2.8 (1.9) −1.1 (1.2) p <.001

L Lateral Temporal −2.7 (2.1) −1.3 (0.9) p <.001

R Lateral Temporal −2.7 (2.2) −1.2 (1.0) p <.001

L Frontal −1.4 (1.6) −1.1 (0.9) N.S.

R Frontal −1.4 (1.7) −1.1 (0.8) N.S.

L Parietal −1.8 (1.9) −0.9 (1.0) p <.001

R Parietal −1.6 (1.9) −0.8 (1.0) p <.001

L Occipital −0.7 (1.2) −0.5 (0.7) N.S.

R Occipital −0.8 (1.1) −0.4 (0.7) N.S.

L Cingulate −1.3 (1.6) −0.8 (0.8) p <.05

R Cingulate −1.4 (1.4) −0.8 (0.9) p <.01

L = left; R = right; N.S. = non-significant
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