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Summary: Functional MRI (fMRI) is a valuable method for
use by clinical investigators to study task-related brain activa-
tion in patients with neurological or neuropsychiatric illness.
Despite the relative infancy of the field, the rapid adoption of
this functional neuroimaging technology has resulted from,
among other factors, its ready availability, its relatively high
spatial and temporal resolution, and its safety as a noninvasive
imaging tool that enables multiple repeated scans over the
course of a longitudinal study, and thus may lend itself well as
a measure in clinical drug trials. Investigators have used fMRI
to identify abnormal functional brain activity during task per-
formance in a variety of patient populations, including those
with neurodegenerative, demyelinating, cerebrovascular, and
other neurological disorders that highlight the potential utility
of fMRI in both basic and clinical spheres of research. In

addition, fMRI studies reveal processes related to neuroplas-
ticity, including compensatory hyperactivation, which may be a
universally-occurring, adaptive neural response to insult. Func-
tional MRI is being used to study the modulatory effects of
genetic risk factors for neurological disease on brain activation;
it is being applied to differential diagnosis, as a predictive
biomarker of disease course, and as a means to identify neural
correlates of neurotherapeutic interventions. Technological ad-
vances are rapidly occurring that should provide new applica-
tions for fMRI, including improved spatial resolution, which
promises to reveal novel insights into the function of fine-scale
neural circuitry of the human brain in health and disease. Key
Words: Alzheimer’s disease, mild cognitive impairment, plas-
ticity, functional magnetic resonance imaging.

INTRODUCTION

Whether or not there is a discrete, macroscopically
visible structural lesion, many neurological disorders are
characterized by abnormal brain function. The neurolo-
gist frequently relies on behaviorally observable abnor-
malities during the performance of a task in the clinical
evaluation of patients. Although a number of diagnostic
testing modalities provide information on resting brain
function, including -electroencephalography, positron
emission tomography (PET), and single photon emission
computed tomography, there are relatively few tools
available to probe regional brain activity during task
performance. One of the most readily available tools at
present is functional MRI (fMRI).

For approximately the past decade, fMRI has under-
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gone rapid growth in its use as a technique to study
functional brain abnormalities in patients with neurolog-
ical diseases. The use of fMRI in studies of patients with
neurodegenerative diseases illustrates a number of appli-
cations of this technology. Beyond traditionally recog-
nized neurodegenerative diseases, studies in neurodevel-
opmental disorders (such as autism') and in
neuropsychiatric disorders (such as schizophrenia® or in-
dividuals at genetic risk for schizophrenia®) have also
begun to provide fundamental insights into the neural
processing abnormalities that characterize these disor-
ders. Functional MRI has also revealed novel observa-
tions in investigations of stroke and other cerebrovascu-
lar diseases, multiple sclerosis, head injury, and other
neurological disorders. Ultimately, fMRI may prove to
be useful as an imaging biomarker for use in the devel-
opment of neurotherapeutic interventions for many of
these disorders.* This review will summarize data pri-
marily from investigations of Alzheimer’s disease (AD)
and mild cognitive impairment (MCI) to illustrate poten-
tial clinical neurological applications of fMRI, most of
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which have parallels in other neurological disorders. Fi-
nally, this review will briefly touch on some recent tech-
nical advances in fMRI, pushing the frontiers of spatial
resolution, which may enable novel future clinical appli-
cations.

fMRI: ADVANTAGES AND DISADVANTAGES

Because the functional neuroimaging tools assess in-
herently dynamic processes that may change during
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 neu-
rological disease. Functional neuroimaging measures
may be affected by transient brain and body states at the
time of imaging, such as arousal, attention, sleep depri-
vation, sensory processing of irrelevant stimuli, or the
effects of substances with pharmacological CNS activity.
Imaging measures of brain function may also be more
sensitive than structural measures to constitutional or
chronic differences between individuals, such as genet-
ics, intelligence or educational level, learning, mood, or
medication use. Although these may be effects of interest
in certain experimental settings, they need to be con-
trolled when the focus is on disease-related changes and
differences between subject groups or within individuals
followed over a period of time.

Among functional neuroimaging techniques, fMRI has
many potential advantages in studying neurological pa-
tients, because it is a noninvasive imaging technique that
does not require the injection of contrast agent. This
technique can be repeated many times during the course
of a longitudinal study; therefore, it has potential as a
measuring tool for use in clinical drug trials. It has rel-
atively high spatial and temporal resolution, and the use
of event-related designs enables the hemodynamic cor-
relates of specific behavioral events to be measured.’

However, there are significant challenges to perform-
ing fMRI studies in neurologically impaired patients.
This technique is particularly sensitive to even small
amounts of head motion. Differences in task perfor-
mance between patient and control groups complicate
data interpretation.® Finally, it is critical to complete
further reliability experiments if fMRI is to be used in
longitudinal or pharmacological studies. Although there
are now a few studies of fMRI test-retest reliability in
young subjects,” reproducibility studies are only begin-
ning to be performed in neurological patients.

CLINICAL APPLICATIONS OF fMRI IN
NEURODEGENERATIVE DISEASES

Functional MRI has been applied in a number of ways
in studies of patients with neurodegenerative diseases,
and many of these applications are illustrative of how

this technology can be applied to other neurological dis-
orders.

Given the growing body of evidence that alterations in
synaptic function are present very early in the pathophys-
iological process of AD and related disorders, possibly
long before the development of clinical symptoms and
even significant neuropathology,'®~'? fMRI may be par-
ticularly useful in detecting alterations in brain function
that may be present very early in the course of AD or
related dementias. The fMRI is already beginning to
reveal novel insights into functional abnormalities in
particular brain regions in MCI, which in many cases is
the earliest clinical phase of AD prior to dementia.

Patterns of abnormal regional brain activation
during task performance in AD and MCI

Functional MRI has been used to investigate abnor-
malities 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 (see
FIG. 1). Moreover, even brain regions not usually
thought to be affected by AD (sensorimotor areas) have
been shown to exhibit abnormal function in AD pa-
tients.'>'*

In addition to memory, aspects of language and atten-
tion have been studied in AD patients using fMRI. Al-
tered patterns of frontal and temporal activation have
been observed in AD patients performing language
tasks.'>~!” Similarly, although temporoparietal activation
was found to be diminished in AD during performance of
semantic memory task, increased activation in temporal
and frontal regions was also observed, suggesting possi-
ble compensatory processes.'® During performance of a
visual attention task, AD patients were found to have
abnormal parietal activation; increased prefrontal activa-
tion was also observed compared with controls, again
suggesting possible compensatory mechanisms.'?

With respect to memory, a number of fMRI studies in
patients with clinically diagnosed AD, using a variety of
visual stimuli, have identified decreased activation in
hippocampal and para-hippocampal regions compared to
control subjects during episodic encoding tasks.?°~*
Neocortical abnormalities in AD have also been demon-
strated using fMRI, including decreased activation in
temporal and prefrontal regions.”” In addition to AD-
related differences in task-related blood-oxygen level de-
pendent (BOLD) signal amplitude or spatial extent, the
temporal dynamics of activation appear to be altered in
patients with AD.?® Interestingly, as has been observed
in other types of tasks, increased activation in prefrontal
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FIG. 1. The localization, magnitude, and extent of abnormalities observed in functional magnetic resonance imaging (fMRI) studies of
patients with neurological 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'°®) 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 later able to be freely recalled (right'®").

and other regions has also been found in AD patients
performing memory tasks.”?

Whereas memory task-related fMRI data regarding
medial temporal lobe (MTL) activation in individuals
with MCI are less consistent than data from patients
diagnosed with AD, with reports of both decreased and
increased activation,?*2%-27 they do indicate that differ-
ences are present in comparison to older controls. Some
of the variability in fMRI data in MTL activation appears
to relate to degree of impairment along the spectrum of
MCI, which suggests that fMRI may be sensitive to
relatively subtle clinical differences in disease severity.?’

Compensatory hyperactivation: a universal
adaptation response to brain injury?

Recent data suggest that there is a phase of increased
MTL activation in MCI (see FIG. 2) that may represent
an attempted compensatory response to AD neuropathol-
ogy, given that greater activation is associated with better
memory performance, as well as smaller hippocampal

Cmn ol

volume.”>?""?° The use of event-related fMRI para-
digms®® may help determine whether increased activa-
tion in MCI patients is specifically associated with suc-
cessful memory, as opposed to a general effect that is
present regardless of success (possibly indicating in-
creased effort). For example, the results of a recent fMRI
study using an event-related paradigm suggest that MTL
hyperactivation in MCI is specifically seen during the
encoding of new material that is later successfully rec-
ognized, supporting the compensatory hypothesis.*'
Evidence is accumulating that task-related regional
brain hyperactivation occurs in a variety of neuropsychi-
atric disorders and conditions, including AD/MCI, Hun-
tington’s disease,>? Parkinson’s disease,>> cerebrovascu-
lar disease,’*%> multiple sclerosis,>® =38 traumatic brain
injury,* human immunodeficiency virus (HIV),*° alco-
holism,*! schizophrenia,** sleep deprivation,** and ag-
ing.** All of these studies provide behavioral evidence
that greater activation in task-relevant brain regions

FIG. 2. A phase of compensatory hyperactivation appears to occur in the medial temporal lobe (MTL) in mild cognitive impairment, prior
to the clinical onset of Alzheimer’s disease (AD) dementia. Representative single subjects from each group, showing normal memory-
related MTL activation measured with functional magnetic resonance imaging in normal older controls (left), hyperactivation and very
mild atrophy in mild cognitive impairment (MCI) (middle), and hypoactivation and more prominent atrophy in mild AD (right).2® Figure
modified from published version.
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serves, at least in part, to preserve task performance in
the patient group, supporting the contention that hyper-
activation may be compensatory for neurological insults.
It is possible, however, that hyperactivation reflects in-
efficient function of neural circuits in the face of injury,
and that such a response may be deleterious in the long
run. Thus, it will be critical to elucidate the relationships
between behavioral performance, neural circuit function,
and clinical course of disease, with the ultimate goal of
determining how best to use these fMRI measures as
biomarkers of putative therapeutic response in clinical
trials.

The modulatory effects of genetic risk factors for
neurological disease on brain activation

In the last few years there has been an explosion of
literature on imaging and genetics, primarily in psychi-
atric disorders*® and regarding the basic science of ge-
netic modulators of brain function.*® This is an area that
is ripe for study in neurological disease, with a number of
studies having been done in populations at elevated ge-
netic risk for AD.

The APOE €4 allele is a major genetic susceptibility
factor associated with increased risk for AD.*” Several
fMRI studies have investigated regional brain activation
during task performance in cognitively intact subjects
stratified by their APOE allele status. Smith et al.** re-
ported decreased activation in inferior temporal regions
with a visual naming and a letter fluency fMRI paradigm
(there was no hippocampal or other MTL activation re-
ported with these tasks) in APOE €4 carriers. In a sub-
sequent report, this group reported increased parietal ac-
tivation in women with an APOE €4 allele.”’
Bookheimer et al.”° reported increased activation in left
hippocampal, parietal, and prefrontal regions among
APOE €4 carriers, compared to noncarriers, using a
word-pair associative memory paradigm. In addition, an
increased number of activated regions in the left hemi-
sphere at baseline was associated with a decline in mem-
ory at the 2-year follow-up among the APOE €4 carriers.
The authors hypothesized that this increase in activation
in the APOE €4 carriers might represent the additional
cognitive effort or neuronal recruitment required to ad-
equately perform the task. Similarly increased activation
in multiple brain regions was recently reported in cog-
nitively intact APOE €4 carriers compared to €3 carriers,
although the effect was lateralized to the right MTL
region (left hippocampal activation was greater in €3
carriers).”! Among a group of 29 controls, MCI subjects,
and AD patients, we recently reported that 13 APOE €4
carriers demonstrated greater entorhinal activation than
noncarriers, in the absence of genotype-related differ-
ences in the volumes of these regions.”® Other studies
suggest that decreased MTL activation may also be seen
in APOE €4 carriers.”>

fMRI in the differential diagnosis of
neuropsychiatric syndromes

The early detection and differential diagnosis of dis-
orders causing cognitive impairment is a promising aim
for further work using fMRI. Because clinical evaluation
and neuropsychological testing are currently the most
sensitive approaches to diagnosis, and fMRI is sensitive
to both cognitive performance and clinical status, it
seems reasonable to hope that the potential capability of
fMRI to detect alterations in the pattern and degree of
regional brain activation during task performance may
provide additional useful data to complement clinical
and psychometric evaluations. However, relatively little
fMRI data have been published on differential diagnosis
to date.

In elderly individuals with cognitive symptoms, it can
be difficult to distinguish a neurodegenerative process
from depression. Functional MRI may be helpful in this
setting. In a study of individuals who had sought clinical
evaluation for memory-related symptoms, Gron et al.>
investigated the utility of fMRI to differentiate patterns
of regional brain activation in those diagnosed with de-
pression versus AD (as well as a control group). Hip-
pocampal activation during the memory task was de-
creased in AD patients compared with controls and
depressed patients. In contrast, orbitofrontal and cingu-
late activation were greater in depressed patients than in
AD subjects and controls.

Furthermore, different forms of neurodegenerative de-
mentias may be challenging to specifically diagnose
early in their course. Functional MRI may provide help-
ful data to assist in differential diagnosis of the demen-
tias. Rombouts et al.>* compared regional brain activa-
tion during a working memory task in patients with
frontotemporal dementia to that of AD patients. Al-
though both groups activated similar fronto-parietal -tha-
lamic regions, fronto-parietal activation was diminished
in frontotemporal dementia patients than in AD patients.

Further insights into the utility of fMRI in assisting
with differential diagnosis may be potentially gained
through prospective studies of patients presenting for
clinical evaluation with subtle symptoms consistent with
a degenerative dementia who do not yet have a clear
clinical diagnosis. If such individuals are scanned using
tasks they can still perform and then be clinically fol-
lowed, it may be possible to determine whether fMRI has
predictive power in differential diagnosis.

fMRI as a predictive biomarker

We recently pursued such a study of a group of 25
senior citizens spanning the spectrum of MCI, none of
whom were demented at the time of baseline assessment,
but who exhibited varying degrees of mild symptoms of
cognitive impairment clinically (as measured using the
clinical demensia rating (CDR) Sum-of-Boxes (CDR-
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FIG. 3. Functional magnetic resonance imaging (fMRI) as a pre-
dictive quantitative imaging biomarker. In a group of mild cog-
nitive impairment patients, hippocampal activation at baseline
predicts the degree of cognitive decline during 4-year timeframe
after scanning.®® The Y axis indicates percent blood-oxygen
level dependent (BOLD) signal change within hippocampal for-
mation; X axis indicates relative clinical decline as measured by
CDR Sum-of-Boxes (CDR-SB) scale, with higher numbers indi-
cating greater decline.

SB) scale.®> At baseline, subjects performed a visual
scene-encoding task during fMRI scanning and were
clinically followed longitudinally after scanning. During
~4 years of follow-up after scanning, subjects demon-
strated a wide range of cognitive decline, with some
showing no change and others progressing to dementia
(i.e., a change in CDR-SB that ranged from 0 to 4.5). The
degree of cognitive decline was predicted by hippocam-
pal activation at the time of baseline scanning, with
greater hippocampal activation predicting greater decline
(p < 0.05) (see FIG. 3). 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 physiolog-
ical imaging biomarker useful for identifying the sub-
group of MCI individuals at highest risk of cognitive
decline for potential inclusion in disease-modifying clin-
ical trials.

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 abnor-
malities in AD. Hypoperfusion/metabolism is typically
seen with nuclear medical imaging techniques (such as
FDG-PET or single photon emission computed tomog-
raphy) in temporo-parietal/posterior cingulate cortical re-
gions in AD patients during the “resting” state. The
medial parietal/posterior cingulate cortex, along with
medial frontal and lateral parietal regions, appear to com-
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pose 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 mon-
itoring—these regions “deactivate” (BOLD signal am-
plitude falls below baseline) during cognitive task per-
formance.>® Several recent studies in AD patients have
demonstrated alterations in the deactivation and func-
tional connectivity of these regions, suggesting that this
default mode network is disrupted by the disease.*>>"~>°
Substantial overlap is present between these default
mode areas and the localization of PET amyloid tracer
binding.®°

fMRI STUDIES OF BRAIN PLASTICITY

A growing body of fMRI literature has emerged that
directly demonstrates correlates of regional brain plas-
ticity in neurological disorders. Much of this work has
been performed in patients who have suffered focal isch-
emic strokes.®*® This population is attractive because of
the relatively rapid pace of functional recovery in many
cases, such that studies can be performed during a period
of months, minimizing the other variables that may po-
tentially contribute to changes in fMRI signal in longi-
tudinal studies (e.g., patient-related variables in those
with progressive diseases; instrument-related variables
resulting from scanner upgrades).

Functional MRI studies of stroke patients have shown
that, for example, the laterality of primary sensorimotor
cortex activation may shift after an infarct from typical
contralateral organization (which would be ipsilesional
during movement of the body part affected by the stroke)
toward the side ipsilateral to movement. Furthermore,
the manner by which a behavior is normally organized
influences how that behavior is organized after a stroke.
Thus, for example, face motor representation (i.e., nor-
mally bilaterally organized at a neural level) is more
likely to be shifted to the hemisphere ipsilateral to move-
ment than a movement that is less bilaterally organized
in the normal state (see FIG. 4).

The ready availability of instruments for fMRI studies,
their safety in longitudinal studies, and the ability to
combine fMRI measures with other brain mapping tools
has contributed to the explosion of plasticity research in
stroke and other neurological disorders. This will likely
be an area in which findings from basic imaging studies
are translated quickly into assessment tools and imaging
biomarkers useful for prognostication.®®

SINGLE CASE (N = 1) fMRI STUDIES

The grand tradition in neurology of single case reports
has entered a modern era in which brain physiological
mechanisms can be investigated with relative ease be-
cause many clinical MRI systems are being equipped for
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A. Healthy Control

B. Stroke Subject

FIG. 4. Functional magnetic resonance imaging (fMRI) measurements of regional brain activation during movement of the right face.
In the normal subject (A, Healthy Control, top), face movement is bilaterally organized. In the subject with a good chronic clinical
outcome after stroke (B, Stroke Subject, bottom), movement arises from only the contralesional side. Image courtesy of Dr. Steve

Cramer."%°

fMRI capability. Single case fMRI studies have begun to
illuminate the neural correlates of a variety of neurolog-
ical disorders. A woman’s poststroke phantom limb sen-
sations were shown to relate to medial prefrontal activity
near the supplementary motor area.®* In a young man
with developmental amnesia due to perinatal hypoxemia,
despite 50% reduction in hippocampal volume compared
to controls, retrieval of real-world memories was asso-
ciated with bilateral hippocampal activation.®> Motor re-
covery in a patient who underwent multiple subpial tran-
section of the primary motor cortex for a seizure disorder
was initially associated with expanded bilateral motor
system recruitment, followed later by return to presurgi-
cal motor organization within the transected cortex.®®
Five members of a family with familial AD were
studied using fMRI-monitored memory tasks; in this
family, an autosomal-dominant presenilin mutation leads
to AD, typically by 48 years of age.®” In a young (20-
year-old) mutation carrier, increased hippocampal and
frontotemporal activation was observed during an epi-

sodic-memory task, whereas decreased activation in
these regions was found in a middle-aged (45-year-old)
mutation carrier, compared with activation in the three
family members without the mutation (i.e., one middle-
aged and two young adults) and with a group of young,
unrelated controls (mean age, 22 years of age). The
authors infer that these findings are consistent with the
early hyperactivation model of predementia functional
brain change in AD, as previously described.

A young woman in a persistent vegetative state was
shown to exhibit differential regional brain activity
when given two sets of verbal instructions, to which
she showed no behavioral response.®® Supplementary
motor activity was present when she was asked to
“imagine playing tennis,” whereas posterior parietal
and para-hippocampal activity was present when she
was asked to “imagine visiting the rooms in your
home.” Although the clinical implications of these
data are far from clear, it is a striking example of how
imaging technologies can shed light on the level of
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brain function of which a patient may be capable, even
when behavior is not revealing.

Although the growing number of examples of fMRI
single case studies suggest that this and related func-
tional neuroimaging tools may have great potential for
clinical use, challenges in the interpretation of these (n =
1) imaging data emphasize the need for rigorous clinical
behavioral methodology at the same time.

PHARMACOLOGIC fMRI

Pharmacological fMRI (phMRI) is being increasingly
used to study the effects of neurochemical perturbations
on brain function at a regionally-specific or systems
level.®”7° Besides the cholinergic system, phMRI has
been applied to studies of dopaminergic modulation of
working memory,”' gamma amino butyric acid (GABA)-
ergic modulation of repetition priming,’* and noradren-
ergic effects on attention/orienting tasks.”® In addition,
fMRI has been used to study the effects of intrinsic or
extrinsic steroid hormonal modulation on cognitive
tasks.”*”> The PhMRI has begun to reveal regional brain
activation responses associated with individual differences
in behavioral response to pharmacological agents.”® In
clinical populations, phMRI has been applied to in-
vestigations of cocaine dependence,”’ depression,’®
schizophrenia,”® and Parkinson’s disease.®” A recently
emerging, exciting application of phMRI is in the pre-
diction of clinical response to pharmacological treat-
ment. For example, patients with depression who are
treated with antidepressant medications demonstrate
changes in activation of affective circuitry that are asso-
ciated with clinical response to pharmacological treat-
ment,®' which may predict treatment response.®? The
addition of genetic factors to these investigations holds
fascinating and powerful promise to illuminate funda-
mental pharmacogenetic mechanisms of CNS drug ef-
fects. For example, in schizophrenic patients, there is a
catechol-o-methyl-transferase polymorphism-dependent
effect of atypical antipsychotic therapy on prefrontal ac-
tivation during working memory task performance.®

With respect to the cholinergic system, phMRI has
been used to study the effects of cholinergic antagonists
or agonists on brain function and behavior in healthy
young individuals®®* #7728 and on aging.®® Initial
studies of cholinergic enhancement in AD showed in-
creased fusiform activation during episodic encoding®
and cholinergic inhibition in controls was associated
with reduced fusiform, hippocampal, and prefrontal ac-
tivation during episodic encoding.” Several subsequent
studies have used fMRI to identify modulatory effects of
cholinergic agents in patients with MCIL.*'~?

Although findings from studies in a variety of subject
populations demonstrate the utility of phMRI as an im-
portant investigative tool, several methodological issues
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need to be considered when data are being interpreted.”
In attempting to measure specific pharmacological ef-
fects on regional neural activity, phMRI may be con-
founded by global or nonspecific actions. For example, a
drug may induce systemic changes in blood flow or
alterations in neurovascular coupling, and these effects
may differ between the two patient populations being
compared (i.e., AD patients and controls). For example,
there appears to be regional differences in the BOLD
signal response properties in AD patients compared to
controls.'*' It has also been argued that cholinergic
drugs may affect neurovascular coupling,”” although im-
aging studies to date have not demonstrated global phar-
macological effects; sensory and motor areas are spared
by cholinergic inhibition.””’> Many phMRI studies seek
to identify drug effects that show differential task-con-
dition specificity and have begun to identify such effects
in studies of human memory function that relate to sim-
ilar known neurophysiological effects in animals.”®

TECHNICAL ADVANCES IN HIGH-
RESOLUTION fMRI

A number of technical advances in fMRI are emerging
that will enable investigators to generate and test new
hypotheses regarding brain function and dysfunction in
neurological disorders. Among others, these advances
include improved data acquisition techniques, data anal-
ysis techniques, and the integration of fMRI with other
measures, such as structural MRIL,?7%7 diffusion tensor
imaging,®® PET of ligands for metabolism (e.g., fleuro-
deoxyglucose), neurotransmitter systems (e.g., cholin-
ergic or dopaminergic tracers), or pathological markers
(e.g., PIB or FDDNP AD pathology tracers), electroen-
cephalography,”®®® and transcranial magnetic stimula-
tion.'® For the purposes of this review, we will focus on
advances in data acquisition techniques that aim to im-
prove the spatial resolution of fMRI data.

Besides enabling hypothesis testing regarding fine
functional organization of particular brain regions, ad-
vantages of higher resolution fMRI data include a better
capacity to visualize anatomical features directly from
functional data, and thus confirm localization of activa-
tion and improved accuracy of co-registration of func-
tional data with structural data. These improvements
should result in better sensitivity to functionally specific
brain subregions, and better specificity with respect to
functional abnormalities in these subregions in the early
or mild phases of neuropsychiatric illness.

Using current generation, widely available instrumen-
tation, it is possible to obtain whole-brain coverage in
most types of fMRI experiments at ~3.5 to 4 mm or
slightly higher resolution. The major tradeoffs for ob-
taining fMRI data at a higher resolution include partial
brain coverage due to memory limitations of current
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FIG. 5. The 1-mm isotropic echo planar functional magnetic resonance imaging (fMRI) data obtained using 32-channel head coil on a
3.0 Tesla system. Acceleration factor = 2 was used to reduce susceptibility artifact. Data obtained by Dickerson BC, Wiggins GC,

Benner T, Wald LL, Massachusetts General Hospital, Boston, MA.

scanner systems, slower repetition times, signal-to-noise
reduction (SNR), and BOLD contrast-to-noise reduction
(CNR), the signal property that enables functional acti-
vation to be detected.

Parallel imaging with large-N array head coils
Advances are being made in phased array head coil
technology that enable parallel imaging with an increas-
ing number of receiver elements (see review article by
Katscher et al.lm). For example, 12- to 16-channel head
coils are becoming readily available for use with most
contemporary scanning systems. The use of parallel im-
aging acceleration factors can reduce susceptibility arti-
facts in areas of the brain such as the MTL, but at a cost
of reduced SNR and BOLD CNR.'°* Through their boost
in signal, larger array head coils can help compensate for
this reduction in SNR/CNR. Custom-built receiver head
coils with 32 or more channels are now in development
at research sites and have demonstrably improved SNR,
even in deep brain regions.'®> We recently used a 32-
channel coil (built by Drs. G. Wiggins and L. Wald at

Massachusetts General Hospital) at 3.0 T to obtain 1 mm
isotropic fMRI data with an echo-planar sequence (see
FIG. 5).'%

Ultra-high field imaging

The use of ultra-high field (e.g., 7.0 or 9.4 Tesla) MRI
systems will also likely lead to the capability to obtain
higher-resolution fMRI data with improved BOLD con-
trast over lower field systems. Although a few of these
systems worldwide are beginning to yield results in hu-
man studies,'® there are a host of technical challenges
that need to be surmounted for fMRI studies, including
the larger susceptibility, blood vessel, and other artifacts
present at ultra-high field. New fMRI sequences are be-
ing developed that are less sensitive to susceptibility
artifacts and other sources of signal dropout.'’® We re-
cently used a stack-of-segmented EPI sequence on our
7.0 Tesla system to obtain minimally distorted data at 1
mm isotropic using a simple visual cortex activation task
(see FIG. 6).'™

FIG. 6. Ultra-high field (7.0 Tesla) functional magnetic resonance imaging (fMRI) of visual cortex activation with 1-mm isotropic voxels
using 2-dimensional echo-planar sequence (left) versus 3-dimensional stack-of-segmented echo-planar sequence (right), illustrating
similar functional topography to differentially-oriented wedge-shaped flickering checkerboards (blue versus red/yellow) with notable

reduction in distortion."®®
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CONCLUSIONS

Functional MRI is a particularly attractive method for
use by clinical investigators to study task-related brain
activation in patients with neurological or neuropsychi-
atric illness. Despite the relative infancy of the field,
there have already been a number of promising fMRI
studies in neurodegenerative, demyelinating, cerebrovas-
cular, and other neurological disorders that highlight the
potential uses of fMRI in both basic and clinical spheres
of investigation. Functional MRI may provide novel in-
sights into the neural correlates of cognitive and other
abilities,'”” and how they are altered by neurological
disease and medications.'*® The technique may help elu-
cidate fundamental aspects of brain-behavior relation-
ships, such as the genetic influences on task-related brain
physiology. Functional MRI measures hold promise for
multiple clinical applications, including the early detec-
tion and differential diagnosis, predicting future change
in clinical status, and as a marker of alterations in brain
physiology related to neurotherapeutic agents. The great-
est potential of fMRI likely lies in the study of very early
and preclinical stages of progressive neurological dis-
eases at the point of subtle neuronal dysfunction, prior to
overt anatomic pathology.'®® There is a need for further
validation and reliability studies and continued technical
advances to fully realize the potential of fMRI.
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