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Activation of Brain Regions Vulnerable to Alzheimer’s Disease:
The Effect of Mild Cognitive Impairment

S.C. Johnson*,1,2, T.W. Schmitz1,2, C.H. Moritz2, M.E. Meyerand2, H.A. Rowley2, A.L.
Alexander2, K.W. Hansen2, C.E. Gleason1,2, C.M. Carlsson1,2, M.L. Ries1,2, S. Asthana1,2,
K. Chen3, E.M. Reiman3, and G.E. Alexander3,4

1Geriatric Research Education and Clinical Center, Wm. S. Middleton VA Hospital, Madison, WI, USA

2University of Wisconsin Medical School

3Banner Health, Good Samaritan PET Center, Phoenix AZ and the Arizona Alzheimer’s Research Consortium

4Department of Psychology, Arizona State University

Abstract
This study examined the functionality of the mesial temporal lobe (MTL) and posterior cingulate
(PC) in Mild Cognitive Impairment amnestic type (MCI), a syndrome that puts patients at greater
risk for developing Alzheimer Disease (AD). Functional MRI (fMRI) was used to identify regions
normally active during encoding of novel items and recognition of previously learned items in a
reference group of 77 healthy young and middle-aged adults. The pattern of activation in this group
guided further comparisons between 14 MCI subjects and 14 age-matched controls. The MCI patients
exhibited less activity in the PC during recognition of previously learned items, and in the right
hippocampus during encoding of novel items, despite comparable task performance to the controls.
Reduced fMRI signal change in the MTL supports prior studies implicating the hippocampus for
encoding new information. Reduced signal change in the PC converges with recent research on its
role in recognition in normal adults as well as metabolic decline in people with genetic or cognitive
risk for AD. Our results suggest that a change in function in the PC may account, in part, for memory
recollection failure in AD.

1. Introduction
Amnestic mild cognitive impairment (MCI) is a condition in which patients display relative
memory impairment beyond typical age-related declines, and unaccounted for by other medical
conditions. Memory impairment is among the earliest symptoms of typical Alzheimer Disease
(AD), and amnestic MCI is a major risk factor for development of AD [44]. Brain volumetric
studies using MRI in MCI have shown reductions in the medial temporal lobe (MTL) [e.g.4,
23] as well as the Posterior Cingulate (PC)[55]. Furthermore, F-18 fluoro-deoxy-glucose
(FDG) positron emission tomography (PET) studies show reduced cerebral metabolic rate of
glucose (CMRgl) in many of the areas affected by AD including the posterior cingulate (PC)
and parietal lobes [40], and this is related to neuropsychological status [10]. Two studies have
shown that reduced CMRgl in the PC of MCI patients predicts subsequent decline to AD
[11,16]. An in-vivo PET study of amyloid burden in AD has shown disproportionate
aggregation of amyloid in the PC, among other areas [28], indicating that this region may be
a primary site for AD neuropathology [29]. This same region of the brain has been found to
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be active during retrieval or recognition in functional MRI (fMRI) studies with healthy adults
[9,32,57].

While CMRgl and structural MRI studies have shown some sensitivity to MCI, the use of fMRI
has not been widely applied to this disorder. FMRI offers a method of examining memory-
associated brain regions while those regions are functionally engaged in memory tasks. A small
body of functional imaging studies suggest that the hippocampus is responsive to new
information in controls more than MCI or early AD [26,36,59,61]. One study showed that the
extent of MTL activity in MCI was correlated with successful encoding, but paradoxically was
also correlated with clinical impairment [15]. Some fMRI studies of mild AD and persons at
genetic risk for AD have found greater activation associated with disease presence or risk,
perhaps reflecting a compensatory response [5,6,53]. Further study is needed to resolve the
discordant findings. The current study sought to mitigate this discrepancy by utilizing larger
samples, a validated episodic memory task, regionally focused statistical analyses to protect
against Type 1 error, and higher MRI field strength to increase signal sensitivity.

In the present study, we identify changes in fMRI activation in MCI patients during encoding
and recognition. FMRI data were first acquired in a large reference group of healthy adult
volunteers. This reference group was used to determine the areas of the brain normally active
on the task, and guide the subsequent patient-control comparisons. The large sample size in
the reference group provided sufficient statistical power and protection from spurious outliers
influencing the functionally defined search regions [13]. The task was a variant of a well-known
fMRI paradigm [14,54,64] in which participants distinguished between novel and previously
learned items. The stimuli were line drawings of common nameable objects. The task was
intentionally designed to be very simple, so that persons with memory impairment would be
able to perform it at the same level as cognitively intact participants. We expected that the
mesial temporal lobe would be more active to novel information [21,67] and that this would
be attenuated in persons with MCI. Given the accumulating findings of PC involvement in
recollection in healthy adults [57], we hypothesized that the posterior cingulate would be
responsive during recognition, but less so in MCI.

2. Methods
2.1 Participants

Three groups were studied under a protocol approved by the local Institutional Review Board.
Written informed consent was obtained from all participants after the procedures had been
fully explained.

2.1.1 MCI group—Fourteen subjects (seven men, seven women) with MCI were studied and
compared to 14 matched controls (see Table 1). Criteria for MCI included: a) memory
complaints, b) relative decrement in the domain of memory and learning, but otherwise normal
functioning on a battery of neuropsychological tests, c) intact functional status, d) not demented
[45]. Prior to inclusion in this study, the MCI patients were presented to a diagnostic consensus
panel for support of the diagnosis. Exclusion criteria consisted of an abnormal anatomic scan,
Hachinski score greater than four, prior neurological disease or neurosurgery, prior major
psychiatric disorder, chronic major medical conditions such as diabetes, poorly controlled
hypertension, or cardiac disease. Eight of the MCI patients were taking cholinesterase
inhibitors, but were stable for three months prior to participating in this study. The patients
were referred from the several memory disorders clinics at a university-based medical center.

2.1.2 Matched Elderly Control Group (EC)—The exclusion criteria for MCI patients
were also applied to the EC group. They exhibited neuropsychological evidence of normal
cognitive function at the time of the study. The demographic characteristics and
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neuropsychological data are shown in Table 1. The EC group was recruited from the
community, predominantly by advertisement, mailings, and community outreach events.

2.1.3 Reference group—In order to determine the areas of the brain normally active during
this task we studied 77 cognitively normal, physically healthy adults recruited from the
University of Wisconsin and from the community via advertisement and public outreach
events, and through existing registries of healthy adults who had previously expressed
willingness to participate in aging research.

2.2 Neuropsychology
The MCI and EC groups received a cognitive battery (see Table 1) using standardized
administration [62]. The younger reference group received a subsample of these tests sufficient
to verify normal cognitive functioning. These tests and the results are shown in Table 1.

2.3 fMRI task
The task consisted of serial presentation of novel (NV) and previously learned (PL) line
drawings obtained from a published set [60]. PL items were acquired in two training sessions
45 minutes and 15 minutes prior to the task. The training set consisted of five items with similar
frequency and image complexity as the novel items. The training items were presented
repeatedly in pseudorandom fashion for 15 exposures in each of the two training trials for a
total of 30 exposures to each item. Participants were instructed to view the training pictures
and try to remember them.

During the fMRI scan PL items were intermixed with NV items. A picture was presented every
three seconds for the duration of the scanning run. The task was to decide if the picture was
previously learned or novel. Items within each condition occurred as trains of events and ranged
from a single event to five consecutive items. The variability in epoch length was implemented
in order to reduce condition predictability, while preserving the comparatively greater
statistical power and shorter duration of boxcar style paradigms [34]. All stimuli in this task
were presented for 2800 ms with a 200 ms interstimulus interval. There were no fixation epochs
or null events. The subject maintained the same cognitive set throughout the experiment, which
was to decide if the item had been studied earlier or whether it was new. Responses to PL and
NV items were made with a two-button response device held in the right hand; the first finger
was used to identify PL items, the middle finger for NV items. Two iterations of the task were
sequentially presented (order was counterbalanced across subjects) using the same PL items,
but different NV items. The total task duration was 9 minutes and 24 seconds.

2.4 Scanning procedures
Participants were provided with instruction and practice prior to scanning. They were then
situated on the bed of a GE 3.0 Tesla MRI scanner and outfitted with the MR-compatible
button-box and a high-resolution goggle system, set at 800 × 600 from Resonance Technology
(Northridge, CA, USA). The head was constrained by foam padding. The software Presentation
(v .70) was used to deliver visual stimuli, via the goggle system, and record responses.

A T2* gradient-echo, echo-planar imaging (EPI) pulse sequence was used. Higher order
shimming was applied to the static magnetic field (B0). The EPI parameters were as follows:
echo time = 30 ms; repetition time (TR) = 2000 ms; flip angle = 90 degrees; acquisition matrix
= 64 × 64 voxels; field of view = 240 mm. Thirty sagittal slices of brain were acquired within
each TR. Voxel resolution was 3.75 × 3.75 × 5 mm (4mm thick slices with a 1 mm skip). A
time course of 141 temporal volume images was collected, of which the initial 3 image volumes
of each scan were discarded.
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Three dimensional field maps across the brain (co-planar with the fMRI slices) were acquired
on each subject by measuring the phase of non-EPI gradient echo images at two echo times (7
and 10 ms). The phase difference between the two echo images is proportional to the static
field inhomogeneity [25]. The warp correction was performed using custom software
developed in Matlab. A 3D phase-unwrapping algorithm [based on an algorithm developed by
Jenkinson, 24] was used, and the corrected images were written out using a nonlinear pixel
shifting and B-splines interpolation algorithm.

Following the functional scans and field mapping, a T1 weighted inversion recovery prepared
volume and T2 weighted anatomic images were acquired and later viewed by a neuroradiologist
for abnormalities that were inconsistent with the diagnosis and/or requiring clinical follow-up.

2.5 Image processing and statistics
The 4D time-series was motion-corrected (using Statistical Parametric Mapping software;
SPM2). The field map from each subject was then applied to the time series. This was followed
by spatial normalization into a standard atlas space (using the T2* weighted template in
Montreal standard space provided with SPM2), and spatial smoothing to 8 mm. To estimate
single subject activations, the analysis employed the canonical hemodynamic response
function, high frequency signal filtering (high pass filter = 128 seconds) and the AR1 method
of estimating temporal autocorrelation. The contrasts NV>PL and PL>NV were computed for
each subject and subsequently entered into second-level random effects analyses. One-sample
t-tests were computed on the reference group in order to determine regions normally active.
MCI patients were compared to age-matched controls using a two-sample t-test in a manner
that was constrained to only include those regions active in the reference group for the relevant
contrast. This was accomplished by using the reference group activation (False Discovery Rate,
FDR thresholding p<.05) as an explicit mask in the two-sample t-test models comparing MCIs
to their controls (at an uncorrected threshold of p<.01 within the small volume of the mask).

3. Results
3.1 Behavioral results

Accuracy and reaction times are presented in Table 2. Analysis of variance and post-hoc
comparisons revealed that all groups performed this task with accuracy above 96%.
Importantly, the MCI and EC group did not differ on overall accuracy or reaction time to NV
and PL items. However, compared to both the MCI and EC groups, the reference group
performed at significantly higher accuracy for both the NV and PL conditions, and exhibited
significantly faster response times for the NV condition (p<.05). All groups had equivalent
response times for the PL condition. For all three groups the reaction time to PL items was
longer than reaction time to NV items (p<.05).

3.2 Imaging results: reference group
Figure 1 depicts the cerebral response during encoding of NV items relative to PL items, and
Figure 2 the response to PL items versus NV items in the reference group. Significant signal
change (activation) to NV items was present in the ventral temporal lobe and anteriorly in the
MTL including the hippocampus. The relative response during recognition of PL items was
seen in the PC, precuneus, lateral parietal lobe (right more than left), right lateral temporal lobe
and right prefrontal cortex. Table 3 contains the coordinates and statistics for these regions.

Because the reference group recognition findings were lateralized to the right, a secondary
analysis was performed to determine if the right hemisphere activity was statistically greater
than the left. This was accomplished by extracting a spherical region of interest (ROI) with a
2 mm radius at the maxima of right side clusters (see Table 3 for locations) in the right parietal
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lobe, right lateral temporal lobe, right posterior cingulate and right lateral frontal lobe;
homologous ROIs were also extracted from the left side. Paired t-tests were performed between
right and left ROIs, each indicating right lateralized activity (p values ranged from .046 for the
right PC to .00001 for the right parietal lobe).

3.3 Imaging results: elderly controls versus MCI
In the EC > MCI comparison of the cerebral response to NV versus PL items, EC demonstrated
significantly greater signal change than MCI in the right hippocampal head and body (Figure
3). Other significant areas included the left lateral frontal lobe, and the right inferior temporal
lobe (see Table 4). In the group comparison to PL items, EC demonstrated significantly more
signal change than MCI in the right PC/precuneus. There were no regions where MCI activated
more than EC in either contrast.

4. Discussion
In a healthy sample of young and middle aged adults, the task presented here evoked a cerebral
response in many of the same areas that are involved in AD, including the hippocampus during
encoding of NV items; and posterior cingulate as well as medial and lateral parietal lobes during
recognition of PL items. There was significant rightward laterality in the normal reference
group during recognition of PL items, likely reflecting the visuospatial and feature perception
demands of the task. The EC group exhibited statistically greater relative signal change in the
right hippocampus than MCI to NV items, and greater relative signal change in the PC during
recognition of PL items. Importantly, the behavioral data was equivalent, indicating
comparable task difficulty in the elderly groups. However, the younger reference group had
faster reaction times to novel items; this may have been an aging effect of processing speed
[52].

4.1 Greater activation in controls
Many functional imaging studies of the cerebral response to encoding novel information have
found MTL activity [30,54,69] and at least three studies have found reduced activity in the
MTL in MCI during encoding of new information using conceptually similar paradigms [26,
36,59]. A fourth study [61] found reduced activity in the MTL for elderly controls compared
to young adult controls, and reduced activity in mild AD patients versus elderly controls.
However, two studies comparing carriers to non-carriers of the APOE e4 allele (a gene that
increases susceptibility to AD) have shown greater activity in persons with greater AD risk
[5,6]. One longitudinal study [15] consisting only of mild MCI patients examined signal change
to novel scenes versus repeating scenes. MCI subjects who exhibited more activated voxels in
the MTL to novel items also scored the highest on a measure of encoding success.
Paradoxically, that study also found a relationship between the number of activated MTL
voxels and level of overall impairment. Further, they found that subsequent conversion to AD
over a 2.5 year follow up was also significantly related to the number of voxels activated in
the MTL. The findings from that correlational study [15] are not directly comparable to the
present report and prior studies because it did not contain a control group and thus it is not
known whether the MCI group as a whole had more or less MTL activity than controls.

There are several fundamental differences in design between the current report and the
aforementioned studies. First, the stimuli were less predictable than the aforementioned reports.
Novel and previously learned items were intermixed pseudorandomly in trains of events
ranging from a single item up to five consecutive items of the same condition, and there was
no warning/indication of what item type the subject would see next. The cognitive set was thus
constant throughout the scan (deciding if each object was old or new). Other reports [e.g. 5,
15] presented novel and repeating/familiar items in discrete blocks such that item type was
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quite predictable. Second, the task design of the present study allowed us to assess reaction
time of the old-new decisions. There were no differences in reaction time or accuracy between
the EC and MCI groups, indicating that the task was equated on difficulty level. Other reports
with at—risk groups have not always been designed to ensure that cognitive effort and other
task processes were equated between patients and controls. This is a vital experimental
component. A group by region effect is difficult to interpret in the presence of differences in
cognitive effort/task difficulty. Third, we constrained our patient control comparisons to only
those regions found to be typically active in a large younger cohort. This method reduced the
number of voxel-wise comparisons and limited the search region to task-related structures. The
method prevented us from examining age-related or disease-related neural compensatory
effects outside of the typically activated structures. However, given the number of voxel-wise
comparisons in this and other fMRI studies and the limited number of subjects in the patient
and control groups, conducting whole brain comparisons would have further raised the risk of
false positive (Type I) statistical error. While studies of compensatory neural processes (e.g.
neurotrophic change) in disease groups are sorely needed, conclusions regarding compensatory
processes will require greater numbers of subjects in patient and control groups to effectively
address the multiple comparison problem, and will need to use tasks that are cognitively
equivalent between groups as discussed above. Studies of cognitive compensation (including
parametrically manipulating mnemonic and attentional strategies) are also needed to fully
understand aging and disease effects on fMRI signal.

Like the MTL, the right ventral temporal lobe was also differentially more active to NV items
in the controls. This region is consistently implicated in object identification [27]. The reference
group demonstrated robust signal change in this region to novel relative to previously learned
objects, indicating that efficient semantic and perceptual representations of the previously
learned objects were formed. Event-related potentials in the inferior temporal lobes of
nonhuman primates show reduced amplitude when the same stimulus is viewed again [51].
This stimulus specific adaptation has generally been interpreted as a learning effect [3,8,12,
22,50,70]. The finding of differentially less signal change in this region in the MCI group (but
generally intact naming ability as measured by the Boston Naming Test) may suggest decreased
efficiency of the ventral temporal system in learning or maintaining perceptual representations
of the previously learned items.

The left lateral frontal lobe near Broca’s area was also differentially responsive to novel items
in the EC group. The involvement of this region in the controls is likely due to semantic
processes associated with identifying and silently naming the novel objects more so than the
previously identified and learned objects. It may be that the MCIs employed object naming
processes to both novel and previously learned items. In light of the above discussion regarding
task factors, we attribute this effect to differential cognitive processes rather than specific
disease related effects in Broca’s area.

4.2 The role of the PC in memory
While the MTL has long been known to support formation of new memories, the role of the
PC in memory [46,57] and related self referential processes [43] are more recent. As part of
the limbic system, the PC has reciprocal connections with other memory areas including the
dorsomedial and dorsolateral prefrontal cortex, the posterior parahippocampal cortex,
presubiculum, hippocampus, entorhinal cortex, and thalamus [17,41]. Its role in recollection
is supported not only by its functional anatomy and connectivity with other memory structures,
but also by lesion studies [e.g. 68]. Studies of episodic memory implicate the PC in successful
retrieval across a multitude of stimulus types and various presentation modalities. For example,
PC activation is elicited during recognition of sounds [57], objects and pictures [57,71],
buildings [38], dot patterns [47], and thematic narrative information [39] learned during
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training sessions within the laboratory. Furthermore, the PC activation is also elicited during
recognition of visual and auditory materials drawn from a person’s daily life. When individuals
are presented with names of friends and family [37], faces and voices of friends and family
[56], famous faces [31], personal belongings [31,65], familiar places [65], and personal life
events [1,33], PC activation is more pronounced than when viewing similarly constructed, but
novel materials.

PC hypometabolism and blood flow are frequent findings in mild AD [42] and MCI [66], and
in people with genetic risk for AD [48,49,58]. FMRI and resting PET studies in normal
volunteers find that the PC is active during low level baselines relative to goal directed tasks
[19,20], but less so in early AD [35]. The findings that the PC is adversely affected very early
on in AD, and also that this region is relatively more active during retrieval or recognition in
the healthy brain, lend support to the idea that dysfunction in this region primarily contributes
to memory retrieval difficulty in persons with MCI and mild AD. This may be due to loss of
afferent connections from the mesial temporal lobe, as well as amyloid burden in the PC region
[7,28]. At least one study [49] suggests that PC dysfunction may begin as much as four decades
before typical AD onset. The time course and mechanism of cognitive decline and neural
activity in the PC and MTL requires further study.

4.3 Design issues and limitations
There were some limitations to this study that need to be recognized. Eight of the MCIs were
taking stable doses of cholinesterase inhibitors at the time of the study and this may have
affected their fMRI response. This difference would have the potential effect of improving
cognitive function in the MCIs. Thus, the group differences observed were above and beyond
any salutary effects the medications may have had. Both elderly groups were highly educated
and this may limit generalizability to the general population. Also, although we collected
response times and accuracy of decisions in the scanner, we did not employ recognition testing
after the scan to test how well the novel items were encoded and subsequently recognized. This
might have provided a more accurate marker of encoding success and would have undoubtedly
enhanced the design and the conclusions drawn.

We note that this experiment did not have a third baseline condition to which the NV and PL
conditions could be independently compared. We chose to use only two conditions in order to
keep the task simple and the scan length short for use with cognitively impaired older patients.
The choice of baseline is critical for interpreting fMRI experiments as illustrated by Stark and
Squire [63]. Low-level baselines such as rest or visual fixation have the unintentional effect of
reduced experimenter control over the cognitive state of the participant, and may actually evoke
PC activation due to increased task independent selfreferential cognition [18,20]. For these
reasons, a low-level baseline was avoided.

The analysis strategy of this study was to restrict the patient-control comparisons only to
regions that are normally responsive on the task in a reference group of young and middle-
aged adults. This approach focused the analysis to task-specific memory relevant areas of the
brain, and helped avoid the possibility of invalid inferences regarding false-positive errors. The
disadvantage of restricting the analysis in this manner is that it does not allow inferences
regarding compensatory neural processes that might be occurring elsewhere in the brain outside
the empirically defined system of interest. In view of the small sample size of the patients and
use of uncorrected p-values in the patient-control comparison, it seemed prudent to minimize
the possibility of Type 1 error.
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Figure 1.
The SPM(t) map of the cerebral response to novel line drawings versus previously learned
drawings in 77 healthy adults (reference group). The map is thresholded using FDR correction
(p<0.01). A selection of coronal views of an atlas brain are shown with y-values of the
coordinate system shown above each slice (left is on left). The maximum intensity projection
of the same map is shown in the bottom right. Activation is strongest in the ventral temporal
lobes extending into the mesial temporal lobes bilaterally. The left lateral frontal lobe was also
active.
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Figure 2.
The SPM(t) map of the cerebral response to recognition of previously learned line drawings
versus novel items in the reference group. The map is thresholded using FDR correction
(p<0.05). A selection of coronal views of the MNI standard atlas brain are shown with y-values
of the coordinate system shown above each slice (left is on left). The maximum intensity
projection of the same map is shown in the bottom right. Activations are visualized in the
posterior cingulate and precuneus, as well as the right lateral parietal, frontal, and temporal
lobes.
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Figure 3.
Areas of significance in two sample t-tests where age-matched controls are significantly more
active than patients with MCI on the two comparisons. A) Novel items: The hippocampus is
significantly more active in controls than MCI. B) Previously learned items: the posterior
cingulate and precuneus are more active in controls during recognition. For each of these
comparisons, the reference group was used to constrain the analysis to only those regions
significantly active in the reference group (FDR p<.05).

Johnson et al. Page 14

Neurobiol Aging. Author manuscript; available in PMC 2009 January 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Surface render of brain activation in the reference group during recognition (cyan and light
blue). The result is superimposed over data from Alexander et al. 2002 showing regions that
are hypometabolic in 14 AD patients compared to 34 age-matched controls (purple). See
reference [2] for details on the AD findings and PET methodology. This figure illustrates areas
of overlap (shown in cyan blue) between recognition in healthy adults and hypometabolism in
AD, particularly in the medial and lateral parietal lobes and posterior cingulate.
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Table 3
Statistics and voxel locations of activated areas in the normative group.

t-value p(FDR) x,y,z (mm) Description

Novel items
13.2 <.001 -34 -44 -28 Left ventral temporal lobe
12.4 <.001 30 -44 -26 Right ventral temporal lobe
6.95 <.001 -44 34 8 Left lateral frontal lobe
6.43 <.001 24 -4 -24 Right anterior hippocampus
5.77 <.001 -25 -8 -22 Left anterior hippocampus
3.98 .001 -12 22 46 Left anterior cingulate

Familiar Items
6.58 <.001 58 -58 28 Right lateral parietal lobe
5.99 <.001 58 -18 -18 Right lateral temporal lobe
5.90 <.001 8 -76 36 Precuneus
5.00 <.001 2 -28 26 Posterior cingulate
4.43 .001 36 18 52 Right frontal lobe
4.29 .002 8 52 54 Right medial prefrontal
3.64 .01 -36 -54 32 Left lateral parietal lobe
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Table 4
Statistics and voxel locations of areas more active in elderly controls versus MCI.

t-value p (unc) x,y,z (mm) Description

Novel items
3.95 <.001 -54 22 30 Left lateral frontal lobe
2.64 .007 40 -68 -24 Right ventral temporal lobe
2.61 .007 22 -8 -26 Right anterior hippocampus
2.51 .009 24 -26 -10 Right hippocampus

 Previously Learned Items
3.57 .001 16 -72 28 Precuneus
3.17 .002 12 -52 16 Posterior cingulate
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