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Cortical Responses to a Graded Working Memory
Challenge Predict Functional Decline in Mild Cognitive
Impairment
Nicole A. Kochan, Michael Breakspear, Michael Valenzuela, Melissa J. Slavin, Henry Brodaty, Wei Wen,
Julian N. Trollor, Andrew Turner, John D. Crawford, and Perminder S. Sachdev
Background: Early detection of progressive cognitive decline offers an opportunity for preventative interventions with enormous public
health implications. Functional neuroimaging during cognitive activity in individuals at risk of dementia has the potential to advance this
objective. In a prior study, we evaluated the utility of a novel functional magnetic resonance imaging paradigm that incorporated a graded
working memory (WM) task to detect changes associated with mild cognitive impairment (MCI). We observed greater deactivation of
posteromedial cortex (PMC) under conditions of increased WM load in MCI compared with control subjects. Our objective here is to test
whether this paradigm can predict ensuing functional decline.
Methods: Thirty individuals with MCI who underwent baseline functional magnetic resonance image scanning were followed clinically for
2 years. Multiple linear regression analyses were used to determine whether deactivation in PMC under increased load at baseline
independently predicted decline in instrumental activities of daily living (IADL).
Results: Greater deactivation in PMC to increased load predicted greater decline in IADL after controlling for baseline clinical severity, MCI
subtype, apolipoprotein 4 carrier status, gray matter, PMC and hippocampal volumes, and task performance.
Conclusions: Increased deactivation observed at baseline was a harbinger of subsequent functional decline as measured by IADL in a
cohort with MCI. This graded WM challenge may operate like a memory stress test by producing a threshold effect beyond which abnormal
deactivation is elicited in MCI subjects who are at greatest risk of functional decline.
Key Words: Alzheimer disease, default mode network, functional
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rediction of cognitive decline in the elderly before the onset
of dementia is of major importance, as it could allow the
targeted introduction of preventive interventions. Research
has focused on mild cognitive impairment (MCI), a term used to
characterize individuals who have memory or other cognitive impairments beyond that expected for their age and who are at increased risk of developing dementia. Mild cognitive impairment,
commonly thought to be a transitional state between healthy aging and Alzheimer’s disease (AD) and other dementias (1), is a
heterogeneous syndrome and only a proportion of individuals
progress to dementia (2). Task-activated functional magnetic resonance imaging (fMRI) may provide key prognostic information in
these individuals because of its sensitivity to alterations in synaptic
function that occur very early in the disease process, preceding
neuronal loss and cortical atrophy detectable on structural magnetic resonance imaging (MRI) (3).
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Research using task-activated fMRI suggests that alterations in
brain activity in a number of neural networks are already present in
individuals with MCI. Numerous fMRI studies using a range of memory tasks have demonstrated that the medial temporal lobe (MTL)
system, including the hippocampus and surrounding structures, is
functionally altered in MCI. However, comparisons of MCI and cognitively normal subjects have been inconsistent, with some showing increased (4 –7) and others decreased (8 –12) MTL activity. We
have demonstrated that this variability may be due, in part, to task
difficulty (13), a factor that determines how well an individual can
perform the task. Clinical severity (14,15) and hippocampal volume
(16) may also contribute to the varying patterns of MTL activity
observed in fMRI studies.
The functional integrity of a large, distributed network of functionally connected regions known as the default mode network
(DMN) (17) is significantly disrupted in MCI (18,19). In healthy individuals, the DMN is active during rest and deactivated during task
performance across a wide range of cognitive tasks (20 –22). The
posteromedial cortex (PMC)— consisting of medial precuneus, posterior cingulate, and retrosplenial cortex—is a major node of the
DMN and is among the earliest affected regions in AD (23), presumably because of its selective vulnerability to early amyloid deposition (24). Recent fMRI studies have reported alterations in taskinduced deactivation in regions of the PMC during performance of
memory tasks (10,15,25,26). While most studies reported less deactivation in MCI and AD subjects than in healthy elderly subject
(10,25,27), our group and others found that task difficulty and clinical severity influence deactivation as well as activation patterns
(13,15).
Overall, findings from cross-sectional studies remain equivocal.
Prospective fMRI studies are needed to examine the prognostic
significance of functional alterations in MCI, while controlling for
factors such as clinical severity, task difficulty, and performance and
the effect of potential volume loss that may influence fMRI signal.
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To date, few prospective studies have been reported (4,28 –31) and
most have investigated positive task-related activity in MTL using
episodic memory tasks. These have consistently shown that greater
baseline hippocampal activity predicted greater subsequent clinical decline, independent of hippocampal volume, clinical severity,
and apolipoprotein E (APOE) 4 genotype (4,29,31). In the only
study that has examined task-related deactivation in MCI individuals prospectively, loss of functional deactivation in PMC during task
performance was predictive of conversion to AD after adjusting for
clinical severity (30).
We have previously found that after careful individual calibration of task difficulty, adults with MCI showed greater deactivation
in PMC during encoding of a visuospatial associative working memory (WM) task compared with healthy age-controlled subjects under conditions of increasing memory load (13). Our multiple-level
WM paradigm represents an advance over most previous studies
that have used a single fixed condition, because it allows examination of dynamic brain responses to changes in load. Hence, this
paradigm could potentially operate like a memory stress test by
eliciting abnormal activity when an individual is under conditions of
increasingly high cognitive challenge. To explore this idea, we
tested the ability of our fMRI paradigm to predict decline in everyday function in adults with MCI, because this may be a marker of
future dementia (32,33). We hypothesized that greater deactivation
in PMC in response to increasing load at baseline would be predictive of decline in instrumental activities of daily living (IADL) over 2
years. We tested this predictive model after controlling for a number of known risk factors and potential confounding factors. Measures of total gray matter and hippocampal volume were included
in our model to compare the predictive utility of cortical activity
changes on fMRI with volumetric changes.

Methods and Materials
Participants
Participants were drawn from the Sydney Memory and Ageing
study, a longitudinal study of nondemented community-living
older adults (34). Subjects were aged 70 to 85 years, right-handed,
from an English-speaking background, and diagnosed with MCI.
Exclusion criteria included diagnosis of dementia or other psychiatric or central nervous system disorder. Of 35 MCI subjects with a
baseline scan, 30 subjects who had a 2-year follow-up assessment
with no missing data were included. At baseline and follow-up,
participants underwent comprehensive neuropsychological assessment, medical examination, blood collection, and APOE genotyping (baseline). Informants provided information about cognitive
difficulties and functional activities. Details of these procedures
have been previously reported (34). Diagnosis of MCI was made by
a panel of neuropsychiatrists, psychogeriatricians, and neuropsychologists based on current international consensus criteria (35)
and included all subtypes (1) (amnestic: 12 single-domain, 9 multiple-domain; nonamnestic: 6 single-domain, 3 multiple-domain).
Participants gave written informed consent and the study was approved by the University of New South Wales Human Research
Ethics Committee.
Longitudinal Functional IADL Changes
Functional decline was defined as the difference between the
baseline and 2-year follow-up scores on the Bayer Activities of Daily
Living Scale (B-ADL), an informant-based instrument measuring
instrumental activities of daily living (36,37). Informants who had at
least weekly contact of ⱖ 1 hour were administered the B-ADL via
telephone interview, rating 25 everyday activities on a 10-point
www.sobp.org/journal
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scale. Ratings were made by the same informant at both time
points. Informants were asked if difficulty for an item was due to
cognitive or physical reasons. If attributed to physical reasons alone
or to both, the item was not included in the total to ensure that the
score reflected cognitive reasons for difficulty rather than physical
reasons (36). The total score represented an average of all valid
items and was reversed so that lower scores represented greater
difficulty with IADLs, with a negative change score reflecting worsening of function.
Task and fMRI Procedures
Functional MRI data were acquired while participants performed a visuospatial associative WM paradigm with parametric
increases in load, as detailed in a previous publication (13). Briefly,
participants were presented with pictures (abstract designs) and
filler items on a 5 ⫻ 5 grid and instructed to remember the pictures
and the positions they appeared in (i.e., remember targets not filler
items). The WM load was manipulated by altering the number of
targets presented for encoding. Three WM load conditions were
presented: low, medium, and high. Figure 1 depicts the events and
timing of a single fMRI trial.
Working Memory Load Calibration. An important feature of
our experimental design was individualized calibration of WM load.
In a prescan session, we determined for each participant the number of targets to be presented during scanning to achieve approximately 75% to 85% accuracy for the medium-load condition and
60% to 70% for the high-load condition. One target was presented
for all participants in the low-load condition. Our aim was to provide
comparable task challenge for all subjects by controlling for individual differences in ability and minimizing potential floor effects at
high load.
Imaging Protocol
Subjects were scanned using a Philips (Achieva X) 3.0-Tesla scanner (Philips Medical Systems, Best, The Netherlands). Functional
images were acquired using T2*-weighted gradient echo-planar
sequences (29 axial slices, repetition time/echo time: 2000/30 msec,
90° flip angle, matrix size: 112 ⫻ 128, field of view: 240 mm, voxel
size: 2.14 ⫻ 2.73 ⫻ 4.5 mm, no gap). The T1-weighted structural
images were acquired coronally (repetition time/echo time: 6.39/
2.9 msec, 8° flip angle, matrix size: 256 ⫻ 256, field of view: 256 ⫻
256 ⫻ 180 mm, voxel size: 1 ⫻ 1 ⫻ 1 mm, no gap).

Figure 1. Paradigm sequence, stimuli, and timing in a single trial. This is a
schematic representation of a true positive trial. Each box represents a trial
component with duration of each (in seconds) indicated. During the study
screen, targets were presented for participants to remember. During the
response screen, another set of stimuli were displayed and participants
indicated with a button press (yes/no) if any one of the targets were repeated from the immediately preceding study screen. Multicolored abstract
designs represent target stimuli to be remembered, including their position
on the grid. Curved green shape represents nontarget (filler) items. Filler
items were included in the study and response screens so the total number
of stimuli presented was always six items, thereby holding overall visual
input constant over load conditions.
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fMRI Processing and Analysis
Functional MRI (blood oxygenation level-dependent) images
were preprocessed and analyzed using statistical parametric mapping SPM5 software (http://www.fil.ion.ucl.ac.uk/spm/). Preprocessing included realignment of time series, co-registration to
structural T1 image, normalization into standard Montreal Neurological Institute space, and 8 mm spatial smoothing. Statistical analysis of the time series of images was conducted using the general
linear model (38) in an event-related design. Only correct trials were
modeled. An a priori functional region of interest (ROI) analysis was
conducted (39) using the PMC region that previously demonstrated
cross-sectional differences in load-dependent brain activity between MCI and healthy control subjects during encoding (13) (see
Figure S1 in Supplement 1, which depicts the load-related functional responses separately for MCI and control groups). To test our
hypothesis that magnitude of deactivation under conditions of
increasing load in this PMC region predicts decline in IADL, we first
created an anatomical mask from the cluster that showed a significant group (MCI vs. control group) by load (high ⬍ medium) interaction effect in our previous study. To establish that a load main
effect (high ⬍ medium) was present in the MCI group, a randomeffects analysis was performed within the defined mask. The statistical map was thresholded at p ⬍ .001 uncorrected (one-tailed).
Parameter estimates (␤ values) for each load averaged over all
voxels in the functional mask were extracted for each participant. A
difference score (high minus medium), representing the change in
␤ values over increased load, was entered subject-wise as an independent predictor in a linear regression analysis. An exploratory
whole brain analysis was also conducted to complement our a
priori ROI analysis. The whole brain random-effects analysis investigated load-related activity differences between MCI subjects who
declined over 2 years and those who did not decline. The two
groups were defined by upper and lower quartile values of the
B-ADL change score (n ⫽ 8/8). Individual subject contrast images
were entered into a two-way factorial analysis of variance with
group (MCI-decline/MCI-no decline) as a between-subjects factor
and load as a within-subjects factor. Clusters were considered significant at p ⬍ .05 (family-wise error [FWE]-corrected) after initial
whole brain threshold of p ⬍ .01 (uncorrected).
Structural MRI Volumetry
The T1-weighted images were segmented into gray matter
(GM), white matter, and cerebrospinal fluid (40), and total GM was
used as an index of generalized brain atrophy. Gray matter volumes
were also extracted from the PMC ROI mask. First, GM was modulated and normalized to Montreal Neurological Institute space,
then the PMC mask image was resliced to match the T1 GM images
and GM volumes were extracted. A manual tracing protocol was
used for measuring hippocampal volumes on T1-weighted images,
as has been previously published (41). Hippocampal volumes represent averages across right and left sides after rigid body co-registration and reslicing images perpendicular to the long axis of the
hippocampus. Total intracranial volume (GM ⫹ white matter ⫹
cerebrospinal fluid) was used as a control variable for the structural
MRI variables in the regression analysis.
Statistical Analysis
Linear regression analyses were conducted with the difference
score of the ␤ values (high minus medium) extracted from the
functional ROI as an independent variable and B-ADL change score
(baseline to 2 years) as the dependent variable. Following a univariate analysis, multiple regression analyses using the enter and backward elimination procedures were conducted to evaluate the pre-

dictive ability of this fMRI parameter, while controlling for a number
of variables that have been shown in the literature to be predictive
of decline in individuals with MCI, namely baseline cognitive status
(42) (Mini-Mental State Examination score), profile of cognitive impairment (MCI subtypes: amnestic vs. nonamnestic, single vs. multiple domain),(43,44), baseline functional status (42) (B-ADL score),
APOE genotype (4 carrier vs. noncarrier) (45), total hippocampal
volume (left ⫹ right) (46), and total GM volume (47). Age, years of
education, total intracranial volume, PMC GM volume, and accuracy
on high load were also included as control variables, the latter
included to control for the relationship between task performance
and brain activity (48,49). Analyses were conducted using PASW
18.0 Statistical Package (SPSS, Inc., Chicago, Illinois). Distributions of
variables to be entered in the regression were inspected for normality and extreme values. To minimize the influence of extreme values
on statistical outcomes, scores were Winsorized where necessary so
that upper and lower values were reduced to three standard deviations above or below the mean. Potential outliers in regression
analyses were investigated by examining residual statistics (studentized deleted residuals) and distance statistics (Mahalanobis
distance, Cook’s distance). Bivariate associations between variables
included in the regression and B-ADL change score were examined
by Pearson correlation coefficients.

Results
Sample Characteristics
Summary statistics for baseline demographic, clinical variables,
and behavioral test scores are shown in Table 1. Over an average of
23.1 ⫾ 2.1 months of follow-up, change in B-ADL score ranged from
an increase of 1.0 points to a decline of 1.68 points. A single participant was diagnosed with probable AD (50) over the follow-up
interval. Table 2 lists correlations among variables in the regression
analysis and B-ADL change score.
Load-Dependent Deactivation in Posteromedial Cortex
Figure 2 depicts the PMC mask that incorporated medial precuneus and posterior cingulate cortices. Within this PMC ROI, stronger
Table 1. Baseline Characteristics of Mild Cognitive Impairment Sample (n ⫽
30)
Characteristic

Mean (SD) or %
of Sample

Age (years)
Sex (M) (%)
Education (years)
MMSE-Adjusted Baseline
Bayer-ADL Baseline
Accuracy Low Load
Accuracy Medium Load
Accuracy High Load
MCI Subtype (amn-sd/amn-md/namn-sd/nam-md) (%)
APOE 4 (1 or 2 alleles) (%)
Total Gray Matter Volume (liters)
Hippocampal Volume (mm3)

78.3 (4.0)
36.7
12.6 (4.0)
27.8 (1.6)
1.4 (.5)
94.5 (8.1)
79.8 (13.3)
74.0 (13.8)
40/30/20/10
26.7
.63 (.07)
2428.7 (506.8)

Values presented for task accuracy are expressed as percentage correct.
Hippocampal volume represents the average of left and right volumes. Data
for age and education adjustments were derived from Anderson et al. (70).
amn-md, amnestic multiple domain; amn-sd, amnestic single domain;
APOE, apolipoprotein E; Bayer-ADL, Bayer-Activities of Daily Living Scale; M,
male; MCI, mild cognitive impairment; MMSE-adjusted, Mini-Mental State
Examination adjusted for age and education; namn-md,nonamnestic multiple domain; namn-sd nonamnestic single domain; SD, standard deviation.
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Table 2. Correlations Between Control Variables, Hypothesized Predictors, and 2-Year Change in Bayer-ADL Scale

2-Year Bayer-ADL
Change
Age

Age

Education

MMSE-Adjusted

Bayer-ADL

.08
p ⫽ .67

⫺.16
p ⫽ .39
⫺.10
p ⫽ .61

.36
p ⫽ .05
⫺.10
p ⫽ .95
.19
p ⫽ .31

⫺.09
p ⫽ .62
.05
p ⫽ .79
.06
p ⫽ .77
.40
p ⴝ .03

Education
MMSE-Adjusted
Bayer-ADL

Accuracy
High Load
.56
p ⴝ .001
.27
p ⫽ .16
⫺.10
p ⫽ .61
.29
p ⫽ .11
.26
p ⫽ .16

Accuracy High Load
PMC High Minus
Mediuma
Total GM Volume
PMC GM Volumeb

PMC High
Minus
Mediuma
.49
p ⴝ .006
.05
p ⫽ .79
.02
p ⫽ .93
.40
p ⴝ .03
.16
p ⫽ .40
.34
p ⫽ .07

Total GM
Volume

PMC GM
Volumeb

⫺.13
p ⫽ .49
⫺.07
p ⫽ .71
⫺.09
p ⫽ .65
⫺.11
p ⫽ .58
.14
p ⫽ .48
.19
p ⫽ .33
⫺.04
p ⫽ .84

.02
p ⫽ .93
⫺.19
p ⫽ .33
⫺.04
p ⫽ .85
.10
p ⫽ .62
.18
p ⫽ .35
.34
p ⫽ .07
⫺.03
p ⫽ .87
.50
p ⴝ .01

Total
Hippocampal
Volume
⫺.31
p ⫽ .10
⫺.35
p ⫽ .07
.10
p ⫽ .61
⫺.07
p ⫽ .71
.20
p ⫽ .31
⫺.07
p ⫽ .71
.15
p ⫽ .45
.39
p ⴝ .04
.36
p ⫽ .05

Partial correlations were performed for structural volumetric measures controlling for total intracranial volume and bivariate correlations for all other
variables. Apolipoprotein E carrier status, MCI subtype—nonamnestic/amnestic and single domain/multiple domain (categorical variables) are not included
in this analysis.
Significant findings (p ⬍ .05) are shown in bold.
Bayer-ADL, Bayer-Activities of Daily Living Scale; GM, gray matter; MCI, mild cognitive impairment; MMSE-adjusted, Mini-Mental State Examination
adjusted for age and education; PMC, posteromedial cortex.
a
␤ values extracted from the posteromedial cortex functional region of interest.
b
Gray matter volume extracted from the posteromedial cortex functional region of interest.

negative responses (greater deactivation) were observed as load
increased from medium to high (t ⫽ 3.85, p ⫽ .00013). This increased load-related deactivation is clearly seen in the plot of the
parameter estimates (Figure 2). No clusters reached significance
using FWE correction in our exploratory whole brain analysis examining load-dependent activity differences between MCI-decline
and MCI-no decline groups. However, a group ⫻ load effect, significant only at uncorrected thresholds (peak voxel: 15 –57 37; t ⫽ 3.69;
cluster size ⫽ 139 voxels; p ⫽ .189 FWE corrected, p ⫽ .006 uncorrected), was observed in a region of the PMC closely corresponding
to the PMC ROI. In this region, increased load had a stronger effect
on task-induced deactivation in the MCI-decline compared with
MCI-no decline group. The lack of significance is at least partly due
to the loss of power implicit in this approach, although collapsing a
continuous measure into two categorical states may have also contributed. No other brain regions approached significance either for
load-related deactivation or positive activation group comparisons.
Posteromedial Cortex Deactivation and Future Decline in
Functional Activities
In the univariate regression analysis, greater deactivation under
conditions of increased load in PMC significantly predicted decline
in B-ADL score (␤ ⫽ .49, p ⫽ .006) (Figure 3). To further examine this
while controlling for other potential predictors of decline, a multiple linear regression analysis was conducted with all variables entered into the model simultaneously (Table 3: Model 1). The main
effect of load-related deactivation (high minus medium) remained
a significant predictor of B-ADL decline. Task accuracy for high load
was the only other significant predictor in the model; lower accuracy was associated with greater decline. One subject with the
lowest B-ADL change score (diagnosed with AD at 2-year follow-up)
met formal criteria for an outlier observation in the multiple regreswww.sobp.org/journal

sion analysis and may have been overly influencing the findings.
Therefore, the analysis was repeated after removal of this subject.
The overall model remained significant (R ⫽ .0853 p ⫽ .02) with the
fMRI parameter still a significant predictor (p ⫽ .018).
A backward elimination procedure was used to remove variables to produce a more parsimonious model. The previous results
for deactivation (high minus medium) and accuracy were confirmed, with these two variables comprising the simplest model. We
present results for the penultimate solution that includes a third
variable (MCI subtype), which showed a trend for significance (p ⫽
.16) because of the potential clinical significance of this model,
noting that the small sample size may give rise to type II error in this
analysis (Table 3: Model 2). Thus, in addition to the main effects for
deactivation and task performance, a trend toward greater decline
in everyday function was present for persons with multiple domain
MCI relative to single domain MCI.
Load-Dependent Deactivation and Task Performance
We examined the relationship between load-dependent deactivation and task performance, observing a significant correlation
between change in deactivation magnitude as load increased from
medium to high and change in accuracy (r ⫽ .41, p ⫽ .024) but not
change in reaction time (r ⫽ ⫺.20, p ⫽ .31). The MCI subjects who
showed the largest increase in deactivation with load also showed
the largest decline in accuracy.

Discussion
Consistent with our hypothesis, stronger deactivation in PMC in
response to increasing memory load from medium to high level
was predictive of greater decline in everyday function over 2 years.
This relationship was still present after controlling for a number of
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Figure 2. Posteromedial cortex region from which working memory loadrelated parameter estimates were extracted for each mild cognitive impairment (MCI) subject to use as predictor variables in the linear regression
analyses. This region was selected as an a priori functional region of interest
because deactivation in this region was greater in MCI subjects compared
with healthy control subjects as load increased from medium to high level in
a previous cross-sectional study. The posteromedial cortex region of interest (blue) is overlaid on a statistical parametric mapping high-resolution
averaged T1-weighted image. Lower right: Plot of the mean parameter
estimates averaged over the depicted posteromedial cluster for the MCI
group at each load.

factors associated with decline in MCI, namely baseline clinical and
functional status, MCI subtype, APOE 4 carrier status, and GM and
hippocampal volumes. Hence, in a randomly selected cohort of
community living adults with broadly defined MCI, our task-related
functional brain measure was a better predictor of decline on IADL
than structural volumetric measures, genotyping, and clinical severity ratings. Task accuracy at high load also independently predicted decline—subjects with weaker in-scanner performance
were more likely to decline.
This is the first study to demonstrate that increasing cognitive
demand can elicit brain responses in persons with MCI—specifically deactivation—that are predictive of subsequent functional
decline in everyday activities. One of the strengths of this study is
that we controlled for a number of important risk factors and potential confounders such as volumetric atrophy in the fMRI region
of interest and task performance levels. The importance of controlling performance levels in fMRI studies of MCI, both between and
within groups of interest, has been discussed by our group (13) and
others (51,52) in light of reported associations between brain activity and task performance (48,49). Using an individualized calibration method to set load levels, in-scanner performance variability
was reduced among our subjects (13); however, task performance
at the highest cognitive challenge was still found to be an independent predictor of functional decline. Importantly, load-related deactivation in PMC independently predicted decline and could not
be accounted for by performance differences.
Using a backward elimination procedure, we retained a reduced
model (Model 2) that, in addition to the fMRI and behavioral variables, also included clinical diagnostic information, suggesting a
trend for the multiple-domain MCI subtype to better predict future
decline than the single-domain subtype. This is consistent with
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observations from community-based prospective studies (43,53)
and so inclusion of this clinical variable may enhance the potential
clinical usefulness of our findings. By combining these three variables, functional decline over a 2-year period was predicted with a
high level of confidence (p ⬍ .001). Functional brain response to
increasing cognitive challenge is therefore an important factor in
predicting longitudinal decline. Moreover, our task-related fMRI
measure performed better than structural volumetric measures
when predicting IADL decline. Reduced hippocampal and GM volumes are observed during the predementia stage (54 –59) and have
been shown to have some prognostic value (46,47); however, in the
presence of fMRI parameters, volumetric measures did not independently predict decline, consistent with findings from other fMRI
studies (4,29,31).
Few studies have investigated the prognostic significance of
altered brain activity in MCI. Greater medial temporal lobe activity
during memory tasks has been consistently found to predict clinical
decline (4,29,31), and increased superior parietal lobe activity during spatial task performance has been observed in MCI subjects
who progressed to AD compared with those who remained stable
(28). The prognostic implications of alterations in task-induced deactivation in MCI have only recently been investigated. Petrella et al.
(30) found that MCI subjects who progressed to AD had relatively
reduced deactivation in PMC during memory task performance
compared with those who remained stable. A progressive reduction of PMC task-induced deactivation was observed across the
spectrum of healthy elderly to AD, a trend observed in some crosssectional studies (10,25) but not others (60). Contrary to this, increased task-induced deactivation was predictive of functional decline in our study. Important methodological differences may
account for these different results. In our study, the degree of task
challenge was a key factor because increased deactivation was
observed in the context of increased WM load, using individually
calibrated load levels to minimize performance differences. In previous studies, a uniform task condition is typically presented to all

Figure 3. Association of load-related change in brain activity and change in
Bayer-Activities of Daily Living Scale scores from baseline to 2-year followup. Scatter plot reveals that greater deactivation in response to increasing
load from medium to high predicts greater decline in everyday functioning.
Points on the graph represent values after the distributions were Winsorized
so that all values fell within three standard deviations above or below the
mean. B-ADL, Bayer-Activities of Daily Living Scale; fMRI, functional magnetic resonance imaging.
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Table 3. Multiple Linear Regression Models Predicting Change in Bayer-ADL Score over Two Years
Model 1

Sociodemographic
Age
Education
Clinical
MMSE-adjusted
Bayer-ADL
Amnestic/non-amnestica
Single/multiple domaina
APOE 4 absent/present
Task Performance
Accuracy high load
fMRI Parameterb
High minus medium load
Structural MRI
Total intracranial volume
Total gray matter volume
PMC gray matter volumec
Total hippocampal volume
Overall Model

Model 2

␤

t

p

␤

t

p

⫺.12
⫺.19

⫺.68
⫺1.03

.504
.319

—
—

—
—

—
—

.11
⫺.10
⫺.12
⫺.21
.21

.55
⫺.46
⫺.68
⫺1.09
1.01

.588
.654
.509
.290
.326

—
—
—
⫺.23
—

—
—
—
⫺1.44
—

—
—
—
.163
—

.48

2.48

.025

.38

2.42

.023

.42

2.22

.041

.45

2.63

.014

.245
.338
.910
.270

—
—

—
—

—
—

—

—
R ⫽ .675 (p ⫽ .001)

—

.24
⫺.21
.03
⫺.23

1.21
⫺.99
.12
⫺1.14
R ⫽ .825 (p ⫽ .035)

Multiple linear regression analyses were used to test each model. Model 1 used the enter procedure and model 2 used the backward elimination
procedure on the same set of variables shown for model 1. Significant findings (p ⬍ .05) are shown in bold.
APOE, apolipoprotein E; Bayer-ADL, Bayer-Activities of Daily Living Scale; fMRI, functional magnetic resonance imaging; MMSE-adjusted, Mini-Mental
State Examination adjusted for age and education; MRI, magnetic resonance imaging; PMC, posteromedial cortex.
a
Profile of cognitive impairments.
b
␤ values extracted from the posteromedial cortex functional region of interest.
c
Gray matter volume extracted from the posteromedial cortex functional region of interest.

participants. Few prior studies have controlled for performance
differences.
A number of alternative neurobiological explanations can be
hypothesized for why greater load-dependent deactivation in PMC
was observed in persons with MCI who went on to decline functionally. In healthy young adults, greater deactivation is observed in
PMC and other regions of the DMN in line with task increasing
difficulty (61) or WM load (62). This has been interpreted as reflecting greater suppression of default activity during demanding tasks
to reallocate finite processing resources toward task-relevant processes (17,63). In our MCI group, individuals who showed stronger
PMC deactivation with increased load were less accurate. Therefore, one interpretation is that some individuals experienced
greater subjective task difficulty because they were reaching the
limits of their WM capacity (64), hence performing poorly despite
greater deactivation. According to one theoretical model (65), increasing task demands may have uncovered a dysfunctional cognitive system because of accumulating neuropathology.
It is also possible that our findings reflect the outcome of compensatory processes, as has been proposed by others to explain
increased task-positive activity in medial temporal lobe regions and
other brain regions in MCI and AD (4,7,15,66,67). Compensatory
mechanisms are processes engaged to mitigate against compromised cortical processes through reorganization of functional brain
activity that lessen the cognitive impact of a primary neuropathological process. We cannot rule out that increased PMC deactivation
may be reflective of a partially successful compensatory mechanism relating to use of general cognitive resources or task effort
rather than task-specific processes. However, it is not possible,
given the cross-sectional nature of the present imaging data, to
predict how those subjects would have performed without recourse to such a putative compensatory strategy. Such a question
could only be resolved by re-challenging the same subjects at a
www.sobp.org/journal

later time and examining intrasubject variance in performance and
deactivation.
At this time, a definitive conclusion about the mechanism(s)
underlying increased deactivation in decliners is not possible. A
complex interplay of multiple factors is implicated, including cortical responses to increasing task demands, task performance, and, of
course, a potentially variable level of disease burden among individuals with MCI. In future studies, the relationship between these
factors may be more clearly demonstrated using longitudinal imaging with multiple modalities, such as Pittsburgh Compound-B positron-emission tomography together with fMRI to directly assess
disease burden together with functional response within the same
subjects. Recent evidence of reduced resting state connectivity
within the DMN in cognitively normal elderly with high amyloid
burden suggests a mechanism by which this network could be
disrupted in MCI (68,69).
There are some limitations to this study. Firstly, the sample size
was relatively small considering the expected heterogeneity of MCI
samples drawn from the community. Multiple regression analyses
are susceptible to potential outliers that may influence results. Importantly, our model was still robust upon removal of a subject who
was the most clinically severe and had the greatest decline on
B-ADL. Secondly, our follow-up period was relatively brief and
given that the cohort was a heterogeneous group drawn from a
community sample, it included very few who converted to dementia. Therefore, it is not possible to relate our fMRI measures to
eventual conversion to dementia. The current findings do suggest,
however, that fMRI may predict early decline before an individual
reaches the threshold for a clinical diagnosis at a stage of disease
when they may most benefit from future therapeutic interventions.
In this study, we have demonstrated that a graded WM task that
allows examination of dynamic brain responses to changes in load
is a good prototype of an fMRI paradigm that can predict decline in
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everyday function over a brief follow-up period of 2 years. Our
findings suggest that increased deactivation in PMC is evoked
when faced with the highest working memory challenge. Akin to a
cardiac stress test, this fMRI paradigm may be operating like a
memory stress test, whereby the effort required to perform close to
capacity uncovers cortical responses that are predictive of functional decline.
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