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Introduction
Recent magnetic resonance neuroimaging (MRI) tech-
niques are shedding new light on the brain mechanisms
and clinical management of various neurologic and
neuropsychiatric disorders. The rate of growth in neuro-
imaging research is exceptionally high, and innovative
clinical applications are beginning to emerge. This article
highlights functional MRI (fMRI), with a brief review
of the basics of the technique, followed by an overview
of some recent fMRI studies in several neuropsychiatric
disorders. The authors focus on some recent and represen-
tative studies, but do not attempt to provide comprehen-
sive reviews of existing work.

Functional Magnetic Resonance Imaging Basics
Most current fMRI studies are based on the blood-oxygen-
level-dependent (BOLD) method, in which the MRI signal
derives from local changes in the ratio of deoxygenated to
oxygenated hemoglobin that accompany neural events.
When a neural event occurs, oxygenated hemoglobin is
supplied in excess to the capillaries in the brain region
involved. Because more oxygen is supplied than used,

there is a net decrease in the ratio of deoxygenated to
oxygenated hemoglobin in post-capillary vessels. Deoxy-
and oxy-hemoglobin differ in their magnetic properties,
so the change in their relative proportion results in a temp-
orary change in the MR signal of the target region
relative to surrounding tissue [1,2,3•]. After numerous
post-processing steps and statistical analyses, “statistical
parametric maps” are derived and overlaid on anatomical
images; these are color-coded to reflect the degree of statis-
tically significant signal change in different brain regions.

In fMRI experiments, participants usually complete an
“activation task” during which they engage in specified
activities in one or more test conditions interspersed with
control or comparison conditions. Activation tasks can be
of various types, including cognitive, motoric, sensory, and
emotional. There are a variety of fMRI experimental
designs including blocked, event-related, and hybrid. The
blocked design involves the presentation of stimuli in
blocks or epochs, of perhaps 15 to 30 seconds in duration,
interspersed with blocks of a control or rest condition. In a
typical event-related design, target stimuli or events are
imaged as discrete occurrences, rapidly presented and
interspersed at pseudorandom intervals with the compari-
son stimuli. The emergence of rapid event-related designs
has been associated with a new generation of sophisticated
fMRI studies. Blocked designs generally produce somewhat
greater signal change, but with event-related designs, it
is possible to decompose brain activation patterns associ-
ated with individual stimuli or cognitive events. Hybrid
designs combine the attributes of blocked and event-
related designs [1,4].

Functional MRI is a noninvasive technique in which
blood oxygenation changes serve as an endogenous
contrast agent. Because an exogenous contrast agent is
unnecessary, fMRI is repeatable and can be used in longitu-
dinal studies involving multiple assessments. Functional
MRI is capable of high spatial resolution, approximately 3
to 5 millimeters, of the locus of signal change in the brain
during neural events. The signal change achieved on
comparison of task with control conditions in fMRI
experiments ranges from approximately 1% to 4% at
conventional field strength. The temporal resolution of
fMRI is excellent, and fMRI permits measurement of both
transient and prolonged neural events [1,4].

Functional magnetic resonance imaging (fMRI) is a relatively 
new and noninvasive method of functional brain mapping. 
Functional MRI is increasingly being applied to the study 
of neuropsychiatric disorders, including schizophrenia,
Alzheimer’s disease, traumatic brain injury, and others. 
Particularly noteworthy are findings related to plasticity in 
the adult human brain. Despite the promise of fMRI for
improving the conceptualization, assessment, and treatment 
of neuropsychiatric disorders, important technical and scien-
tific issues remain. Future research will address integrating 
fMRI with other emerging neuroimaging techniques.
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Numerous important technical and scientific issues
must be considered when applying fMRI to the study of
clinical populations. In some cases, the illness (eg, a move-
ment disorder) may make it difficult or impossible for the
patient to lie still in the scanner. Although motion-related
artifact can be addressed to some extent during post-
processing of the data, this does not necessarily circumvent
the problem and can in fact introduce other forms of error.
In patients with cognitive deficits, the ability to comply
with test instructions may be compromised. Extensive pre-
training and reassurance during scanning may be helpful,
and it is important not to presuppose that the mere
presence of a neuropsychiatric disorder will adversely
affect scanning. Even in patients who fully comply with
task instructions there may be important differences in
ability to perform the activation task. In that case, do group
differences in brain activation patterns reflect the disease
process, or the fact that patients were performing the task
differently or incorrectly? This can be addressed at least
partly by using activation tasks that involve several differ-
ent levels of difficulty, including conditions that can be
performed equally well by patient and control individuals,
as well as conditions that show a disparity in performance
level. Careful time-locked recording of performance data,
including accuracy and reaction time, during scanning is
important, and informed choices must be made regarding
the most appropriate strategies and software for analyzing
fMRI data. Other issues that require consideration include
possible disease-related changes in the coupling of neural
activity and the hemodynamic response, as well as the
presence of medications that alter psychologic state
or hemodynamic response in the patient group. Further
precautions must be taken when interpreting results
at the individual level, for example in surgical planning
(for review [5•,6] and case studies [5•]).

Despite the special challenges associated with
designing, analyzing, and interpreting fMRI studies in
neuropsychiatric populations, this is a rapidly growing
area of clinical research. Some of these studies provide
novel perspectives on neurobiologic mechanisms, and
others demonstrate the potential usefulness of fMRI in
clinical practice.

Neurosurgery Candidates
A clear example of the clinical application of fMRI is in the
assessment of individuals about to undergo functional
neurosurgery including resection of seizure foci,
neoplasms, and vascular malformations (see [7•]). It is
important to know whether the intended site of resection
is in or near brain regions that are critical for functions
such as language, memory, or movement. Current standard
assessments in epilepsy surgery candidates are the
intracarotid amobarbital test (Wada test) and electrical
stimulation mapping, both of which are invasive and
associated with some risk and discomfort. Alternatives

include fMRI among other functional brain mapping
techniques [8]. Several studies have shown good agree-
ment between Wada test results and fMRI mapping for
language (see [9,10]). Furthermore, whereas Wada test
results are limited to the lateralization of functions, fMRI
yields additional intrahemispheric localization data.

Figure 1 shows sample images from a patient assessed
using fMRI prior to lesion resection at the authors’ medical
center. These images show activation for simple finger-to-
thumb opposition motor tasks superimposed on the
patient’s own high-resolution three-dimensional structural
scan. To the extent possible, activated areas around the
lesion are avoided during surgery. Presurgical functional
neuroimaging is currently an area of intense technical and
scientific development. Issues include maximizing
the precision that fMRI data can be registered with the
patient’s structural MR scans, including structural MR
images acquired intra-operatively.

Schizophrenia
Functional MRI has been used to replicate and extend
scientific understanding of the neural basis of schizo-
phrenia and its associated symptoms [11–26]. One of
several ongoing questions of interest pertains to the nature
of brain activation patterns associated with working
memory in schizophrenia. Working memory can be con-
ceptualized as the “online” maintenance of information
necessary to perform cognitive operations, and has been
hypothesized to be a key cognitive deficit in schizophrenia.
Several papers published in the past year highlight some of
the issues. For example, Menon et al. [27] recently reported
reduced activation of frontal and parietal regions on a
working memory fMRI task in patients with schizophrenia
compared with control individuals. The results were
consistent with prior evidence of hypofrontality in schizo-
phrenia. Furthermore, they found that impaired activation
of frontal regions during working memory was related to
thought disturbances in the schizophrenic group. Overall,
these findings suggest a connection among disturbances of
working memory, thought content, and frontoparietal
systems dysfunction in schizophrenia. Although this report
was limited by a lack of contemporaneous performance
data (accuracy, reaction time) and the fact that patients
were taking different types of antipsychotic medications
(both typical and atypical), the results support further
investigation of the hypothesis that dysfunction of neural
systems that support maintenance, storage, and updating
of new information are related to unusual thought content
in schizophrenia.

In contrast to the foregoing study, Ramsey et al. [28]
recently challenged the hypofrontality hypothesis of
schizophrenia. Using a deductive reasoning activation task,
they reported that group differences in brain activity on
fMRI were attributable to performance differences in a
sample of schizophrenic patients treated with atypical
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antipsychotics compared with control individuals. In a
medication-naïve sample of patients, they showed
increased brain activation compared with healthy control
individuals on the reasoning task. They suggest brain
activation in patients with schizophrenia is equal to or
greater than that of control individuals when performance
differences and medications are taken into account, that
excessive recruitment of neural processing resources during
logical reasoning may be associated with schizophrenia,
and that use of atypical antipsychotics may normalize this
inefficient and excessive recruitment. A significant scanner
upgrade during the course of the study prevented direct
comparison of the data from the medicated and unmedi-
cated patients, and also prevented strong conclusions
regarding medication effects. Nonetheless, the Menon [27]
and Ramsey [28] studies highlight certain ongoing scien-
tific and technical issues in fMRI research in schizophrenia,
and suggest further research is needed to determine the
conditions under which reduced, equivalent, or excessive
brain activation is seen in patients with schizophrenia
compared with control individuals.

In other recent fMRI research on schizophrenia, Muller
et al. [29] demonstrated excess subcortical activation
during a simple motor task in untreated schizophrenics
(n=10) compared with patients treated with olanzapine
(n=10) or haloperidol (n=10), or control individuals

(n=10). In another study, patients and control individuals
showed similar frontoparietal patterns of activity during an
auditory-verbal working memory task, but a coupling
between reaction time and bilateral parietal activation in
the control group was not evident in the patients [30].
Zorrilla et al. [31] recently demonstrated a group difference
in activation patterns underlying memory for recent infor-
mation in schizophrenia. Medial temporal activation was
inversely related to subsequent recognition memory in
control individuals, although the opposite pattern
was observed in patients. Functional MRI has also been
used to examine brain activation patterns underlying
schizophrenic patients’ deficits in interpreting the mental
state of others (“theory of mind”). In a preliminary study,
Russell et al. [32] found lower accuracy and less BOLD
signal in the left inferior frontal gyrus in patients (n=5)
compared with the control group (n=7) during a task that
required inferring the mental state of others. These studies
exemplify the diverse and novel questions that can
be addressed using functional neuroimaging in schizo-
phrenia, and highlight the importance of taking into
account factors such as task demands, task performance,
and presence or absence of antipsychotic medications
when interpreting fMRI studies of schizophrenia.

As noted by Rubia [33•], neurodevelopmental psychi-
atric disorders, such as schizophrenia, are characterized by
change over time, including symptom evolution, exacerba-
tion, and remission. Converging lines of evidence suggest
an interplay of brain structure and function and behavioral
and environmental factors in the causation of such
disorders. Although abnormalities of brain structure and
function may lead to symptoms (a relatively traditional,
unidirectional view of the brain basis of neuropsychiatric
disorders), years of abnormal functioning and exposure,
especially during childhood development, may also
contribute to the development of structural and functional
brain activation abnormalities [33•]. Structural and func-
tional brain imaging methods used together are, therefore,
highly suited to elucidating the underlying mechanisms of
stability and change in neuropsychiatric disorders.

Of considerable relevance to clinical practice are fMRI
studies of medication effects in neuropsychiatric disorders.
For example, fMRI has been used to examine differences in
brain activation patterns in schizophrenic patients treated
with atypical as compared with typical antipsychotics
[29,34,35], although further research is needed to
consolidate the findings. A recent single case study of the
pharmacologic management of cognitive dysfunction in
schizophrenia, using a double blind, placebo-controlled,
crossover design, showed increased frontal and basal
ganglia activation on fMRI, as well as improved cognition,
mood, functional abilities, and quality of life in a
patient on donepezil augmentation as compared with
olanzapine only [36].

Studies of this type illustrate the potential value of
fMRI in the clinical management of schizophrenia and in

Figure 1. Statistical parametric maps showing brain regions activated 
during left- and right-hand movement compared with rest in a presur-
gical patient with a space-occupying lesion in the perifalcine region. 
Statistical parametric maps are superimposed on the patient’s own 
high-resolution three-dimensional structural image data.
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clinical trials. However, further research and development
are needed. A cautionary note is sounded by Manoach et al.
[37]. In their study, control individuals’ activation patterns
remained stable across two separate fMRI scanning
sessions. In contrast, patients’ activation patterns varied
across scanning sessions despite stable task performance
and stable clinical status. As the authors point out,
these findings suggest a need to take “both artifactual and
intrinsic” sources of variation into account in fMRI studies
of schizophrenia, particularly at the individual level.

Mild Cognitive Impairment 
and Alzheimer’s Disease
A hallmark cognitive feature of Alzheimer’s disease (AD) is
episodic memory impairment. Episodic memory is the
ability to learn and remember new information that is
encoded with reference to a specific context, such as a
specific time or place [38]. Episodic memory problems are
present even in mild AD and mild cognitive impairment
(MCI). Mild cognitive impairment (amnestic variant)
is characterized by subjective and objective evidence of
memory impairment in the absence of problems with
other cognitive abilities or activities of daily living.
Amnestic MCI progresses to dementia, usually AD, in 10%
to 15% of cases per year, with a 50% rate of conversion in 5
years. In AD and MCI, episodic memory deficits are linked
to deterioration of medial temporal regions [39,40].

Consistent with pathologic and structural imaging
evidence of medial temporal changes in AD and MCI,
there is evidence of reduced hippocampal formation
activation on fMRI in AD during episodic memory
encoding [41,42]. In a recent study of encoding of visual
stimuli, Kato et al. [43] compared young and older control
individuals with mild AD patients. All subjects activated
visual cortex, suggesting that they were all processing the
visual stimuli, but the patients failed to activate the
entorhinal cortex, as well as other temporal regions and
frontal areas involved in episodic memory. Preliminary
evidence has also been presented of decreased functional
connectivity of fMRI activation within the hippocampus in
individuals with AD [44], and of decreased resting signal
in the hippocampus in older adults with memory decline
[45]. In general, available fMRI studies on episodic
memory encoding point to decreased medial temporal
activation in AD patients relative to control individuals.
Reduced activation of frontal regions has been demon-
strated in AD patients relative to control individuals during
episodic memory retrieval; within the patient group in this
study, preservation of hippocampal volume was related to
preservation of frontal activation [46]. Furthermore, in
neurologically intact individuals who carry a genetic risk
for AD, increased activation in temporal, parietal, and
prefrontal regions has been reported during episodic
memory processing on a combined encoding and retrieval
task [47]. A recent study suggests this increased activation

in at-risk individuals is specific to memory, and is not seen
for other difficult cognitive tasks [48]. Reduced local brain
activation has been demonstrated on language-based fMRI
tasks in at-risk individuals [49].

Semantic memory is also affected in AD. Semantic
memory refers to the shared sets of terms, concepts, and
symbols that constitute knowledge within cultures.
Changes in semantic memory are most profound in the
later stages of the disease, but milder difficulties can be
evident early. In an fMRI study using a category-exemplar
matching test of semantic memory, AD patients showed a
greater spatial extent of frontal activation compared with
control individuals [50]. The increase in frontal activation
was directly related to the degree of atrophy in the same
brain region [51]. These data were interpreted as possible
support for the compensatory hyperactivation hypothesis,
that greater neuronal recruitment was required in patients
than control individuals to complete the task even though
their accuracy on the task was equal to or lower than that
of controls.

Further studies examining different memory systems
in different stages of the disease will be important to
determine the brain activation patterns associated with AD
and MCI. Interesting issues include whether fMRI changes
in activation will be demonstrated to reliably precede
structural MR changes during disease evolution, and
whether fMRI can be developed as a biomarker for the
disease [52] and to monitor response to neuropharmaco-
logic intervention.

Traumatic Brain Injury
Functional MRI has been used to examine the neural basis
of subjective and objective cognitive deficits after traumatic
brain injury (TBI). In the authors’ lab, fMRI studies of mild
TBI in the acute post-injury period have shown group
differences in brain activation patterns associated with
working memory despite equivalent task performance
[53,54]. For example, as shown in Figure 2, patients
showed less activation compared with control individuals
in a low working memory demand condition, and greater
activation in a high working memory demand condition
[53]. These findings were present despite normal cognitive
performance in both groups, and suggested TBI-related
alterations in the allocation of neural processing resources
that might partly underlie patients’ subjective impressions
of cognitive changes after mild TBI. Group differences in
the distribution and lateralization of brain activation
during working memory have also been demonstrated in
individuals with moderate to severe TBI compared with
control individuals [55]. In these more severely injured
patients, studied an average of approximately 51 months
post-TBI, accuracy of performance of the working memory
activation task was lower than in control individuals.
Nonetheless, both patients and control individuals
activated frontal, parietal, and temporal regions, which



342 Neuropsychiatric Disorders
is as expected for a working memory task. The group differ-
ences lay in the fact that the patients had a more dispersed
pattern of activation, as well as greater right hemisphere
activation especially in the frontal lobes. For detailed
reviews of functional neuroimaging studies of TBI, please
see [56,57]. Further research is needed to address the
sensitivity and specificity of fMRI changes after mild TBI,
and to assess the sensitivity of fMRI to neuropharmaco-
logic therapy in these patients.

Multiple Sclerosis
A number of studies have used fMRI to study visual and
motor circuitry in multiple sclerosis (MS) [58–66]. These
studies have demonstrated differences in brain activation
in patients compared with control individuals, as well as
altered activation within the patient group as a function
of impairment, exacerbation, lesion burden, and other
structural and neurochemical changes in the brain. In
recent studies over approximately the past 1 to 2 years, a
number of researchers have focused on determining
whether brain activation patterns in patients and control
individuals differ even when the patients have no deficit
in the ability under investigation. These studies address
the hypothesis that compensatory changes in brain
activation occur even in mild stages of MS and help
support normal functioning. Consistent with this
hypothesis, findings of increased, spatially shifted, or
expanded activation during motor tasks have been
reported in MS patients with no motor deficit [67–69]. In
these studies, alterations in brain activation patterns in
MS were related to altered neurochemistry and severity of
structural brain changes.

Staffen et al. [70] recently reported on fMRI brain
activation patterns underlying cognitive function in MS.
Using a visual test of sustained attention and working
memory, they demonstrated different activation patterns in
patients with very mild MS compared with healthy control
individuals. The control group showed activation predomi-
nantly in the right cingulate gyrus, whereas patients
showed activation in right frontal cortex and left area 39.
The group differences in activation were present despite the
fact that patients were inferred to have performed normally
on the activation task.

Functional MRI studies of MS provide preliminary
evidence of reallocation of brain processing resources
associated with motor, sensory, and cognitive abilities,
even in patients with no impairment of functioning.
These changes in brain activation are associated with the
structural and neurochemical alterations in the brain.
In future research, it may be useful to assess individual
differences in brain activation patterns among patients,
relate these differences to structural and neurochemical
changes, and determine whether the combined data have
prognostic or diagnostic value at the individual level in
clinical practice.

Functional Magnetic Resonance Imaging 
Research on Plasticity in the Adult Human Brain
The potential for adaptive plasticity in response to trauma or
disease in the adult mammalian brain may have been
underestimated for some time. A number of converging
lines of evidence at the molecular, cellular, and brain system
levels are now enabling clinicians to construct a better
appreciation of concepts such as plasticity, recovery,
compensation, and reorganization as they apply to the adult
brain (for reviews and commentary, see [71–73]). As noted,
among the studies advancing the understanding are those
using BOLD fMRI and other functional neuroimaging tech-
niques in MS [74], stroke [75,76], TBI [53,54,77], and mild
AD [50]. These studies have revealed changes in patterns of
activation in patients that include displacement of peak foci,
spatially expanded regions of activation around the area
normally used for the task, activation of distal regions in
and outside the territory normally used for the task, and in
some cases hypoactivation in the local network relative to
control individuals. Further research is needed to determine
the conditions under which these different patterns of
activation occur and the extent to which they support
normal function (ie, the extent to which they are in fact
compensatory). In addition, limitations on reallocation of
neural processing resources related to disease severity, age,
and other factors will also require further investigation.

Conclusions
Functional MRI research is rapidly developing both
in terms of technical advances and clinical and research

Figure 2. Major areas of cortical activation during an n-back working 
memory task in controls and patients 1 month after mild traumatic 
brain injury. As described in text, there was a group by task load inter-
action in activation patterns. Both patients and to a greater extent con-
trols activated bilateral frontal and parietal regions in the low working 
memory demand condition (1-back>0-back), but there were major 
differences in activation patterns in the high working memory demand 
condition (2-back>1-back).
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applications. The application of fMRI to clinical research
and clinical practice in psychiatry has the potential to
improve understanding of brain-behavior relationships in
complex neuropsychiatric disorders. Functional MRI is
sensitive to changes not necessarily captured by conven-
tional MRI, and, therefore, has the potential to provide a
more complete appreciation of both pathologic and
reparative processes. This sort of information can be useful
in diagnosis, prognosis, and treatment monitoring, and in
some disorders fMRI may become useful as a biomarker.
Despite the promise of fMRI, important technical
issues remain to be addressed and integration of fMRI with
other emerging neuroimaging techniques will be a fruitful
line of research in the years to come. It will be important
to bear in mind the inherent strengths and limitations
of fMRI as more studies in clinical populations emerge.
Especially crucial for clinical practice will be issues
related to the interpretation of the data at the level of the
individual patient.
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