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Abstract

Functional MRI (fMRI) studies of mild cognitive impairment (MCI) and Alzheimer’s disease (AD)
have begun to reveal abnormalities in memory circuit function in humans suffering from memory
disorders. Since the medial temporal lobe (MTL) memory system is a site of very early pathology
in AD, a number of studies, reviewed here, have focused on this region of the brain. By the time
individuals are diagnosed clinically with AD dementia, the substantial memory impairments appear
to be associated with not only MTL atrophy but also hypoactivation during memory task
performance. Prior to dementia, when individuals are beginning to manifest signs and symptoms of
memory impairment (MCI), the hippocampal formation and other components of the MTL memory
system exhibit substantial functional abnormalities during memory task performance. It appears that,
early in the course of MCI when memory deficits and hippocampal atrophy are less prominent, there
may be hyperactivation of MTL circuits, possibly representing inefficient compensatory activity.
Later in the course of MCI, when considerable memory deficits are present, MTL regions are no
longer able to activate during attempted learning, as is the case in AD dementia. Recent fMRI data
in MCI and AD are beginning to reveal relationships between abnormalities of functional activity in
the MTL memory system and in functionally connected brain regions, such as the precuneus. As this
work continues to mature, it will likely contribute to our understanding of fundamental memory
processes in the human brain and how these are perturbed in memory disorders. We hope these
insights will translate into the incorporation of measures of task-related brain function into diagnostic
assessment or therapeutic monitoring, such as for use in clinical trials.
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Introduction

Alzheimer’s disease (AD) is the most common cause of dementia (Kukull and Bowen, 2002).
Typically, the symptoms of the disease begin with mild memory difficulties after the sixth
decade of life and progress slowly toward significant impairment in memory, executive
function, visuospatial abilities, language, and other domains of cognition. Eventually, impaired
cognitive abilities interfere with complex activities of daily life and ultimately result in the loss
of independent function. Current treatments are symptomatic, in that clinical trials demonstrate
short-term benefits in cognitive function but not a slowing of the rate of decline (Cummings,
2004). Increasing emphasis is being placed on the development of disease-modifying therapies
to impede the underlying neurodegenerative process of AD and thereby slow the rate of
cognitive decline.

By the time AD is typically diagnosed, substantial neuronal loss and neuropathologic change
have damaged many brain regions. Although it may be possible to reverse some aspects of this
damage, it would be ideal to initiate treatment with neuroprotective medications at a time when
—or even before—AD is mildly symptomatic (DeKosky and Marek, 2003). To approach this
goal, our capability needs to be improved to identify individuals with very mild symptoms
prior to dementia (Dickerson and Sperling, 2005). Currently, individuals are classified as
having mild cognitive impairment (MCI) when symptoms suggestive of AD are present but
mild enough that traditional diagnostic criteria (which require functional impairment consistent
with dementia) are not fulfilled. This gradual transitional state may last for a number of years,
and diagnostic criteria have been developed (Petersen et al., 1999) and operationalized
(Grundman et al., 2004). Efforts are currently underway by international groups of experts to
revise the diagnostic criteria for AD with the goal of diagnosis prior to dementia—one proposed
criteria set already makes explicit use of imaging and cerebrospinal fluid biomarkers (Dubois
etal., 2007).

The cortex of the medial temporal lobe (MTL) subserves fundamental mnemonic functions,
providing critical input from heteromodal association cortices to the hippocampal formation
and receiving reciprocal afferents from the hippocampal formation (Van Hoesen and Pandya,
1975a; Van Hoesen et al., 1975; Van Hoesen and Pandya, 1975b). Even at a pre-dementia
clinical stage of MClI, significant AD pathology is present in the MTL memory system. The
entorhinal and perirhinal cortices are devastated by neurofibrillary pathology and cell loss very
early in the course of AD, “disconnecting” the hippocampal formation from neocortical
afferents and efferents, and the disease is thought to spread quickly to involve fields of the
hippocampal formation (Hyman et al., 1984; Braak and Braak, 1991; Price et al., 1991; Gomez-
Isla et al., 1996; Van Hoesen et al., 2000; Kordower et al., 2001).

Since an amnesic syndrome is typically the earliest symptom of AD, it is critical to further our
understanding of abnormalities of the function of the medial temporal lobe memory system
early in the course of AD. One promising technique for this purpose is functional magnetic
resonance imaging (fMRI), which is thought to provide an in vivo correlate of neural activity.
Given the growing body of evidence that alterations in synaptic function are present very early
in the disease process, possibly long before the development of clinical symptoms and even
significant neuropathology (Selkoe, 2002; Coleman et al., 2004), fMRI may be particularly
useful for detecting alterations in brain function that may be present very early in the course
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of AD. In this article, we will review fMRI data regarding functional abnormalities of the
medial temporal lobe memory system in MCI and AD.

Functional MRI as a tool to probe brain activity in MCl and AD

Since functional neuroimaging tools assess inherently dynamic processes that may change over
short time intervals in relation to a host of factors, these measures have unique characteristics
that may offer both strengths and weaknesses as potential biomarkers of neurologic disease.
Functional neuroimaging measures may be affected by transient brain and body states at the
time of imaging, such as arousal, attention, sleep deprivation, sensory processing of irrelevant
stimuli, or the effects of substances with pharmacologic central nervous system activity.
Imaging measures of brain function may also be more sensitive than structural measures to
constitutional or chronic differences between individuals, such as genetics, intelligence or
educational level, learning, mood, or medication use. While these may be effects of interest in
certain experimental settings, they need to be controlled when the focus is on disease-related
changes and differences between subject groups or within individuals over time.

Among functional neuroimaging techniques, fMRI has many potential advantages in studying
patients with neurodegenerative disorders, as it is a non-invasive imaging technique that does
not require the injection of contrast agent. It can be repeated many times over the course of a
longitudinal study and thus lends itself well as a measure in clinical drug trials. It has relatively
high spatial and temporal resolution, and the use of event-related designs enables the
hemodynamic correlates of specific behavioral events, such as successful memory formation
(Dickerson et al., 2007a), to be measured.

There are, however, significant challenges to performing fMRI studies in cognitively impaired
patients. The technique is particularly sensitive to even small amounts of head motion.
Differences in task performance between patient and control groups complicate data
interpretation (Price and Friston, 1999). Finally, it is critical to complete further reliability
experiments if fMRI is to be used in longitudinal or pharmacologic studies. Although there are
now a few studies of fMRI test-retest reliability in young subjects (Machielsen et al., 2000;
Manoach et al., 2001; Sperling et al., 2002), reproducibility studies are only beginning to be
performed in MCI and AD patients.

FMRI in MCl and AD

Functional MRI has been used to investigate abnormalities in patterns of regional brain
activation during a variety of cognitive tasks in patients diagnosed with mild AD compared to
control subjects. It is important to keep in mind that the particular abnormalities found in an
fMRI study of an AD or other patient group are heavily dependent on the type of behavioral
task used in the study—if the task does not engage a particular circuit, functional abnormalities
will not likely be observed. Also, the nature of functional abnormalities may depend on whether
the activated brain regions are directly affected by the disease, are indirectly affected via
connectivity, or are not pathologically affected. Tools are now available to directly investigate
the overlap of disease-related alterations in brain structure and task-related functional activity
(see Figure 1). Yet it should also be kept in mind that even brain regions not usually thought
to be affected by AD (sensorimotor areas) have been shown to exhibit abnormal function in
AD patients (Buckner et al., 2000;D’Esposito et al., 2003).

Abnormalities in activation of the medial temporal lobe memory system in AD and MCI

With respect to memory, a number of fMRI studies in patients with clinically diagnosed AD,
using a variety of visually presented stimuli, have identified decreased activation in
hippocampal and parahippocampal regions compared to control subjects during episodic
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encoding tasks (Small et al., 1999; Rombouts et al., 2000; Kato et al., 2001; Machulda et al.,
2003; Sperling et al., 2003b). Neocortical abnormalities in AD have also been demonstrated

using fMRI, including decreased activation in temporal and prefrontal regions. In addition to
AD-related differences in task-related blood-oxygen level dependent (BOLD) signal amplitude
or spatial extent, the temporal dynamics of activation appear to be altered in patients with AD
(Rombouts et al., 2005). And as has been observed in other types of tasks, increased activation
in prefrontal and other regions has also been found in AD patients performing memory tasks
(Sperling et al., 2003b).

Our fMRI studies of MCI and AD have employed primarily two memory tasks, one item-based
and one associative task. These paradigms focus on the encoding of stimuli using three
conditions grouped in blocks: “Novel” stimuli, seen only once during the scanning procedure;
“Repeated” stimuli, shown to subjects prior to the scanning procedure and then shown
repeatedly during specific blocks; and “Fixation” on a crosshair as a relatively passive baseline
condition. The primary comparison of interest is the Novel vs. Repeated contrast, which holds
the visual complexity of the stimuli constant, and provides information about new learning
(i.e., processing relevant to the encoding of stimuli for later memory testing as well as
processing relevant to novelty). Subjects are instructed explicitly to try to remember the stimuli
for later testing. All of the scanning is performed during the encoding phase, and subjects are
tested with a post-scan recognition test.

Depending on the task, different components of the MTL memory system have been activated.
In our studies of the encoding of complex indoor and outdoor scenes, the caudal
parahippocampal cortex and body of the hippocampal formation were activated, while in our
studies of the encoding of face-name paired associates, the rostral hippocampal formation and
entorhinal cortex were activated. In addition, both paradigms activate ventral temporal and
inferior prefrontal cortices. Given that AD pathology is thought to progress along a rostro-
caudal gradient in the MTL, there has been surprisingly little study of the relative sensitivity
(to disease effects) of fMRI paradigms that activate rostral vs. caudal MTL regions. Little
comparison has been made of tasks that activate different regions of the MTL memory system
(hippocampal vs. entorhinal vs. perirhinal) in MCI/AD. The paucity of this sort of data is a
result, in large part, of the notorious technical difficulties involved in obtaining fMRI data in
the ventromedial regions of the brain due to susceptibility artifacts and distortions. Advances
in fMRI technology will be critical for the field to achieve the goal of robustly testing
hypotheses about the activity of MTL subregions (Small et al., 2001; Zeineh et al., 2003;
Dickerson, 2007).

In a study of mild AD using the face-name paradigm, the mild AD subjects showed lesser
activation in the hippocampal formation bilaterally compared to cognitively intact control
subjects (Sperling etal., 2003b). Several neocortical regions, including frontal cortices, showed
increased activation in the mild AD patients compared to controls. These findings are consistent
with other recent reports demonstrating a relative lack of MTL activation in patients with
clinical AD dementia, and suggest that additional regions, not typically activated in the task in
young and older controls, may be recruited during performance of this task in individuals with
AD dementia.

With respect to MCI, a handful of fMRI studies have been published to date and the results,
thus far, have been inconsistent (see Table for summary). In comparison to older controls,
Machulda et al. reported that, during the encoding of novel pictures, MTL activation was
decreased to a similar degree in patients with MCI and AD patients (Machulda et al., 2003).
Inaface-encoding paradigm, Small et al. reported heterogeneity in MTL activation in memory-
impaired subjects, with some showing hypoactivation similar to that of AD patients. Other
subjects showed entorhinal and hippocampal activation that was similar to controls, but had
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decreased activation in the subiculum (Small et al., 1999). Using a face-name associative
paradigm, Petrella et al. (Petrella et al., 2006) found no differences between MCI and controls
in MTL activation during encoding, but observed left hippocampal hypoactivation in MCI vs.
controls during the retrieval (forced-choice recognition) condition. Hippocampal
hypoactivation in MCI was no longer seen when memory performance accuracy was included
as a covariate in the analysis. Using an item-based old/new recognition retrieval paradigm,
Johnson et al. found right hippocampal hypoactivation in MCI patients compared to controls
(Johnson et al., 2006). In a separate study, Johnson et al. used a paradigm involving the
repetitive presentation of faces to demonstrate that MCI patients do not show the same slope
of decreasing hippocampal activation with face repetition that is seen in older controls,
suggesting disruption of this “adaptive” response in the medial temporal lobe (Johnson et al.,
2004).

Three studies have now demonstrated greater MTL activation in MCI patients compared to
controls. We used the associative face-name encoding paradigm described above to compare
MTL activation in very mild MCI, AD, and controls (Dickerson et al., 2005b). Compared with
controls, MCI subjects showed a greater extent of hippocampal activation and a trend toward
greater entorhinal activation (Figure 2). This group of MCI subjects was very mildly impaired
based on Clinical Dementia Rating (CDR) (Morris et al., 1997) ratings, MMSE, and
neuropsychological data, as well as fMRI memory task performance (which was similar to
controls). Furthermore, there was minimal atrophy of the hippocampal formation or entorhinal
cortex in this MCI group. The AD patients had smaller MTL volumes and a lesser degree of
activation in these regions, and performed below controls on the post-scan memory test. Across
all the subjects in the three groups, post-scan memory task performance correlated with extent
of activation in both the entorhinal cortex and hippocampus.

Using a visual object encoding paradigm, Hamalainen et al. found that MClI subjects had greater
activation (than controls) of caudal hippocampal formation, parahippocampal gyrus, and
fusiform cortex (Hamalainen et al., 2006). Based on MMSE and neuropsychological data, the
MCI subjects in this study were on the relatively more impaired end of the MCI spectrum
(although CDR-SB was still mildly impaired), yet the group performed the fMRI memory
paradigm relatively well—better than the AD group—although not as well as controls. In the
first event-related subsequent memory study of MCI, Kircher et al. used an item-based task
with words and found that MCI subjects activated rostral left hippocampal and surrounding
cortical regions to a greater degree than controls (Kircher et al., 2007). MMSE scores from
these MCI participants suggested that the group was at the more impaired end of the MCI
spectrum, but neuropsychological data indicated milder impairment—in fact, delayed verbal
recall scores were minimally impaired relative to controls, with scores for the MCI participants
ranging as high as 14 items freely recalled after a 20 minute delay in this 15-item test. In
addition, the MCI participants performed similarly to controls on the fMRI memory paradigm.

The variability in fMRI data from MCI subjects probably relates, at least in part, to the complex
relationships between the severity of the subjects’ clinical impairment and to their ability to
perform the memory task employed as the fMRI paradigm. This hypothesis is based primarily
on data from our initial fMRI study of MCI, which was a within-group investigation of
individuals who spanned a broad range of MCI, the common feature of which was an overall
CDR rating of 0.5 (Dickerson et al., 2004), as well as a more recent investigation separating
the MCI spectrum into two subgroups, one on the milder end and one on the more impaired
end (this investigation (Celone et al., 2006) is discussed below). Because we explicitly sought
to study a broad range of impairment within the spectrum of MCI, we did not require subjects
to perform below a particular cutoff on neuropsychologic memory tests, and thus some subjects
were included who performed relatively well on neuropsychological testing, despite symptoms
of memory impairment in daily life.

Neuropsychologia. Author manuscript; available in PMC 2009 October 12.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dickerson and Sperling Page 6

Thirty-two subjects with a total CDR rating of 0.5 and CDR Sum of Boxes (CDR-SB) scores
ranging from 0.5 — 3.0 were studied. We focused on analysis of functional activation in the
novel vs. familiar scene-encoding paradigm in the hippocampal formation and the
parahippocampal gyrus, and the volumes of these regions were also quantified. As expected,
there was an inverse linear relationship between the degree of clinical impairment (CDR-SB)
and volume of MTL ROIs, most significant in the left hippocampus, such that subjects with
greater clinical impairment had smaller hippocampal volumes. Interestingly, however, there
was a direct linear relationship between the degree of clinical impairment and the extent
(number of voxels activated) of fMRI activation bilaterally in both the hippocampus and
parahippocampus, such that subjects with greater clinical impairment had a relatively larger
extent of MTL activation. This “paradoxical” relationship was still apparent after correction
for volume, and a multivariate analysis showed that greater clinical impairment (as measured
by the CDR-SB) was associated with older age, increased extent of activation in the right
parahippocampal gyrus, and decreased volume of the left hippocampus. Furthermore, similarly
to the data from the face-name paradigm described above, better performance on the post-scan
recognition memory task correlated with greater MTL activation and larger volume.

Based on these data, we believe that discrepant findings on memory-related MTL activation
in the MCI literature may potentially be explained, at least in part, by differences in the level
of clinical impairment and in performance on the fMRI memory task between the subject
groups. From the descriptions of the clinical data from the studies above (and detailed in the
Table), it is clear that these clinical-behavioral measures are not necessarily completely
correlated with each other—that is, some samples of MCI subjects may appear relatively more
impaired from certain clinical measures (e.g., symptom-based measures such as CDR), less
impaired on other clinical measures (e.g., neuropsychological performance), and may or may
not be able to perform the fMRI behavioral task used for activation at a level comparable to
controls. Further research is needed to clarify these relationships, a deeper understanding of
which is critical to our interpretation of imaging data.

There are also a number of other factors that likely contribute to variability in MTL activation,
which may vary between studies in a manner that could also explain some of the discrepancies,
including differences in the memory tasks themselves (e.g., encoding vs. retrieval; visual vs.
verbal material; paired-associate vs. item-based memory, etc.), differences in analysis methods
(i.e., voxel-based whole-brain vs. focused region-of-interest approaches) and dependent
variables used to determine level of activation (i.e., magnitude vs. extent of activation vs. voxel-
based measures that take both magnitude and extent into account), and differences in age,
education, and apolipoprotein E genotype (Dickerson et al., 2005b). Aside from the details of
the studies, the table highlights the broad scope of methodologic variability that makes it
difficult to compare fMRI studies of MCI. Additional research will be critical to the further
elucidation of the contributions of these and other factors to variability in fMRI measures, if
such measures are to be translated into biomarkers for clinical trials. It will be important to
study structure-function relationships to better understand the relationships between anatomic
abnormalities (e.g., hippocampal and entorhinal atrophy, as well as neocortical atrophy) and
functional hypo- and hyperactivation. Multimodal investigations including positron emission
tomography (PET) measures of metabolism and pathology will likely be helpful to ensure that
patients have abnormalities consistent with AD, as well as to determine relationships between
the localization and severity of these abnormalities and alterations in functional activation.
Longitudinal studies—involving both clinical and imaging follow-up data—will probably shed
a great deal of light on the variety of contributors to fMRI abnormalities in MCI. Finally, a
multi-center study in which investigators agree on the use of a particular set of behavioral task
paradigms and data collection methods would potentially enable these issues to be further
clarified, and would enable data analysis methods to be compared (Friedman et al., 2007). In
all of these future investigations, we believe it is important to provide detailed demographic,
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clinical, neuropsychological, and behavioral performance data to help clarify the similarities
or differences between samples of MCI subjects in fMRI studies. In addition, it may be helpful
to report hippocampal volumes as well.

Despite all the caveats, there is replicated evidence to support the hypothesis that there may
be a phase of increased MTL activation in MCI. This increase, which also may be present in
cognitively intact carriers of the APOE-¢4 allele (for review, see (Wierenga and Bondi,
2007)), may represent an attempted compensatory response to AD neuropathology, given that
some MCI individuals with smaller hippocampal volume perform similarly on memory tasks
to MCl individuals with larger hippocampal volume but have relatively greater MTL activation
(Dickerson et al., 2004; Hamalainen et al., 2006) (Figure 3). Additional studies employing
event-related fMRI paradigms (Sperling et al., 2003a; Dickerson et al., 2007a; Kircher et al.,
2007) will be very helpful in determining whether increased MTL activation in MCI patients
is specifically associated with successful memory, as opposed to a general effect that is present
regardless of success (possibly indicating increased effort). It is possible that MTL
hyperactivation reflects cholinergic or other neurotransmitter upregulation in MCI patients
(DeKosky et al., 2002). Alternatively, increased regional brain activation may be a marker of
the pathophysiologic process of AD itself, such as aberrant sprouting of cholinergic fibers
(Hashimoto and Masliah, 2003) or inefficiency in synaptic transmission (Stern et al., 2004). It
is important, however, to acknowledge that multiple non-neural factors may confound the
interpretation of changes in the hemodynamic response measured by BOLD fMRI, such as
age- and disease-related changes in neurovascular coupling (Buckner et al., 2000; D’Esposito
etal., 2003), AD-specific alterations in vascular physiology (Mueggler etal., 2002), and resting
hypoperfusion and metabolism in MCI and AD (EI Fakhri et al., 2003), which may result in
an amplified BOLD fMRI signal during activation (Davis et al., 1998; Cohen et al., 2002).
Further research to determine the specificity of hyperactivation with respect to particular brain
regions and behavioral conditions will be valuable to better characterize this phenomenon.

A number of authors have hypothesized that MTL and other cortical hyperactivation during
the performance of memory and other cognitive tasks may play, at least in part, a compensatory
role for neuropathologic abnormalities in MCI/mild AD (Becker et al., 1996; Backman et al.,
1999; Stern et al., 2000). “Compensation” is typically defined as greater regional brain activity
(hyperactivation) in an MCI/AD group in the setting of task performance accuracy that is
similar to that of a matched control group. Regional hyperactivation may involve greater
magnitude of activity in brain regions typically active during performance of the task (when
performed by controls), or the recruitment of additional brain regions not normally engaged
by controls. However, it is also clear that greater task difficulty may provoke similar alterations
in regional brain activity in healthy individuals (Gur et al., 1988; Grashy et al., 1994; Grady,
1996; Rypma and D’Esposito, 1999). It is challenging to know to what degree MCI/AD groups
find memory tasks to be “more difficult” than they would in the absence of disease. This has
led some investigators to attempt to match task difficulty between MCI/AD patients and
controls (Stern etal., 2000). It is also possible that different cognitive strategies during memory
task performance (e.g., semantic elaborative encoding strategies vs. visualization strategies)
may contribute to differences in the recruitment of particular brain regions (Kirchhoff and
Buckner, 2006), and that this may vary between patient and control groups. Further work in
this area, including longitudinal studies in MCI/AD patients, ideally including detailed
behavioral measures of reaction time as well as accuracy and possibly self report of task
difficulty, will be important to better clarify the situations in which activity increases can be
reasonably interpreted as compensatory for brain disease.

Despite these caveats, we believe that the accumulating evidence indicates that task-related
regional brain hyperactivation may be a universal neural response to insult, as it occurs in sleep
deprivation (Drummond et al., 2000), aging (Cabeza et al., 2002), and a variety of
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neuropsychiatric disorders and conditions, including AD/MCI, Huntington’s disease (Rosas
et al., 2004), Parkinson’s disease (Monchi et al., 2004), cerebrovascular disease (Carey et al.,
2002; Johansen-Berg et al., 2002), multiple sclerosis (Reddy et al., 2000; Morgen et al.,
2004), traumatic brain injury (McAllister et al., 1999), HIV (Ernst et al., 2002), alcoholism
(Desmond et al., 2003), schizophrenia (Callicott et al., 2003). In many of these studies, task-
related regional brain hyperactivation was associated with the relative preservation of
performance on the task, suggesting that hyperactivation may be serving, at least in part, a
compensatory role for neurologic insult. The evidence discussed above also indicates that
increased MTL activation can be seen in MCI in the setting of minimal MTL atrophy
(Dickerson et al., 2005b), which provides in vivo support for laboratory and animal data
suggesting that physiologic alterations may precede significant structural abnormalities very
early in the course of a neurodegenerative disease such as AD (Selkoe, 2002; Walsh and Selkoe,
2004) and may represent inefficient neural circuit function (Stern et al., 2004). Thus, fMRI
may provide a means to detect changes in human memory circuit function that underlie the
earliest symptoms of AD, and may be useful in identifying groups of subjects at high risk for
future cognitive decline prior to a diagnosis of AD.

MTL hyperactivation as a predictive biomarker in MCI

In the original study of the spectrum of MCI, we showed that the subgroup of individuals who
converted to AD dementia within 2.5 years of clinical follow-up after scanning were those with
the greatest MTL hyperactivation when originally scanned (Dickerson et al., 2004). We
recently extended this study to include about 4 years of follow-up after scanning in 25 of the
subjects in the original sample. Over the follow-up interval, subjects demonstrated a wide range
of cognitive decline, with some showing no change and others progressing to dementia (change
in CDR-SB ranged from 0 to 4.5). The degree of cognitive decline was predicted by
hippocampal activation at the time of baseline scanning, with greater hippocampal activation
predicting greater decline (p<0.05) (Figure 4). This finding was present even after controlling
for baseline degree of impairment (CDR-SB), age, education, and hippocampal volume. These
data suggest that fMRI may provide a physiologic imaging biomarker useful for identifying
the subgroup of MCI individuals at highest risk of cognitive decline for potential inclusion in
disease-modifying clinical trials.

If, in fact, the “inverse U-shaped curve” of hyperactivation that we hypothesize takes place
early in the course of prodromal AD (at the clinical stage of MCI) is confirmed by future
longitudinal studies, then the use of fMRI as a physiologic imaging biomarker will have to
grapple with the problem of “pseudonormalization” of activation when individuals with MCI
demonstrate progressive decline that results in the loss of hyperactivation. It may be possible
to use a combination of clinical (e.g., CDR Sum-of-Boxes), neuropsychologic (e.g., memory
tasks), and anatomic (e.g., hippocampal and/or entorhinal volume) measures to assist in the
determination of where an individual is along the inverse U-shaped curve of MTL activation.
That is, moderate hyperactivation in the setting of minimal clinical and memory impairment
and relatively little MTL atrophy would be consistent with the upgoing phase of the
hyperactivation curve while the same level of hyperactivation in the setting of more prominent
clinical and memory impairment and MTL atrophy would be consistent with the downgoing
phase of the curve. In the end, it will be critical to perform longitudinal studies to determine
whether this model of the physiologic, anatomic, and behavioral progression of MCI is
supported by trajectories in individuals and groups of subjects.

Links between task-related brain function abnormalities and altered resting brain activity

Recent fMRI studies are beginning to reveal a link between disease-related hemodynamic
alterations and the well-described resting perfusion/metabolic abnormalities in AD.
Hypoperfusion/metabolism is typically seen with nuclear medical imaging techniques (such
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as FDG-PET or SPECT) in lateral temporoparietal and posterior cingulate and precuneus
cortical regions in AD patients during the “resting” state. The medial parietal/posterior
cingulate cortex, along with medial frontal and lateral parietal regions, appear to compose a
“default mode” network that is more active when individuals are not engaged in particular
tasks, and which is thought to play a role in vigilance, readiness, or monitoring—these regions
“deactivate” (BOLD signal amplitude falls below baseline) during cognitive task performance
(Raichle et al., 2001). Several recent studies in AD patients have demonstrated alterations in
the de-activation and functional connectivity of these regions, suggesting that this “default
mode” network is disrupted by the disease (Lustig et al., 2003; Greicius et al., 2004; Celone
et al., 2006; Rombouts et al., 2006). It appears that the MTL may be an important node of this
network (Greicius et al., 2004; Vincent et al., 2006), which has been hypothesized as playing
a role in memory function (Greicius et al., 2004; Buckner et al., 2005), but further study will
be needed to determine the roles that MTL regions may play in relation to the neocortical nodes
of the network during specific memory activities (e.g., encoding vs. retrieval) (Daselaar et al.,
2004). Tantalizing evidence has also emerged recently that substantial overlap is present
between these “default mode” areas and the localization of PET amyloid tracer binding
(Buckner et al., 2005); exploration of the relationships between pathologic markers and
memory-related MTL activation will be a fertile area for future investigation.

Functional connectivity of the MTL and neocortical nodes of the larger scale memory

network

As more is learned about the task-related function of default mode brain regions, it is becoming
clear that at least some of these regions—including the precuneus—play important roles in
encoding that are predictive of subsequent memory. That is, the deactivation of the precuneus,
presumably at the same time that the hippocampus activates, is critical for information to be
encoded in a manner that leads to successful retrieval (Daselaar et al., 2004). Other default-
mode brain regions, such as lateral parietal cortex, are important for the correct recognition of
previously encountered stimuli (Wagner et al., 2005).

We recently used independent component analysis to identify brain regions with temporally
synchronous brain activity during the face-name associative memory paradigm described
above (Celone et al., 2006). The study included cognitively intact older adults, a very mildly
impaired MCI group, a more impaired MCI group, and an AD group. We found a strong
reciprocal relationship between the degree of memory-related MTL activation and the
deactivation of precuneus and lateral parietal regions, elements of the default-mode network.
Furthermore, we found evidence supporting the non-linear trajectory of functional
abnormalities across the spectrum of MCI, with the very mildly impaired MCI subjects showing
MTL hyperactivation and precuneus “hyper-deactivation,” while the more impaired MCI
subjects and AD patients demonstrated MTL hypoactivation and hypo-deactivation (Figure 5).
These findings suggest that the pathophysiologic process of AD disrupts the functioning of
multiple nodes of the MTL-neocortical memory network, as well as the coordinated activity
between these nodes, which may be related to pathology within the nodes (Arnold et al.,
1991) or the deafferenting of parietal cortex in the setting of MTL pathology (Meguro et al.,
1999).

Conclusions

FMRI is a particularly attractive method for studying cognitive task-related patterns of brain
activation in MCI and AD. Despite the relative infancy of the field, there have already been a
number of promising fMRI studies in AD, MCI, and related disorders which highlight the

potential uses of fMRI in both basic and clinical spheres of investigation. FMRI may provide
novel insights into the neural correlates of memory and other cognitive abilities, and how they

Neuropsychologia. Author manuscript; available in PMC 2009 October 12.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dickerson and Sperling Page 10

are altered in AD and MCI. Finally, fMRI measures hold promise for multiple clinical
applications, including early detection and differential diagnosis, predicting future change in
clinical status or cognitive performance, and as a marker of alterations in brain physiology
related to potential therapeutic agents (Dickerson, 2006). The greatest potential of fMRI likely
lies in the study of very early AD, at the point of subtle neuronal dysfunction. However, a
number of challenges remain.

Since a definitive diagnosis of AD and related neurodegenerative diseases can only be made
at autopsy, neuroimaging studies of these disorders face challenges related to clinicopathologic
heterogeneity; this is particularly true for MCI. Although all patients with AD progress through
some form of an MCI phase prior to dementia, the converse is not true. That is, some patients
who fulfill MCI criteria may have non-AD disease states (Petersen et al., 2006). Furthermore,
the rate at which individuals with MCI decline within this diagnostic category and ultimately
develop dementia may vary considerably. Thus, although prodromal AD may be identifiable
as MCl clinically (Grundman et al., 2004), it is important to recognize the heterogeneity present
within this clinical construct. Continued efforts to further refine clinical diagnostic (Petersen,
2004) and staging methods (Daly et al., 2000) should help improve our understanding of the
relationships between the characteristics of individuals with MCI and imaging data. Thus,
while the data reviewed above indicates that fMRI is sensitive to clinical diagnosis, symptom
severity, and memory performance abilities, the discrepancies highlight the need for further
fMRI research in the context of rigorous clinical assessment, longitudinal follow-up, and
ideally multimodal imaging (i.e., volumetric structural MRI, perfusion measures, and nuclear
medicine studies of metabolism and pathology).
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Figure 1.
The localization, magnitude, and extent of abnormalities observed in fMRI studies of patients

with neurologic diseases depend on both localization and severity of pathology and on
functional networks engaged by the particular fMRI task, as well as participant performance
on the task. In this illustration, regions of cortical thinning in Alzheimer’s disease from
structural MRI (left, (Dickerson et al., 2007b)) are compared with cortical areas activated, as
measured with fMRI, in normals during an event-related study of successful learning of new
information that was able to later be freely recalled (right, (Dickerson et al., 2005a)). Analytic
tools are emerging that enable the direct investigation of relationships between functional and
structural abnormalities in MCI/AD and other disorders. Figure used with permission. (WE
NEED TO REQUEST PERMISSION FROM NeuroRx, Elsevier—Dickerson BC, July 2007)
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Control

Figure 2.

A phase of compensatory hyperactivation appears to occur in the medial temporal lobe (MTL)
in very mild mild cognitive impairment, prior to AD dementia. Representative single subjects
from each group, showing normal memory-related MTL activation measured with fMRI in
Normal Older Controls, hyperactivation and very mild atrophy in MCI, and hypoactivation
and more prominent atrophy in mild AD (Dickerson et al., 2005b). Color scale indicates p
values of greater significance over threshold from red to orange to yellow. Figure used with
permission. (WE NEED TO REQUEST PERMISSION FROM NeuroRx, Elsevier—Dickerson
BC, July 2007)
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Figure 3.

A greater degree of hyperactivation of MTL regions is present in MCI individuals with a greater
degree of MTL (hippocampal) atrophy, supporting the possible compensatory role of
hyperactivation for AD pathology. Data shown here are taken from two separate studies,
Dickerson et al. (Dickerson et al., 2004), left, and Hamalainen et al (Hamalainen et al.,
2006), right. Analyses were performed differently in these studies so quantitative values on
axes are not directly comparable, but represent conceptually similar measures (both are
p<0.05).
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Memory-related MTL activation as a predictive quantitative imaging biomarker. In a group of
MCI patients, hippocampal activation at baseline (y axis) predicts degree of cognitive decline
(change in CDR-SB, x axis) over four years after scanning (Miller et al., 2006) (p<0.05).
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Figure 5.

Reciprocal MTL-medial parietal memory network. MTL is hyperactivated in very mildly
impaired MCI individuals compared to controls (top), while precuneus is hyper-deactivated
(middle). Across a group including cognitively intact, MCI, and AD individuals, the degree of
hippocampal activation (x axis) correlates with the degree of precuneus deactivation (y axis)
(Celone et al., 2006) (p<0.0001).
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